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This study aimed to quantitatively investigate the effect of bicycle infrastructure on car usage. The mixed logit model with random
coeflicients was used to capture the differences in individuals’ preferences. Based on data from a stated preference survey
conducted in Huhhot, China, the estimated results showed that the mixed logit model provides better fitting than the standard
logit model. Considerable variations were found in individuals’ attitudes toward the use of cars and bicycles. Riding a bicycle is
preferred by most individuals. Furthermore, based on the constraints for maintaining the effect on car usage equal, the equivalent
change in parking fees for improvement in bicycle infrastructures was estimated. The results showed that the effect of a 100 m
reduction in walking distance to bicycle stations on the probability of driving is the same as that of an approximately 2.00 yuan/h
(US 0.30$/h) increase in the parking fees, and the effect of providing bike lanes is in line with additional parking fees of ap-
proximately 3.00 yuan/h (US 0.45$/h). The findings of this study can be an important reference for decision makers to consider

improvements in bicycle systems and rational allocation of infrastructure investment and road resources.

1. Introduction

With increased motorization, traffic congestion has become
one of the major problems faced by many cities worldwide.
Numerous measures and strategies have been adopted to
mitigate the traffic congestion, such as prioritizing public
transport, developing bicycle systems, and congestion
pricing [1, 2]. Among these, bicycle systems have been in-
creasingly popular around the world since the last decade
[3], due to various positive returns, such as reduction in
traffic [4], fuel consumption, and harmful emissions [5-7],
increases in public transportation service and economic
outcome [8], and improvements in physical and mental
health [9-13].

Many modern cities are committed to improving their
bicycle systems. The most notable is the boom in bike-share
programs across the globe [14-18]. By the end of 2017,
approximately 230 million public bicycles had been
launched by 77 bicycle-sharing companies worldwide [19]. It
has been reported that these bicycles have served 17 billion

trips [20]. However, the percentage of the modal shift from
cars to bicycles is not high. It corresponds to approximately
0.3%-0.4% in Montreal, 0.46%-5.2% in Chinese cities, 2.1%
in Washington, D.C., and 2% in London [21-24]. Numerous
studies have been conducted to explore the factors that
influence the usage of bicycles. The results indicated that
safety concerns and convenience factors were key barriers to
bike-share usage [21, 25-28].

Based on this, bicycle infrastructure has been built and
improved in many cities [29, 30]. For instance, New York
has made great efforts to expand bicycle lanes. On November
1, 2019, the City council passed an infrastructure investment
plan to build 250 miles of protected bike lanes over the next
five years [31]. This plan could make cycling more attractive
and ensure the safety of cyclists. Although the introduction
of bike-share programs in China is still in the early stages, a
number of cities are aware of the importance of improving
the cycling environment, including optimizing bike-share
stations [32] and building bike lanes. Moreover, for the
convenience of long-distance trips between different areas,
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dedicated bike lanes with a width of 6 m were constructed
and opened in Beijing in May 2019. It was found that the
accessibility of bike-share stations or bike lanes could sig-
nificantly increase the use of bicycles [17, 33-39]. Never-
theless, it is not clear whether increased bicycle ridership
would result in reduced car-travel. Furthermore, the im-
provement in the accessibility of bike-share stations and bike
lanes should not only demand a large infrastructure in-
vestment but also occupy the limited road resources. Ob-
viously, it is important and necessary to investigate the effect
of bicycle infrastructure on car usage.

Therefore, the effect of bicycle infrastructure on car
usage is explored in this study, Here, the bicycle infra-
structure refers to bike lanes as well as bike-share stations.
Although the dockless bike-sharing systems have no station,
most cities provide physical or geofencing designated areas
to park bicycles [40] (in the dockless bike-sharing system,
bike stations refer to these parking areas). In order to reflect
individuals’ preferences, the data used in this study were
collected from the residents accustomed to driving in
Huhhot, China. Based on this, the mixed logit model was
used to investigate the effect of bicycle infrastructure on the
use of cars.

2. Literature Review

Many studies have investigated the effect of bicycle infra-
structure. Most of them focused on its effect on bicycle user
behaviour, about which there is a substantial amount of
research. However, research on its impact on car usage is
relatively limited.

With regard to the effect on riding frequency, a positive
correlation was found between bicycle infrastructure and
cycling frequency. For example, Dill and Carr [41] used the
data from the 43 largest cities across the US and found that
an increase of every mile in the length of bike lanes was
linked to a 1% increase in bicycle ridership. A cross-country
study also found that metropolitan investment in bicycle
systems was positively associated with the level of bicycle
usage [42]. Based on the trip database from Zhongshan in
China, it was found that the length of bike lanes within the
1000 m buffer area around bike stations had a significant and
positive impact on the use of public bicycles [3]. Obviously,
the improvement in bicycle infrastructure enhances the
attraction of cycling and ensures the safety of cyclists.

In addition to the effects on riding frequency, some
studies have also investigated the relationship between
bicycle infrastructure and the number of trips by car. Most
of these studies focused on the impact of the introduction
of the bike-sharing system itself [21, 22, 43-47]. They also
revealed that public bike-sharing could decrease the use of
private cars. However, these results were mainly from the
analysis of survey data, such as evaluating the change in
habitual travel modes as a result of the emergence of a bike-
sharing system [22, 43, 44], willingness to shift from cars to
bike-sharing [45], and willingness to make the bike-sharing
trip by car if bike-sharing was not available [21, 46]. With
regard to other bicycle infrastructure, based on aggregate
data from different sources in America, Stewart [48] built
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three regression models to examine the impact on car
usage. The results revealed that when ignoring city- and
year-dependent effects, every additional mile of bike lane
per square mile resulted in 1.09% decrease in the per-
centage of people who drive to work. Obviously, existing
studies only revealed the effect of bicycle infrastructure on
car usage on a macrolevel. The results showed that the
increase in bicycle infrastructure caused a small change in
the percentage of commuting trips by car. Nevertheless,
travel mode choice is an individual and microlevel be-
haviour. Many details, such as the measurement of the
effect of bicycle infrastructure on car usage and the factors
that may influence the modal shift from private cars to
bicycles, have not been explored yet. These details are
important to the design of urban road facilities and to
infrastructure investment.

To explore the above details, this study investigates the
relationship between bicycle infrastructure and car usage ata
microlevel. Similar to most of the previous studies, the data
of this study were collected by an on-site questionnaire
survey in Huhhot. Then, a flexible model, mixed logit with
random coefficients, was established to explore the factors
that influence the individual mode choice behaviour. Based
on this model, the effect of cycling infrastructure on the use
of cars was investigated quantitatively.

3. Study Area and Data Collection

3.1. Study Area. Huhhot, the capital city of the Inner
Mongolia Autonomous Region in China, is located in the
northwest, around 500 km away from Beijing (Figure 1(a)).
The landscape here is flat with a mean gradient of 3-5
degrees. The climate is mild with no severe cold in the winter
and no heat in the summer. There are four districts, nine
counties, and one banner administrated by the Huhhot city
government. Among them, four districts, named Huimin,
Yuquan, Xincheng, and Sajhan, make up the entire urban
area with a total area of 2,065 km? (Figure 1(b)), which is
home to a 1.35 million residents’ population as recorded in
2018. This study focuses on the central urban area of Huhhot
covering an area of 309.4 km? (Figure 1(b)), because Huhhot
has been one of the top 10 congested cities in the last three
years and the traffic condition in this area is poor.
According to the annual report on road network density
in major Chinese cities, the road network density in central
Huhhot corresponds to 4.24 km/km?, which is compara-
tively low. Nevertheless, the number of motor vehicles in
Huhbhot city is not low and has grown rapidly. This number
was 1.22 million by the end of 2019. As a result, the traffic
supply and demand in Huhhot is unbalanced. Based on this
background, the bike-sharing system was introduced in
Huhhot in 2013. Up to 2017, 317 bike-share stations had
been built and 0.10 million bicycles had been introduced to
the market. The average daily rent and daily return volume
corresponded to 0.04 million in 2017. Furthermore, dockless
bike-sharing systems such as Ofo, Mobike, Haluo, and
Meituan have also developed rapidly in Huhhot. However,
the construction of bicycle infrastructure here is not opti-
mistic. In order to solve the problem of parking, several
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FiGure 1: Location and divisions of Huhhot. (a) Location of Huhhot. (b) Division of Huhhot.

nonmotorized lanes are occupied for parking spaces or
driving (see Figure 2) and the cycling environment in
Huhhot is not desirable. To this end, reasonable planning
and utilization of the limited road resources in Huhhot are
very important and need to be handled in a prudent way.

3.2. Data Collection. In order to obtain trip data about
individuals’ preferences, a stated preference (SP) survey was
conducted among residents accustomed to driving in
Huhhot. The SP survey is a discrete choice experiment and is
widely used in the analysis of travel preferences or antici-
pated travel choices.

The questionnaire consisted of two parts. The first part
was about individual characteristics, including gender, year
of birth, monthly income, education, car ownership, and
frequency of driving per week. The second part was designed
to collect two types of preference data. One was about the
willingness of individuals to reduce the number of their car
trips in the case of a perfect bicycle system. Here, the perfect
bicycle system mainly involves higher accessibility of public
bicycles and a better cycling environment. In addition,
despite understanding individuals’ willingness to reduce
their car usage, it is not clear how much they will reduce.
When reducing their car usage, they may give up the trip or
convert to the bus or taxi and so forth. Then, the change in
the use of bicycles cannot be known. The answers to these
problems can provide important references to the design of
urban road facilities. Therefore, the other preference data
were about individuals’ choice problems. Here, each indi-
vidual faced a choice among three alternatives representing
three different travel modes: driving a car, riding a bicycle,
and others. The attributes of each alternative are also pre-
sented in the questionnaire.

Travel mode choice behaviour is complex and involves
many factors. If we can drive to our destination cheaply and
quickly, it is less likely to shift from cars to other modes,
especially bicycles. Therefore, in order to motivate people to
ride a bicycle instead of driving a car, it is necessary to
improve the attraction of bicycles and at the same time
increase the travel cost of driving. Then, the factors that may
influence the use of private cars and bicycles should be

included as the attributes of the corresponding alternatives.
Through a review of relevant literature, the influencing
factors are presented in Table 1.

According to Table 1, the convenience of a bicycle-
sharing system is a key attraction to the bicycle user [43].
Here, convenience can be measured directly by the walking
distance to bike-share stations, which plays an important
role in the arrangement of bicycle-sharing systems. In ad-
dition, the presence of bike lanes and traveling distance are
also factors that influence bicycle usage. With regard to
driving a car, traffic congestion, travel cost, and insufficient
parking space are found to be the main factors influencing
the modal shift to bicycles. Furthermore, in order to min-
imize car-based trips, many countries or cities take some
economical means to intervene in car usage, such as raising
parking fees and congestion pricing. Since congestion
pricing is still under discussion in China, this factor is not
included in the questionnaire. Based on these, the attributes
of the alternatives considered in this study included traveling
distance, walking distance to bike stations, bike lanes,
parking fees, and travel time by car. Among them, parking
fees can also be used to measure travel costs to a certain
extent. Travel time by car is used to indicate traffic con-
gestion condition.

Each attribute/factor had three levels. Because the dif-
ferent traveling distances correspond to different travel
times by car under different traffic congestion conditions,
Table 2 presents the factors and corresponding levels besides
travel time. Because the bicycle is often used for short-
distance trips, the traveling distance was set to three levels:
1.5 km, 3 km, and 4.5 km. The service radius of each bus stop
corresponds to 300 m and bicycle is sometimes used for the
traveling to bus stops. Therefore, the values of walking
distance were set to 100 m, 200 m, and 300 m. For the bike
lanes, considering the actual situation in Huhhot, the three
levels corresponded to none, part, and all, which indicated
streets with no bike lanes, part of streets with bike lanes, and
all streets with bike lanes, respectively. In the central urban
area of Huhhot, on-street parking and some public parking
are free. Other parking for restaurants, hotels, and shopping
malls is charged from 2 yuan (US 0.30$) to 4 yuan (US 0.60$)
per hour. Based on these, three levels of parking fees were set
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FIGURE 2: Diagram of nonmotorized lanes used for parking or driving. (a) Mixed traffic road with on-street parking. (b) Part of non-
motorized lane used for driving. (c) Part of nonmotorized lane used for parking and driving.

to 0 yuan/h (US 0$/h), 2 yuan/h (US 0.30$/h) and 4 yuan/h
(US 0.60$/h). In addition, travel time by car for different
traveling distances was set by considering the average
waiting time at signed road intersections, as shown in Ta-
ble 3. In the questionnaire, traveling distance was treated as a
precondition. With regard to the remaining four factors, an
orthogonal experiment design was used to select several

representative combinations of factorial levels, in which each
factorial level appears the same number of times for any
factor and each pair of factorial levels appears the same
number of times for any pair of factors. Finally, the rep-
resentative combinations of factorial levels are uniformly
distributed and comparable. Based on this combination, the
effect of each factor can be investigated separately. Regarding



Journal of Advanced Transportation 5

TaBLE 1: Factors that may influence the use of bicycles and private cars.

Travel mode Factors

Convenience was found to be the main motivation factor for the use of bicycles [26, 27, 49, 50]
The presence of bicycle lanes tended to increase the bicycle usage [16, 17, 36]
The likeliness to use bicycles was inclined to decrease as the riding distance increases [5, 18, 51, 52]
The bike-sharing may reduce personal driving for short-distance trips [45, 50, 53, 54]
High cost and insufficient parking space were found to be key facilitators to the shifting from driving to bike-sharing [55]
Traffic congestion was regarded as one of the top reasons for the modal shift from private cars to bicycles [22, 55, 56]

Riding a bicycle

Driving a car

TABLE 2: Value of factors in SP survey.

Factors Level 1 Level 2 Level 3
Traveling distance 1.5km 3.0km 4.5km
Walking distance to bike stations 100 m 200 m 300 m
Bike lanes None Part All

Parking fees 0 yuan/h (US 0$/h)

2 yuan/h (US 0.30$/h) 4 yuan/h (US 0.60$/h)

TaBLE 3: Levels of travel time for different traveling distances.

Traveling distance Level 1 Level 2 Level 3
(km) (min) (min) (min)
1.5 6 11 20
3.0 10 18 30
4.5 13 25 40

four factors with three levels, nine scenarios could be
generated in total by the orthogonal experimental design.
Combined with three distances, the total number of sce-
narios to be surveyed corresponded to 27. Details of the
questionnaire are provided as the supplemental file.

The on-site questionnaire survey was conducted in some
parking lots of shopping malls and enterprise units in the
central urban area of Huhhot. The survey time lasted from
April 17 to April 22, 2018, by the staffs of Huhhot Chen-
ghuan Public Bicycle Company. Furthermore, facing the
entire set of 27 scenarios may make respondents feel bored
or impatient, which will influence the authenticity of their
answers. In order to avoid respondents’ impatience and
improve the effectiveness of their answers, the 27 scenarios
were divided into three random groups, and then each group
of nine scenarios would be faced by the respondents.

A total of 576 respondents completed the questionnaires.
In order to investigate the effect of bicycle infrastructure on
car usage, only questionnaires in which driving was done at
least twice a week were used for analysis. Finally, there were
364 valid questionnaires used to model.

Among these respondents, the percentages of male and
female respondents were 51.9% and 48.1%, respectively,
which were close to the percentages of males and females in
the city census (50.9% and 49.1%, respectively) [57]. Their
average age corresponds to 37 with a standard deviation of 9,
indicating that the age distribution of respondents is rela-
tively wide. Furthermore, 67.9% of respondents had a
monthly income between 2000 and 6000 yuan (US
$302-906). According to data from the 2019 Huhhot Sta-
tistical Yearbook, the average monthly disposable income
per person corresponds to 2973.50 yuan (US $449). It can be

found that the monthly income between our samples and the
city census are roughly consistent. The samples of this survey
have a certain degree of representativeness.

4. Methodology

The most popular method used to capture the individual’s
choice behaviour is the logit model, which is usually derived
based on an assumption of utility maximization. Let an
individual, labelled n, choose among ] alternatives under
each choice scenario. The latent utility that individual n
obtains from alternative j (j =1,2,...,]) is assumed as
follows:

Uyj=a'x;+B'z,; +¢&, (1)
where x; is the vector consisting of observed attributes that
are related to alternative j and z,; is the vector containing
observed attributes related to alternative j and individual #. «
and f are the vectors of coeflicients that need to be estimated.
Parameter ¢,; corresponds to the unobserved attributes that
influence individuals’ utility and is assumed to be i.i.d.
distributed extreme value (also known as Gumbel
distribution).

In the standard logit model, the estimated coefficients («
and ) are fixed, which results in some limitations. One of
them is that the logit model cannot capture preference
variation. The importance of each attribute is always dif-
ferent for each individual and may be influenced by observed
characteristics as well as unobserved variables. For example,
walking distance to bike stations is very important for in-
dividuals with walking disorders but secondary to those who
enjoy sports. Nevertheless, the standard logit model with
fixed coeflicients cannot measure the difference in indi-
viduals’ preferences for the same specific attributes. The IIA
property is another limitation of the logit model. This means
that an improvement in bicycle infrastructure will result in
the same percentage drop in the choice probabilities for all
other travel modes, which is inconsistent with reality.
Therefore, to capture real choice behaviour and explain the
effect of bicycle infrastructure on car usage, the flexible
model, mixed logit with random coefficients, is used in this
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alternative j (j = 1,2,...,]) is specified as follows:
! !

Uyj = a,X; +p Zpj t €y (2)

Except for «,,, other parameters are the same as above.

The coeflicient vector «,, corresponds to individual’s pref-

erences and varies across individuals. It is assumed to be

random with the density f(«). The unconditional proba-

bility of individual n for alternative i is expressed as follows

[58]:
eoc'x,Jrﬁ'zy,,»

where 0 is the parameter set used to describe the probability
density function f («). If a,, is fixed, the density f («) can be
expressed asf («,) =1 with a,=a and f(«,) =0 with
a, # a. If the coefficient «,, is random, it is generally assumed
to obey a normal or lognormal distribution with mean a and
standard deviation s: a, ~N(a,s) or Ina, ~N(a,s).
Consequently, the estimation of «,, becomes an estimation of
the parameters a and s.

In this study, considering that different individuals place
different values on the usage of cars and bicycles, which may
depend on the unobserved individuals’ characteristics, two
random terms are introduced into the model and assumed to
be independent and distributed normally:
Apasc—e ~ N(ae,s?) and a, 50, ~ N (ay, s ). Here, the in-
troduction of random terms can relax the restrictive inde-
pendence assumption in the standard logit model. It can be
stated that driving and cycling are preferred by approxi-
mately ®(a./s.) and ®(a,/s,) of individuals, respectively.
Furthermore, due to the different individuals™ preferences,
the coeflicients of travel time and walking distance to bike
stations are also assumed to be random. Because these two
variables are known to be negative for each individual, their
coeflicients have the same sign for all individuals. Therefore,
they are assumed to be distributed lognormally across in-
dividuals: In &, ~ N (a,, sz, ) and In a,,, ; ~ N(ay, 4,52, 4)-
By definition, it can be derived that these two coeflicients
(a4 and «a,, ;) themselves have medians exp(a,) and
exp (a,, 4), respectively. Meanwhile, their means correspond
to exp(ay +s3/2) and exp(a, ;+s2 4/2). Furthermore,
their variances can be calculated as exp (2a,, + s,) [exp (%) —
1] and exp(2a, 4+ ;)[exp(s? ;) — 1]. The remaining
coefficients are assumed to be constant.

5. Model Results

5.1. Willingness to Reduce Driving Frequency. A total of 274
respondents stated that they would like to reduce their car
usage in the case of a perfect bicycle system, which
accounted for 75.1% of the total valid respondents. This
indicates that improvement in the bicycle system has a
significant impact on the driving frequency of individuals.
Furthermore, the differences in overall willingness to reduce
driving frequency caused by individual characteristics are
presented in Table 4.
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It can be found that a slightly larger number of male
respondents are willing to cut down their car usage, which is
in line with past studies that found cycling to be unpopular
with women [59, 60]. With regard to income, it is found that
those who own relatively higher monthly income are more
likely to reduce their frequency of driving, which further
verifies the result of previous studies that the income of
bicycle-sharing  participants tended to be higher
[14, 38, 61, 62]. Moreover, people with higher education
levels tend to reduce their car usage, corresponding to the
result of Braun et al. [53] that cycling was more prevalent
among those with education beyond high school. From
Table 4, it is also found that the willingness of people owning
cars to drop their driving frequency is slightly stronger. This
could be explained by the fact that the attraction of driving to
people without cars is relatively higher and they are less
likely to reduce the use of cars.

In terms of weekly driving frequency, 75.6% of re-
spondents driving 2-4 times per week, which make up 22.5%
of the total studied respondents, are willing to reduce their
frequency of driving, 81.7% of those driving 4-6 times per
week accounting for 28.6% of the respondents would like to
cut down their car usage, and 71.3% of those drive a car more
than 6 times per week, accounting for 48.9%, are likely to
drop their driving frequency. Although all the respondents
had strong attitudes toward reducing their car usage, the
willingness of those who travel less than four or more than
six times per week is relatively weaker. A possible expla-
nation for this result is that the travel purposes of those who
drive 4-6 times per week are more likely to go to work. Due
to the fixed working time, it is reasonable and predictable to
change their travel mode if there is a better choice. Con-
sequently, their willingness to reduce driving frequency is
slightly strong.

5.2. Mixed Logit Model Results. The effect of bicycle infra-
structure is analyzed based on the mixed logit model.
Generally, the maximum simulated likelihood approach is
used to estimate the parameters 0 and . Based on this, the
corresponding coefficients were also estimated. Because the
distribution of each of the coeflicients is specified, the
probabilities of individual # for alternative i (equation (3))
can be simulated by drawing « from their density function
f (@) under any given value of 0.

rr U
R eoc xi+f 2,

- . 1
Pu(ilOtngp) = - D

r=1

(4)

T . .
ZI P x4+ 2,
j=1

Here, R corresponds to the number of drawings. In this
study, R is set to 1000 and p,, (i|0t, nf) is the unbiased es-
timation of p,(il6,f). Let y, = {yu1> V2> ---» Vur} denote
the choice results of individual n under all choice scenarios.
T is the number of choice scenarios faced by individual .
The simulated log-likelihood function becomes

N T
LL(6>ﬂ) = Z le’l Z)n(yntle’ﬁ)' (5)

n=1t=1
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TABLE 4: Description of willingness to reduce driving by individual characteristics.

Variables Number

Number of those willing to reduce

Percentage of those willing to reduce

driving driving
Gender
Male 189 143 75.7
Female 175 131 74.9
Monthly income
0~2000 yuan (US $0-302) 30 20 66.7
2000~4000 yuan (US $302-604) 127 94 74.0
4000~6000 yuan (US $604-906) 120 920 75.0
6000~8000 yuan (US $906-1208) 45 37 82.2
More than 8000 yuan (more than US
$1208) 42 31 73.8
Education
Below bachelor 183 131 71.6
Bachelor 140 107 76.3
Postgraduate or above 41 36 87.8
Car in household
Yes 284 215 75.7
No 80 59 73.8
Driving frequency
2-4 times 82 62 75.6
4-6 times 104 85 81.7
More than 6 times 178 127 71.3

Then, the parameters 0 and fixed coeflicients  are es-
timated by maximizing LL (6, f).

In this study, each individual faced 9 choice scenarios.
Because some individuals did not complete all the choice
scenarios, a total of 3218 observations were used to estimate
all the random and fixed coefficients. The estimation was
calculated using Stata 15. The results are presented in Ta-
ble 5. In addition, the standard logit model was also built.
The log-likelihood values at the convergence of the mixed
logit model and the standard logit model correspond to
—1992.98 and —2704.32, respectively. The adjusted likelihood
ratio indexes of the two models are 0.4290 and 0.2275. It can
be seen that the mixed logit model provides better fitting in
comparison with the standard model.

With regard to two variables, ASC.,; and ASCpicycies
which refer to driving a car and riding a bicycle, respec-
tively, their constant coefficients in the standard logit
model are estimated. In the mixed logit model, they are
assumed to obey a normal distribution. The estimated
standard deviations of these two coefficients are highly
significant, which indicates that there are considerable
variations in individuals’ attitudes toward driving a car and
riding a bicycle. In addition, the mean of the coefficient for
riding a bicycle is significant, positive, and considerably
different from 0, which suggests that substantial respon-
dents place a positive value on riding a bicycle. According
to the normal distribution N (4.8127, 2.5340), we can derive
that riding a bicycle is preferred by almost 97% of indi-
viduals and avoided by the remaining 3%. Meanwhile, the
mean of the coeflicient for driving is also significant and
positive, which indicates that there is a distinct difference in
individuals’ preference between driving a car and other
modes. With regard to the normal distribution N (3.0339,

2.4412), we can see that almost 89% of individuals have a
positive attitude toward the use of cars. Based on the above
results, it can be concluded that, assuming that all the other
variables are constant, relatively more individuals prefer
riding a bicycle to other travel modes, including driving.
These findings are important to traffic policymakers and
further indicate that improvement in the bicycle system
will attract sizeable car-users to turn into bike-users.
Considering the other two variables, travel time by car
and walking distance to bike stations which are negative
factors for each individual, their coeflicients are given a
lognormal distribution. The significant estimated standard
deviations suggest that the negative importance of these two
variables varies across all individuals. According to the
lognormal distribution, the medians of these two coefficients
correspond to 0.0272 and 0.0026, respectively. Their means
can be obtained as 0.1362 and 0.0038 and their standard
deviations can be calculated as 0.6677 and 0.0040, respec-
tively. With regard to the travel time specified to driving a
car, the ratio of the coefficient for travel time multiplied by
10 to the coeflicient for parking fees, which is always used to
measure the amount that individuals are willing to pay to
reduce their travel time, has an estimated mean of
0.1362 x10/0.1751 =7.78 and estimated standard deviation
of 0.6677 x10/0.1751 = 38.13. It is indicated that the average
parking fees to shorten the travel time of 10 minutes is 7.78
yuan/h (US 1.17$/h). This result also implies that an addi-
tional 10-minute travel time has the same importance on the
utility of driving a car as the average parking fees increased
by 7.78 yuan/h (US 1.17$/h). In addition, there is a sig-
nificant and considerable variation in individuals’ willing-
ness to pay for the reduction in travel time by car. These
results further indicate that the mixed logit model provides a
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TABLE 5: Estimation results of the models.
Mixed logit model Logit model
Variables Distribution Driving Bicycle Driving Bicycle
. Parameter . Estimate (st. . Estimate (st.
hypothesis Estimate (st. error) Estimate (st. error)
error) error)
Mean 3.0339** 2.1529***
ASC... Normal (1.048*52* (0.3584)
Std. dev. 2.4412
(0.2980)
Mean 4.8127*** 2.8781***
ASCoree Normal (0.8363‘)* (0.3406)
Std. dev. 2.5340
(0.2071)
Traveling distance Constant 0.4008° ~0.11767 0.1528"" ~0.0807
(0.0799) (0.0667) (0.0580) (0.0506)
Parking fees Constant _?015328) _(()003521)
Travel time by car Lognormal Sml\d/[.ecalzv. 13."769(1357*** (5)923317390)) 0.0162""(0.0048)
-5.9420%** -0.0021**
. . . Mean
Walking distance to bike L | (0.3564) (0.0006)
. ognorma s
stations Std. dev. 0.8632
(0.1831)
Bike lanes Constant
None Reference
Part 0(';.311369) 0.3898"**(0.1001)
All 0.5980*** 0.2727**
(0.1445) (0.0997)
Gender (1 male, 0 females) Constant (()04327) (202%7?9)
Age (numerical) Constant -0.0601** -0.0252 -0.0372*** -0168**
(0.0211) (0.0177) (0.0066) (0.0048)
Monthly income Constant
—-2.4574** -1.6116** -1.4607*** -0.8909***
0-2000 yuan (US $0-302) (0.8106) (0.6553) (0.2310) (0.1868)
2000-4000 yuan (US 0.2741**
$302-604) (0.0918)
4000-6000 yuan (US
$604-906) yu Reference
6000-8000 yuan (US -0.3248**
$906-1208) (0.1241)
More than 8000 yuan (more 0.4758**
than US $1208) (0.1397)
Education Constant
Below bachelor Reference
Bachelor 1.7341*** 1.1772** 0.7398*** 0.7132%**
(0.4855) (0.3963) (0.1528) (0.1444)
Postgraduate or above 0.5401 1.4078** 0.5499** 0.8806**
(0.6543) (0.6551) (0.2755) (0.2693)
Car ownership (1, yes; 0, 2.2122%** 0.9268***
no) P Constant (0.4763) (0.1109)
Driving frequency Constant
24 times -1.9991*** -0.7714* -1.5686*** -0.7972***
(0.5106) (0.4627) (0.1765) (0.1589)
4-6 times -1.7015** -1.2457** -0.9127*** -0.7328***
(0.4994) (0.4388) (0.1631) (0.1596)
More than 6 times Reference
Number of observations 3218 3218
Log likelihood at convergence -1992.57 -2704.20
Adjusted likelihood ratio index 0.4290 0.2275

***Significant at the 0.001 level. **Significant at the 0.05 level. *Significant at the 0.1 level.
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better representation of this choice problem than the
standard logit model.

To our expectation, longer traveling distance will
stimulate the use of private cars significantly (0.4008) and
reduce the utility of riding a bicycle (-0.1175). This indicates
that the effect of improvement in the bicycle system on
driving a car becomes more significant as the traveling
distance decreases. Therefore, for the long-distance travel,
other modes, such as public transport, need to be built and
improved.

The coeflicient of parking fees is negative and significant
(=0.1751), indicating that an increase in parking fees will
force individuals to reduce their car usage. This result
provides further evidence that economic leverage has an
effective regulation role for the use of private cars. However,
raising the parking fees requires careful consideration of the
pros and cons from the perspective of people’s livelihoods.

As expected, the coeflicients of bike lanes are significant
and positive (0.7373 and 0.5680), indicating that the con-
struction of dedicated bike lanes will significantly improve
the utility of riding a bicycle. Furthermore, the coefficient for
part of streets with bike lanes is greater than that of all streets
with bike lanes, which may explain that the impact of bike
lanes has the upper limit. This suggests that providing bike
lanes could increase bicycle’s attractiveness, but this does not
mean the more the better. Therefore, it is important to
construct a certain number of bike lanes, and too many bike
lanes will not increase the use of bicycles.

In terms of the variables related to attributes of in-
dividuals, as distinct from the standard logit model, ex-
cept age for driving car, the coeflicients of gender and age
are not significant here. This may be because the random
coefficients of ASC,, and ASCyjcycle are specified in the
mixed logit model. Their significant standard deviations
indicate that these coefficients do vary across individuals.
These variations are related to both the observed and
unobserved attributes of individuals. Then, the random
coefficients specified in the mixed logit model may capture
the variations in individuals™ preferences, which are re-
lated to gender and age. Considering the variables related
to monthly income, individuals with income less than
2000 yuan (US $302) per month have negative attitudes
toward driving a car as well as riding a bicycle. In addition,
the coefficient of monthly income (-2.4574) for driving is
less than that for riding a bicycle (-1.6116), indicating that
those with income less than 2000 yuan (US $302) per
month prefer riding a bicycle to driving significantly.
With regard to the variables related to educational
background, individuals with a higher level of education
have positive attitudes toward the use of cars and bicycles.
Moreover, by comparing their coefficients, it can be found
that the coefficient of postgraduate degree or above for
driving (0.5401) is less than that for riding a bicycle
(1.4078), but the coeflicient of bachelor degree for driving
(1.7341) is greater than that for riding a bicycle (1.1772).
These results reflect that individuals who have post-
graduate degree or above prefer cycling to driving, but
those with bachelor degree place a higher value on the use
of cars. The coefficient of the car in households is

estimated to be 2.2122, reflecting that individuals who
own cars have a strong willingness to driving. For the
variables related to the frequency of driving per week, in
line with the standard logit model, their coefficients are
estimated to be significant for driving a car as well as
riding a bicycle. It can be found that individuals with less
driving frequency per week have negative attitudes toward
driving and cycling, respectively. Considering the dif-
ference in these coefficients (-1.9991-(-0.7714)=—
1.2277 for the driving frequency of 2—4 times per week
and -1.7015—(-1.2457) =-0.4558 for the driving fre-
quency of 4-6 times), it can be deduced that individuals
who use cars less times per week place a higher value on
riding a bicycle. This also indicates that these individuals
prefer riding a bicycle to driving a car. This result further
explains the phenomenon obtained by the SP survey that
most of the respondents are willing to reduce their car
usage.

6. Quantifying Effect of Bicycle
Infrastructure on Car Usage

Based on the mixed logit model, reducing the walking
distance and constructing dedicated bike lanes will signifi-
cantly improve the utility of riding a bicycle. As a result,
assuming that the other variables are constant, the proba-
bility of riding a bicycle will increase accordingly. Because
the sum of probabilities of all alternatives is equal to 1, the
increase in the probability of riding a bicycle means a de-
crease in the probabilities of the other two alternatives,
which correspond to driving a car and others. Hence, the
improvement in the utility of riding a bicycle may reduce the
probability of driving a car as well as the probability of
others. In the light of equation (3), the change in the
probability of each travel mode can be quantitatively eval-
uated. Based on this, the effect of bicycle infrastructure on
the use of private cars is investigated next.

6.1. Measurement Index. Before quantitative analysis, an
index needs to be introduced to measure the effect of bi-
cycle infrastructure on car usage. Generally, the cross-
elasticity, which is denoted as the percentage change in the
probability for one alternative given a percentage change in
mth attribute of another alternative [58], is used to capture
this problem. However, the cross-elasticity is not suitable
for categorical variables, such as the presence of bike lanes,
because it is impossible to calculate the percentage change
in bike lanes. Furthermore, as stated earlier, the im-
provement in bicycle infrastructure may lead to a reduction
in the probability of driving, which can be obtained by
equation (3). Meanwhile, this reduction in the probability
of driving can also be achieved by other measures, such as
increasing the parking fees. Then, in order to compare with
existing economical means used to intervene in car usage,
based on the constraints for maintaining the effect on car
usage equal, the equivalent change in parking fees for the
improvement in bicycle infrastructure will meet the fol-
lowing condition:
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FIGURE 3: Average change in parking fees for walking distance reduced by 100 m. (a) No street with bike lanes. (b) Part of streets with bike

lanes. (c) All streets with bike lanes.
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Here Ax,, and Ax,, correspond to the changes in
parking fees and bicycle infrastructure. It can be seen that
the change in parking fees Ax,; and the change in bicycle
infrastructure Ax; ¢ have the same effect on the probability of
driving a car. a,,; corresponds to the coefficient of parking
fees and ay, » denotes the coefficient of bicycle infrastructure.
V,, and V, are the observed parts of utilities for driving a
car and riding a bicycle under the given value of all variables
in the mixed logit model.

With regard to each random coefficient in the mixed
logit model, the parameters of samples were estimated and
are presented in Table 5. Based on these, the individual-level
parameters are calculated as

 [axP(yulx,a)f (alf)da
% = .
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Taking draws of « from f («|6), the simulated param-
eters become
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where P(y,|x,,«) corresponds to the probability of an
individual’s choices and is expressed as

(8)

rr U
@ Xy B 2y,

P(yulxwa) =[] g (9)

e
o' x 4Bz,
e

Based on the individual-level parameters, we can derive
the relation between Ax, and Ax,; as follows:

1 1+e’m
Axpf =—In

rf

1+ evnz'*“bfobf. (10)

Because of the different attributes and coefficients, each
individual has different utilities of each alternative. Then the
equivalent change in parking fees which is derived from
equation (10) is also different for each individual. In order to
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FIGURE 4: Average change in parking fees for constructing bike
lanes.

ensure the universality and robustness of the results, the
average change in parking fees among the total respondents
is used for further analysis.

6.2. Effect of Bicycle Infrastructure. In this study, the effects of
reducing the walking distance to bike stations and providing
dedicated bike lanes on car usage are quantified and
analyzed.

Considering the different traveling distances, the
equivalent change in parking fees for a reduction of 100 m in
the walking distance to bike stations is presented in Figure 3.
By comparing Figures 3(a)~3(c), it can be found that
whether or not the dedicated bike lanes are constructed,
based on the constraints for keeping the effect on car usage
equal, the effect of a 100 m reduction in walking distance to
bicycle stations on the probability of driving is equivalent to
that of almost 2.00 yuan/h (US 0.30$/h) increase in parking
fees. Furthermore, as can be seen from Figure 3, the walking
distance to bike stations has a distinct influence on the
equivalent change in parking fees, but the impact of traveling
distance is not obvious. The equivalent change in parking
fees decreases with increasing walking distance to bike
stations, indicating that the effect of reduction in walking
distance is more distinct when this distance is short.

The equivalent change of parking fees for constructing
bike lanes within the traveling range of each individual is
presented in Figure 4. It can be found that providing
dedicated bike lanes not only affects the utility of bicycles but
also has a considerable effect on car usage. This effect is in
line with additional parking fees of about 3.00 yuan/h (US
0.45%$/h). Moreover, the construction of dedicated bike lanes
will reduce on-street parking; meanwhile, it may reduce or
narrow the motor lanes. Then, travel time by car will increase
and the utility of driving a car will also decline. Obviously,
when considering this increased travel time, the equivalent
change of parking fees to construction of dedicated bike
lanes may be influenced. Because the average willingness to
pay higher parking fees to reduce their travel time by 10
minutes corresponds to 7.78 yuan/h (US 1.17$/h), it can be
deduced that the effect of providing dedicated bike lanes will
be dramatic. Compared to walking distance to bike stations,
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it can be indicated that the construction and improvement of
bike lanes will be an effective method to increase the use of
bicycles and reduce the probability of driving a car. Fur-
thermore, as in the case of walking distance to bike stations,
the effect of constructing bike lanes becomes more apparent
with the decrease in walking distance to bike stations.

7. Conclusions

Developing bicycle-sharing system has been one of the
popular measures to mitigate the traffic congestion. Nu-
merous cities are working to improve their bicycle infra-
structure, including expanding bike lanes and optimizing the
bicycle stations. The aim of this study is to quantitatively
investigate the effect of bicycle infrastructure on car usage.
Based on an SP survey conducted among the sampling
residents accustomed to driving in Huhhot, China, a mixed
logit model for travel mode choices of respondents was built.
In the model, the coefficients of four variables were assumed
to be normal or lognormal distributed. The estimated results
show that the mixed logit model gives better fitting in
comparison with the standard logit model.

It was found that there are considerable variations in
individuals® attitudes toward the use of cars and bicycles.
Riding a bicycle is preferred by almost 97% of individuals
and avoided by the remaining 3%. Furthermore, it is also
shown that the coefficients of travel time and walking dis-
tance to bike stations do vary across individuals. Moreover,
reducing the walking distance to bike stations and con-
struction of dedicated bike lanes will increase the utility of
riding a bicycle considerably. Furthermore, assuming the
other variables to be constant, based on the constraints for
keeping the effect on car usage equal, the equivalent change
in parking fees for the improvement in bicycle infrastructure
has been estimated in this study. The results show that the
effect of a 100 m reduction in the walking distance to bicycle
stations on the probability of driving is the same as that of
approximately 2.00 yuan/h (US 0.30$/h) increment of
parking fees, and the effect of providing completed bike
lanes is in line with additional parking fees of almost 3.00
yuan/h (US 0.45$/h).

The above results can provide some reference for the
rational allocation of infrastructure investment and road
resources. Since the improvement in bike lanes will be an
effective method to reduce the probability of driving a car
and to raise the use of bicycles, traffic authorities should
emphasize the construction of bike lanes, dedicated bike
lanes in particular, which will also enhance traffic safety in
cities such as Huhhot. Although the construction of bike
lanes will occupy road resources and may worsen traffic
congestion, the terrible traffic situation means the increase in
travel time, which may further reduce the use of private cars.
Then, the problem of traffic congestion will be improved
gradually. In addition, the reduction of walking distance to
bicycle stations has a distinct effect on car usage. Then,
government departments should give preferential policies to
public bike-share programs and encourage them to design
bicycle stations reasonably.



12

One limitation of this study is that the data used for
model estimation comes from a SP survey. Since the pref-
erence choices of respondents in the SP survey may not be
consistent with the reality after improving the bicycle in-
frastructure, the validation and reliability of the estimated
results may be influenced. Other practical experiments need
to be compensated and further validated. Furthermore, with
regard to the effect of bicycle infrastructure on car usage, the
equivalent changes in parking fees are estimated among the
respondents. Thus, the universality of results may be limited.
In order to ensure the validation of the estimated results, the
actual responses of residents could be tracked while in-
creasing bike stations as well as improving bike lanes. The
joint mixed logit model can be estimated based on the
combining data from SP and RP survey, which have been
used widely [63] to yield valid estimation of the coeflicients
and predict mode choice behaviour. Moreover, for the
universal equivalent changes in parking fees for improving
bicycle infrastructure, the simulation method may be a good
choice. Nevertheless, before the simulation, the distribution
of individual characteristics will need to be derived from a
large-scale survey. All these problems will be addressed in
our future work.
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