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Abstract

:

The presence of bike-sharing has a significant influence on the ease of trips by bike, which is one critical aspect of bicycling accessibility (BAcc). The existing measurements of BAcc rarely consider the factor of ownership of bikes, which means that no distinction is made between private-bikes and shared bikes. To measure BAcc more fully, this paper proposes a method to evaluate the influences of bike-sharing on BAcc and to perform the method on a real-world case study in Beijing. It is found that bike-sharing has a boosting effect on BAcc, and the increased rate of BAcc is significantly affected by bicycling frequency and shared-bike availability. A case study in Beijing utilizing geo-location data collected from two major bike-sharing companies (OFO and Mo-bike) illustrates the significance of the impact of bike-sharing on BAcc and the necessity to include bike-sharing in the measurement of BAcc. Besides, the case study shows BAcc around the transit station is better than that over the whole area. Given that bicycling feeds transit, this research lays the foundation for analyzing the combination of bike-sharing and transit from the perspective of accessibility and can further support transportation planning.
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1. Introduction


As a travel mode, bicycling has significant advantages for short trips, including having zero emissions, being quicker than walking, and improving health. It also provides an alternative to and a useful feeder mode for public transport [1]. The importance of bicycling mobility in urban areas has been particularly highlighted by the COVID-19 outbreak, during which many countries have experienced a surge in cycling, including China, Germany, Ireland, the United Kingdom, and the United States [2]. European member countries of the United Nations consider bicycles as a way towards a “green recovery” to make post-COVID-19 mobility more environmentally friendly, healthy, and sustainable [3].



Bicycling accessibility (BAcc), an essential indicator for measuring bicycling mobility, is defined as the convenience or ease of bicycling travel and usually considers travel time and travel cost. BAcc is often used in bicycle infrastructure, land use, and transportation system planning [4,5,6,7]. BAcc also provides a measure of feeder mobility because bicycling is a solution for transit’s “last mile” problem [8,9,10].



Bicycling mobility consists of two modes: private-bike and shared-bike. Bike-sharing systems, especially free-floating bike-sharing (FFBS) systems, have caused a surge in bike-sharing usage [11], indicating that FFBS has dramatically improved the convenience of bicycling and has become an integral part of bicycling mobility. Since the start of the COVID-19 pandemic, Meituan (former name: Mo-bike) has experienced a 187% increase in bike-sharing ridership in Beijing [12]. Private bikes and shared bikes jointly contribute to bicycling mobility. In areas that have launched or are about to launch bike-sharing systems, consideration of bike-sharing is vital to the accurate evaluation of BAcc and transit accessibility.



The concept of accessibility was first defined by Hansen [13], and all measures of accessibility are ad hoc and vary in different contexts [14]. Generally, accessibility measures the ease of reaching goods, services, activities, and destinations [15,16], considering transportation resources, travel time, travel distance, and travel cost [17,18]. More specifically, accessibility involves three factors: the spatial distribution of destinations, the ease of travelling to these destinations, and the activities at the destinations [19,20]. In this paper, BAcc represents the ease of reaching destinations by bike. It differs from the term “accessibility to bicycling,” which denotes the ease of reaching bicycling facilities [21], and the term “accessibility to activities by bike,” which denotes the potential number of activities that can be accessed by bike [5,22].



Studies of bike-related accessibility have two branches. The first is rooted in studying the distribution of activities to examine how many activities can be accessed and focuses on the evaluation of activity distribution and identification of opportunities to support urban land use planning [5,22,23]. The other branch focuses on the ease (travel time, travel distance, and travel cost) of travelling to destinations by bicycle. There are two influences upon the ease of bicycling: the bicycling network and the bike itself. In this branch, most studies focus on supporting road network planning decision-making by evaluating bicycling networks and facilities and investigating the impact of new bicycling networks on BAcc [6,7,24]. The travel characteristics of the various types of bike (private pedal bike, shared pedal bike, private electric bike, shared electric bike) differ in terms of travel time and travel cost. For example, electric bikes travel at higher speeds, resulting in reduced travel times and, therefore, increasing BAcc [25,26]. Similarly, shared bikes do not have purchase or maintenance costs [27], leading to differences in travel costs compared to private shared bikes.



BAcc is currently determined on the use of private bikes and rarely considers shared bikes. The private-bicycling group has a relatively fixed size and high frequencies of bicycling because travelers with lower bicycling frequencies have higher bicycling costs (the cost of using an available bike for a trip), causing most of them to choose other travel modes [27]. The high and concentrated frequency of private bicycling makes bicycling costs relatively low and very consistent. Therefore, when considering only private bikes, the inclusion of the cost of using an available bike in the calculation of BAcc is unnecessary, and traditional BAcc is only for travelers who use private bikes to travel. However, when a bike-sharing system is present, it provides a fixed cost of using an available shared bike which is independent of bicycling frequency and makes bicycling a competitive travel mode for travelers with a low bicycling frequency (e.g., tourists). Thus, the distribution range of travelers’ bicycling frequency expands. Some travelers use shared bikes, and some ride private bikes. Bicycling cost is no longer consistent among travelers. Therefore, bicycling cost should not be neglected when evaluating the BAcc of areas that have launched or are about to launch a bike-sharing system. This paper investigates the inclusion of the influence of bike-sharing in the determination of BAcc to make it more comprehensive. It provides the following contributions:




	
This study proposes a more comprehensive method for measuring BAcc considering both private bike and shared bike. There are two points of difference from traditional BAcc: i) this method incorporates the impact of bike-sharing on BAcc, which was traditionally measured based only on private bikes; ii) the BAcc in this paper is for all travelers, no matter what kind of travel mode they use (cycling, walking, or other), while the traditional BAcc is only for travelers with private bikes.



	
A real-world case study of BAcc in Beijing was conducted using geolocation data collected from two major bike-sharing companies (OFO and Mo-bike).



	
The increase in BAcc due to bike-sharing and the factors influencing this increase were investigated.








The rest of this paper is organized as follows. Section 2 introduces a method to measure BAcc at the origin-destination (O-D) and locational levels and analyses the impact of bike-sharing on BAcc. Section 3 presents the case study of BAcc in Beijing, including data sources, sample selection, parameter specifications, and numerical analysis. The paper concludes with a summary of the study and identifies directions for future research.




2. BAcc Taking Bike-Sharing into Consideration


This section proposes a method for measuring BAcc by considering both shared and private bikes in the calculation. People can choose between the two modes, and therefore have two options for their trip. The development of indicators and methods for accessibility when multiple modes are available is challenging [28]. Different from “accessibility to activities by bicycling” and “accessibility to bicycle facilities,” bicycling accessibility measures the ease of reaching destinations by bike. The ease of traveling can also be measured by impedance, and some studies directly equate the ease of traveling with impedance [29]. This paper defines BAcc as an indicator of the ease of bicycling to destinations by mapping the impedance (i.e., the ease of bicycling to destinations) to [0, 1].



2.1. BAcc at the Origin-Destination (O-D) Level


This section presents the BAcc at the O-D level:   B A c  c  o d    . The   B A c  c  o d     is defined as an indicator of the ease of bicycling from the origin (o) to the destination (d), based on travel time and travel cost.



2.1.1. Measurement of BAcc at the O-D Level


  B A c  c  o d     decreases with increasing travel impedance between a specified O-D pair. There are many forms to express decay, such as power, exponential, and combined functions. The exponential decay form suggested by Hansen [13] is widely used. Fotheringham and O’Kelly [30] argued that, for short travel distances, the negative exponential function is more suitable than other options. The negative exponential form guarantees that the function value is in the interval [0, 1]. Therefore, this study used the negative exponential form in the expression of   B A c  c  o d    .


  B A c  c  o d   = e x p  (  − β · I  M  o d    )  ,    and    I  M  o d   = α ·  t  o d   +  C  o d    



(1)







    I  M  o d     is the impedance of cycling from O to D, the generalized travel cost which consists of the cost of travel time    t  o d     and the cost of bicycling    C  o d    , which can be considered as the cost of using an available bike for a trip.  α  is a parameter to unify these two items and can be considered the time value of bicycling, a socioeconomic parameter the value of which varies for different groups of people.  β  is a parameter to map   I  M  o d     to [0, 1] as uniformly and reasonably as possible.



There is no difference in speed between private bikes and shared bikes, so the value of    t  o d     is the same for the two modes. However, they differ in    C  o d    : the bicycling cost by shared bike is the booking fare; while the bicycling cost by private bike for a trip comes from the purchase and maintenance costs of a private bike and equals the value of amortizing the purchase cost to each trip (Figure 1). This difference in    C  o d     leads to a choice about which kind of bike (shared or private) should be selected for calculating    C  o d    . Based on the principle of “interaction potential” [14], the mode with greater accessibility is used herein for the calculation of   B A c  c  o d    , i.e., the lower cost of bicycling with the two modes is the value of    C  o d    .



The travel cost for a single trip was calculated instead of its travel distance, because bikes are usually used for trips of less than 5 km [31,32,33], and the range of travel distances is small. Based on the research by Song et al. [27], the bicycling cost of one trip by private bike was determined by vehicle purchase cost, maintenance cost, service life, and usage frequency. The calculation method of Song et al. [27] was utilised herein; bicycling cost with a private bike,    c  p r i v a t e   =  C  p r i v a t e   d a y   / f  , where    c  p r i v a t e   d a y    , is the cost for owing a private bike for one day, and f is the bicycling frequency (number of trips by bike per day) with the density function   h  ( f )   . The bicycling cost of one trip by shared bike is the fare    c  s h a r e d    . Then    C  o d     can be expressed as


   C  o d   = E  [   {    min   j ∈ s    c j  |   s ∈ S  }   ]   



(2)




where  s  denotes a choice set,  S  is the set of choice sets, and  j  indicates an alternative (travel mode) of  s . It is worth noting that there is more than one choice set s because, if there is an available shared bike, the choice set is {private-bike, shared-bike}; otherwise, the choice set is {private-bike}.



In this study it is assumed that the private bike is always available, while the availability of a shared bike depends on the distribution of shared bikes. This is because the private bike’s availability depends on the traveller’s decision and they can purchase bikes and park them at trip origins to provide bike availability, i.e., the travellers determine the availability of private bikes and there are no restrictions for anyone to use an available private bike as long as he/she pays enough. However, travellers play a passive role in the availability of shared bikes, which are provided by external sources, such as operators of bike-sharing systems, and the traveller cannot use an available shared bike if there is no shared bike near the origin no matter how much he/she is willing to pay. Therefore, this study considers this from a long-term perspective. Perhaps a traveller has no purchased bike at his/her first trip. However, if owning a private bike is more suitable for him/her, he/she will buy one from a long-term perspective. The corresponding bicycling frequency is also long-term.



The elements in the two choice sets are determined by shared-bike availability (see Figure 2).    A o    (shared-bike availability) represents the probability that there is a shared bike available at the origin. The choice set (private bike, shared bike) represents a binary choice. Based on the study by Song et al. [27],    c  p r i v a t e     will be less than    c  s h a r e d     if the bicycling frequency is high enough (see Figure 1). When the choice set is (private bike), only private bikes are available.



For the group of travellers with bicycling frequencies distributed as   h  ( f )   , Equation (2) for determining    C  o d     can be rewritten as


       C  o d   =  A o  ·  c  s h a r e d   ·   ∫  0   f c    h  ( f )   d f  +  A o  ·   ∫    f c    + ∞        C  p r i v a t e   d a y    f    ·   h  ( f )   d f          +  (  1 −  A o   )    ·     ∫  0  + ∞      C  p r i v a t e   d a y    f    ·   h  ( f )   d f  ,      



(3)




where    f c    is the critical frequency at which the travel costs by private bike and shared bike are the same:    f c  =  C  p r i v a t e   d a y   /  c  s h a r e d    . Further,    c  s h a r e d   <  c  p r i v a t e     i f   f <  f c  ,   and    c  s h a r e d   >  c  p r i v a t e     i f   f >  f c    (Figure 1 is an example).




2.1.2. The Impact of Bike-Sharing at the O-D Level


Bike-sharing affects   B A c  c  o d     by changing bicycling costs. For travellers with a low bicycling frequency, shared bikes can dramatically reduce their bicycling cost, thus improving bicycling accessibility and attractiveness.



To measure the change in bicycling accessibility (  Δ B A c  c  o d    ), the baseline scenario was set as no shared bikes,    A o  = 0  . Equation (4) shows that   Δ B A c  c  o d     is positive if   Δ  C  o d     is negative. Equation (5) gives the rate of the increase in   B A c  c  o d    , which is determined by the value of    |  Δ  C  o d    |     ; the larger    |  Δ  C  o d    |    is, the higher the rate of increase. Equation (6) shows that   Δ  C  o d     is non-positive, indicating that the presence of bike-sharing will reduce bicycling cost and, therefore, increase bicycling accessibility.


  Δ B A c  c  o d   =  e  β   ·    (  α   ·   t +  C  o d   b a s e l i n e      )      ·    (   e  − β   ·   Δ  C  o d     − 1  )   



(4)






      Δ B A c  c  o d     B A c  c  o d   b a s e l i n e     =  e  − β   ·   Δ  C  o d     − 1    



(5)






    Δ  C  o d   =  A o  ·     ∫  0   f c     (   c  s h a r e d   −    C  p r i v a t e   d a y    f   )    ·   h  ( f )   d f     



(6)






     |    Δ  C  o d      C  o d   b a s e l i n e      |  =    A o    ·     ∫  0   f c     (     C  p r i v a t e   d a y    f  −  c  s h a r e d    )  ·   h  ( f )   d f      ∫  0  + ∞        C  p r i v a t e   d a y    f    ·   h  ( f )   d f       



(7)







The term    |  Δ  C  o d   /  C  o d   b a s e l i n e    |    in Equation (7) measures the magnitude of the travel-cost reduction. Equations (6) and (7) show that   Δ  C  o d     and    |  Δ  C  o d   /  C  o d   b a s e l i n e    |    are both affected by the supply of shared bikes (   A o    a n d    c  s h a r e d    ), the supply of private bikes (represented by    C  p r i v a t e   d a y    , including the purchase cost, repair cost and service life of the bike), and the bicycling frequency density function (  h  ( f )   ). Shared-bike availability is the critical factor: when A = 0, there is no reduction in bicycling costs; the higher value of A, the more significant the travel-cost reduction. The upper limit of the travel-cost reduction is determined by    c  s h a r e d    ,    C  p r i v a t e   d a y    , and   h  ( f )   . People with a high probability of   f <  f c    have a significant reduction in travel cost, and as the expected value of  f  approaches 0, the value of    |  Δ  C  o d   /  C  o d   b a s e l i n e    |    approaches 100%. Higher values of    c  s h a r e d     and    C  p r i v a t e   d a y     correspond to higher travel costs. Based on the signs of their partial derivatives,    c  s h a r e d     and    C  p r i v a t e   d a y     have opposite effects on    |  Δ  C  o d   /  C  o d   b a s e l i n e    |   . An increase in    c  s h a r e d     decreases    |  Δ  C  o d   /  C  o d   b a s e l i n e    |     ; an increase in    C  p r i v a t e   d a y     increases    |  Δ  C  o d   /  C  o d   b a s e l i n e    |   .





2.2. BAcc at the Locational Level


This section presents the measurement of BAcc at the locational level, representing the cumulative effects of bicycling accessibility. At the locational level,   B A c  c o    is viewed as the ease of travelling by bike from an origin (o) to potential destinations based on travel time and travel cost.



2.2.1. Measurement of BAcc at the Locational Level


The value of   B A c  c o    is the weighted accumulation of    {  B A c  c  o d   | d ∈ D  }   , where D is the set of destinations corresponding to the o. The weight is set to be the probability of starting from o to d, and   B A c  c o    is calculated as


  B A c  c o  =   ∑   d ∈ D   B A c  c  o d   ·  W  o d   ,  



(8)




where    W  o d     is the weight for choosing d from D, corresponding to the travel demand, and is consistent with the trip distribution. Based on transportation planning theory,    W  o d     is determined by the attractiveness of the destination and the impedances from the origin to the destination. Gravity models are a popular method for trip distribution estimation; the one proposed by A.M. Voorhees is


  N  T  o d   =  G o    A  T d  · f  ( · )      ∑   d ∈ D   A  T d  ·   f  ( · )    ,  



(9)




where   N  T  o d     is the number of trips from o to d,    G o    is the volume of trips generated at o, and ATd is the attractiveness of d.   f  ( · )    is the distributed impedance function. Generally,   f  ( · )    considers factors such as travel distance, travel time, travel cost, and the number of transfers [34,35].



In this study,    G o    was set to be 1 to convert the   N  T  o d     to a weight.   f  ( · )    was set as a function of travel distance, and   f  (   L  o d    )  =  e  − b   ·    L  o d      , where b is a scaling parameter of travel distance, and    L  o d     is the travel distance between o and d. The weight    W  o d     can then be expressed as


   W  o d   =   A  T d  ·    e  − b   ·    L  o d         ∑   d ∈ D   A  T d  ·    e  − b   ·    L  o d       .  



(10)







The parameter b must be estimated, for which the likelihood maximization method can be used, given an available data set of corresponding trip records. The likelihood function is   L =   ∏  i I   W  i ,   o d    , where I is the set of travellers and   W  i ,   o d    denotes the probability of the person  i  choosing d as their destination from o.




2.2.2. The Impact of Bike-Sharing at the Locational Level


At the locational level, the impact of bike-sharing on   B A c  c o    combines the impacts on the multiple   B A c  c  o d    . values for possible destinations. The rate of increase is given by


    Δ B A c  c o    B A c  c o  b a s e l i n e     =     ∑   d ∈ D    [   (   e  − β · Δ  C  o d     − 1  )  · B A c  c  o d   b a s e l i n e   ·  W  o d    ]      ∑   d ∈ D   B A c  c  o d   b a s e l i n e   ·  W  o d     .  



(11)







For the location o, the reduction in travel cost is fixed and does not change for different destinations. Equation (11) can then be expressed as


    Δ B A c  c o    B A c  c o  b a s e l i n e     =  e  − β   ·   Δ  C  o d     − 1  



(12)







The value of     Δ B A c  c o    B A c  c o  b a s e l i n e       equals the value of     Δ B A c  c  o d     B A c  c  o d   b a s e l i n e      .






3. Case Study of BAcc in Beijing, China


This section presents a case study of BAcc in Beijing that illustrates the significant impact of bike-sharing on BAcc and the necessity of including bike-sharing in BAcc determinations. The bike-sharing systems in Beijing are free-floating, and the shared bike can be parked along the side of the road and in other public areas, not specified to a station or a specific place.



3.1. Data Sources


The data used in the case study were the parking locations of the shared bikes of Mo-bike and OFO, the two major bike-sharing operators in Beijing in 2015, in the area within Beijing’s fifth ring road. Shared-bike-location data is available for the public to examine in real-time. This study observed and collected 68 GB of data for one week in August 2015. This data included the parking locations of more than 850,000 shared bikes in the subject area, which were updated every seven min. The location data collected included the shared bike ID, the owner (operator), the time, and the longitude and latitude of the parking location. This data set was used to calculate shared-bike availability and to estimate the parameter    W  o d    .



Additionally, the locations of all bus and subway stations in Beijing in August 2015 were collected (Figure 3). These transit stations’ locations were obtained from Amap (see https://lbs.amap.com). This data included the station name, line name, and longitude and latitude of the location. These data were used to analyse the relationship between the BAcc and transit stations.




3.2. Sample Formation


The process of generating the sample for numerical analysis included the following steps.



First, the weekday data were selected and pre-processed. A time series was formed for the position of each vehicle. Considering the GPS measurement error and drift, a displacement of fewer than 100 m was regarded as invalid and corrected based on the GPS positions at adjacent time points.



Second, the zones were set by dividing the study area into a grid consisting of 200 × 200 m squares, each of which was designated as a zone. A zone was the smallest unit of area used in the study, i.e., the location of a bike was taken to be a particular zone, not a specific point, and a trip was considered as going from one zone to another. Shared-bike locations were more concentrated during the daytime and more dispersed at night.



Third, using the location data, the shared-bike availability in each zone was calculated for every minute. The calculation method was as follows.



The shared-bike availability (A) is the proportion of the bicycling demand that can be served by available shared bikes over the period    [  t ,   t + Δ t  ]   . The value of   Δ t   is small enough that bicycling demand is assumed to be uniformly distributed during    [  t ,   t + Δ t  ]   . The variable A is determined by    N t  ,  . the number of shared bikes within a particular area at time  t , and two kinds of activities occurring during    [  t , t + Δ t  ]   , namely, arrivals and departures. This association can be described by the equation   A =  A n   (   N t  ,   C R  )   , where    A n    is a function with decision variables    N t    and   C R  .    N t    is the number of shared bikes within the given area at time t.   C R   denotes the rate of change of the number of shared bikes, which reflects departures and arrivals, and is considered to be constant during    [  t , t + Δ t  ]   . This study assumed that there were shared bikes available when the number of shared bikes was greater than n (a number threshold) in the area. Based on the four forms of    (   N t  ,   C R  )   , the mapping relation    A n    is described as


   A n   (  N ,   C R  )  =  {          1 ,      N t  ≥   n   a n d     C R   ≥     n −  N t    Δ t             n −  N t    Δ t   ·   C R   ,      N t  ≥   n   a n d     C R <   n −  N t    Δ t         1 −   n −  N t    Δ t   ·   C R   ,      N t  < n   a n d     C R   ≥     n −  N t    Δ t             0 ,      N t  < n   a n d     C R <   n −  N t    Δ t          



(13)







Finally, the trips by shared bike were extracted, showing there were approximately 2,300,000 trips per day in the study area.




3.3. Parameter Specification


As discussed in Section 2.1,    f c    is determined by    C  p r i v a t e   d a y     and    c  s h a r e d    , which were set to be the same in this study as in Song et al.:    C  p r i v a t e   d a y   = 0.712   R M B  , which includes the purchase cost, maintenance cost, and service life, and    c  s h a r e d   = 0.5   R M B  , accounting for the preferential policies in 2015. Given this, the critical bicycling frequency (   f c   ) was calculated as 1.42 trips/day.



Additionally, the distribution of travellers’ bicycling frequency (  h  ( f )   ) significantly impacts bicycling cost. Because the collected data set did not include the travel frequency corresponding to the travel records, a multi-scenario analysis method was adopted to set the different frequency distributions. The study by Miller and Roorda [36] was based on surveys of travel-frequency and determined that a log-normal density function represents well the travel-frequency distribution. A log-normal function ensures that the random variable is positive and close to a normal distribution. Therefore, the travellers’ bicycling frequencies in this study were assumed to follow a log-normal distribution:   l n f   ∼   N  (  μ ,    σ 2   )   , where the expected value of frequency   E  ( f )  = e x p  (  μ +  σ 2  / 2  )   , and its variance   V a r  ( f )  =  (  e x p  (   σ 2   )  − 1  )    ·   e x p  (  μ +  σ 2  / 2  )   . In the case study, 42 scenarios with different   E  ( f )    were set within    (  0.033 ,   7.000  )   , and   V a r  ( f )  = 0.25.   The 42 values of   E  ( f )    within    (  0.033 ,   7.000  )    covered travellers with bicycling frequency from one bicycling trip per 100 days to seven bicycling trips per day, which was a reasonable coverage of travellers in Beijing. Each scenario considered a group of travellers with a specified   E  ( f )    and   V a r  ( f )   .



The parameter  α  is the value of travel time to unify travel time and travel cost in Equation (1). Value of travel time is a critical indicator of individual willingness-to-pay as the implicit trade-off between time and money, which can be obtained from revealed preference (RP) data [37,38] and stated preference (SP) data [39,40]. The estimation of  α  varies widely and is generally 20~200% of the income [39]. This study set the  α  equal to the income of travellers. According to the data released by the Beijing Municipal Bureau Statistics [41], the average residents’ income in Beijing in 2017 was 29.9 RMB/h. Then   α = 29.9    RMB  / h  .



Equation (7) shows that   Δ B A c  c o  / B A c  c o  b a s e l i n e     is determined by  β  and   Δ  C  o d    . The value of  β  shall be specified according to the value range of   I  M  o d    . In this case study, the IM values for short-distance trips were within the range [0, 30]. Testing various values of  β  revealed that when the value of  β  equals 0.15, IM can be well mapped to the interval [0, 1]. Therefore, for the case study,   β = 0.15  .



In the estimation of    W  o d    , this study considered the number of attractions in each   200 × 200    m    zone to be the same, lacking data for land use. Then the weight was not estimated based on OD pair, but based on distance. The   A  T d    for each distance was viewed as the number of destination zones with this specific distance. The estimation of weight was based on the data of travelling by shared bike. This study used the log-likelihood maximization method to estimate the parameter b in Equation (10). Figure 4a plotted the optimization process. The estimated b value was 1.5548 with the stand error   7.54 ×   10   − 4     and a 95% confidence interval [1.5534, 1.5563], which meets the termination condition of the optimization. This case study used Manhattan distance to represent the travel distance. Since the considered area was gridded, the travel distance was discrete with the granularity being the size length of the zone (200 m). The weight of trip distribution based on the estimated parameter b was as Figure 4b.




3.4. Numerical Analysis


This section examines shared-bike availability and bicycling cost, through which bike-sharing affects the BAcc, and their characteristics in time and space. Further, improvement of BAcc in Beijing due to shared-bike availability is determined along with its characteristics in time and space.



3.4.1. Shared-Bike Availability and the Reduction of Bicycling Cost


In practice, a bike-sharing system cannot guarantee that there are shared bikes available anytime and anywhere. Therefore, shared-bike availability does not always equal 1 and varies with time and space. Figure 5 shows the distribution of the shared bikes, and the calculated availability at 10 am and 10 pm. The black lines are subway lines, provided to assist with location identification. The location distribution of shared bikes was more concentrated during daytime than at night (Figure 5a,b), and the corresponding shared-bike availability was lower during the daytime than at night (Figure 5c,d)).



A time series of regional average values of shared-bike availability was calculated to represent its change over time more clearly. Figure 6a depicts the curves of the average values of shared-bike availability over the entire study area, around the subway stations, and around the bus stations. There are two troughs in each curve, occurring at 10 am and 2 pm. The average availability of shared bikes was lowest at 10 am. During the morning rush hour, the distribution of shared bikes changed from decentralised to concentrated, resulting in a low average availability value at the end of the morning rush hour. The trend of change in shared-bike distribution during the evening rush hour was the opposite. This dynamic distribution of shared bikes resulted in the shape of the shared-bike availability curve. In general, the average shared-bike availability calculated for the entire area was the lowest; the availability around subway stations was highest, and the availability around bus stations was between the two. The availability at night was higher than during the day because the shared bikes were more decentralised.



The variation of shared-bike availability, in turn, leads to the variation of bicycling cost. Figure 6b illustrates the overall average values of the bicycling costs in different scenarios. Two Y-axes were used to display the curves in one figure. The left Y-axis is for the thick curve with   E  ( f )  = 0.17   times per day; the right Y-axis is for the other curves for   E  ( f )    within    (  0.17 ,   6.83  )   . For travelers with low bicycling frequencies, the shape of the bicycling-cost curve was opposite to the shape of the shared-bike availability curve, and the bicycling-cost curves flatten for travellers with high bicycling frequencies. For a higher bicycling frequency, the bicycling cost was less significantly affected by shared-bike availability than for a lower frequency.



The zones around the subway stations and bus stations were extracted, and the regional average of bicycling costs over these zones was examined to explore the spatial distribution characteristics of bicycling costs. The curves of the average bicycling costs around the subway and bus stations are depicted in Figure 6c,e, respectively, and the use of the double-axis and curve colours are the same as in Figure 6b. Comparing the curves in Figure 6b,c,e shows that, for people with the same bicycling frequency, the bicycling cost around transit stations was significantly lower than that over the entire study area because shared-bike availability around the transit stations was greater. In order to show the difference between the curves in Figure 6b and the curves in Figure 6c,e, Figure 6d,f show the ratio of bicycling cost around transit stations to bicycling cost over the entire study area. The lower the bicycling frequency, the lower this ratio was, indicating that travellers with a low bicycling frequency were affected more significantly. The farther the ratio was from 1, the more significant the difference between the two bicycling costs. In general, the difference was smaller in the daytime than at night and was the lowest at the end of the morning rush hour.




3.4.2. The Value of BAcc


The BAcc within the considered area was calculated considering both shared bikes and private bikes. BAcc is affected by the distribution of  f , and Figure 7 shows the BAcc under different distributions of  f . When the expected value of  f  is relatively low (e.g., 0.01 and 0.1 in Figure 7a,b), the BAcc value with   A = 0   is close to zero, while the BAcc value with   A ≠ 0   can be 0.5 or more. When the expected value of  f  gets higher (e.g., 0.5 in Figure 7c), the BAcc value in the area with   A = 0   also increases accordingly, the BAcc value in part of the area with   A ≠ 0   increases, and the BAcc value in the other part of the area with   A ≠ 0   stays at 0.5 or more. When the expected value of  f  is high enough (e.g., 1 in Figure 7d), the BAcc value in the area with   A = 0   is 0.51, and the maximum BAcc value in the other part of the area with   A ≠ 0   is 0.53.




3.4.3. The Improvement in BAcc due to Bike-Sharing


Equations (4), (7), and (12) show that shared-bike availability leads to the reduction of bicycling cost and therefore results in increased BAcc. Based on the analysis in Section 3.4.1, this section examines the rate of increase of BAcc (  Δ B A c  c o  / B A c  c o  b a s e l i n e    ). This was calculated at the locational level. Figure 8 depicts the average values of   Δ B A c  c o  / B A c  c o  b a s e l i n e     over the entire study area (Figure 8a), and around the subway stations (Figure 8b) and bus stations (Figure 8c). Figure 8 uses a double axis, as in Figure 6, where the left Y-axis applies to the thick curve, and the right Y-axis applies to the other curves. There are three points revealed by Figure 8.



First, the rate of increase of BAcc is consistent with the availability of shared bikes. The shapes of the curves in Figure 8 are consistent with those in Figure 6a, demonstrating that the average rate of increase of BAcc was consistent with the average availability of shared bikes. This consistency increased as bicycling frequency decreased.



Second, the rate of increase of BAcc around transit stations was higher. By comparing (a), (b), and (c) in Figure 8, it can be seen that, for people with the same bicycling frequency, the rate of increase of BAcc was the greatest near the subways, followed by around the bus stations, and the lowest value was for the entire area.



Third, the impact of bike-sharing on BAcc was greatly affected by bicycling frequency. For a cyclist whose bicycling frequency was low enough, the improvement in BAcc was enormous; at 7 am, for cyclists whose bicycling frequency was 0.17 times per day, the average rate of increase in BAcc was as high as 37,000% near the subway stations, 31,000% near the bus stations, and 25,000% over the entire study area. The rate of increase in BAcc quickly decreased with increasing bicycling frequency; at 7 am, for cyclists with an expected bicycling-frequency of 0.5 times per day, the average rates of increase of BAcc were 28% near the subway stations, 24% near the bus stations, and 19% over the entire study area. In contrast, at 7 am, for a cyclist with a bicycling frequency of 1.17 times per day, the rates of increase of BAcc were 4.2% near the subway stations, 3.5% near the bus stations, and 2.8% over the entire study area. For people who bicycle more than 1.4 times per day, the improvement in bicycling accessibility was nearly zero. Therefore, it is necessary to consider bicycling frequency when measuring the impact of bike-sharing on BAcc.






4. Conclusions


In this paper, BAcc is defined as an indicator of the ease of bicycling to destinations. Shared bikes differ from private bikes in the aspect of the cost of using an available bike for a trip (bicycling cost), and herein the two types of bike were viewed as two modes for bicycling. This study investigated incorporating the impact of bike-sharing into the measurement of BAcc to make it more comprehensive. The proposed method includes a process of mode choice for the calculation of bicycling cost. When shared bikes are available, the mode with lower bicycling cost is selected, and this choice is affected by bicycling cost of the private bike, which is determined by the traveller’s bicycling frequency. The value of BAcc is determined by shared-bike availability and the distribution of bicycling frequency.



A case study of BAcc in Beijing was conducted to illustrate the significant impact of bike-sharing on BAcc and, therefore, the necessity to consider bike-sharing in its calculation. The data from Beijing showed that shared-bike availability was less during daytime than at night and reached its lowest level at the end of the morning rush hour; in terms of location, availability around the subway stations was the greatest. The spatial-temporal characteristics of the rate of increase of BAcc are consistent with those of shared-bike availability, and the lower the bicycling frequency, the greater the consistency. For low-frequency cyclists, the rate of increase of BAcc was enormous; for cyclists with a frequency of 0.17 times per day, the average BAcc at 7 am over the entire study area increased by 25,000%. However, the rate of increase of BAcc decreased quickly with increasing frequency; for those with a frequency of 0.5 times per day, the average BAcc over the entire study area increased by only 19%, and for people whose bicycling frequency was greater than 1.4 times per day, the improvement in bicycling accessibility was nearly zero.



To the best of the authors’ knowledge, this study represents the first attempt to include bike-sharing in the calculation of bicycling accessibility. For areas that have launched or are about to launch bike-sharing systems, including bike-sharing in the measurement of BAcc is necessary for evaluating both bicycling and transit accessibility. The proposed method for determining BAcc more completely measures bicycle mobility, thus improving the understanding and evaluation of bicycling conditions by decision-makers. It is noteworthy that, although the evaluation method is proposed for use in determining bicycling accessibility, it has broader applicability and could thus be extended to the measurement of accessibility by car (considering private cars, taxis, and shared cars) and other modes that involve both private and shared vehicles. Based on the limitations of the data set, land use was not considered in the numerical analysis. The proposed method only considered the private pedal bike and the shared pedal bike but did not include the private electric bike and the shared electric bike. In future studies, the measurement of bicycling accessibility can be made more comprehensive with the inclusion of land use information and considering the electric bike, and parameter  α  can be set as a dynamic parameter, varying among travellers.
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Figure 1. Travel cost per trip by shared bike vs. travel cost per trip by private bike (adapted from Song et al. [27]). 
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Figure 2. Process for determining the lower-cost mode. 
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Figure 3. Transit stations in the study area. 






Figure 3. Transit stations in the study area.



[image: Sustainability 12 06124 g003]







[image: Sustainability 12 06124 g004 550] 





Figure 4. Estimation results. (a) Estimation of parameter b; (b) Estimation of weight. 
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Figure 5. Shared-bike availability in Beijing. 
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Figure 6. Shared-bike availability and bicycling cost in Beijing (the legend for bicycling frequency shown at the bottom applies to all figures). 
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Figure 7. Averaged bicycling accessibility (BAcc) in Beijing. 
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Figure 8. Rate of increase of BAcc in Beijing (the legend for bicycling frequency shown at the bottom applies to all figures). 
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The Output of Optimization

Iterations: 28

Algorithm: Nelder-Mead simplex direct
search

Optimization terminated: The current b =
1.5548 satisfies the termination criteria using
OPTIONS.TolX of 1¢-04; The function value
(-loglikelihood = 6.4577¢+06) satisfies the
convergence criteria using OPTIONS. TolFun
of 1e-04.
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Correlation coefficient: 0.9684
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