
Optimal Station Location of Capacity-limited Dockless Bike-sharing 
System with Elastic Demand 

 
Yu LOU 

Candidate of the Degree of Master 
Supervisor: Kenetsu Uchida 

     Division of Engineering Policy for Sustainable Environment. 

 

 

 

Introduction 
 
Research background 
 
Bike-sharing systems as a public transport mode have rapidly 

developed in recent years. The bike-sharing systems can solve 

the first/last mile transit trips problem, and they are more 

economical, flexible, convenient and sustainable than the 

other transport modes. Bike-sharing systems have been 

divided into two categories: dock-based bike-sharing and 

dockless bike-sharing systems. The dockless bike-sharing 

system does not need to set docks for bicycles, and thus 

bicycles can be checked in and checked out anywhere. 

According to the China Shared Travel Development Survey 

(2019), by the end of August 2019, there were 19.5 million 

dockless shared bicycles in China with more than 300 million 

registered users and 47 million daily orders. However, with 

the continuous expansion of the dockless bike-sharing system, 

some problems appeared. Excessive supply of the dockless 

bike-sharing system induced many bicycles abandoned and 

irregular parking that obstructed the vehicle traffic and 

pedestrians. To solve these problems, many countries begin 

recommending the dockless bike-sharing service operators to 

design specified stations by electric fence technology which 

guiding users to pick and park bikes in designated zones. 

Therefore, the station location planning problem of the 

dockless bike-sharing system needs to be studied. 

 

Research purpose  
 

In this study, the bi-level model that maximizes the revenue 

of dockless bike-sharing companies by selecting several 

stations from candidate ones based on the transportation 

network is proposed following the policy that number of 

stations is restricted by government. A nested logit stochastic 

user equilibrium model (NLSUE), which combines mode split 

and traffic assignment problems, has been adopted at a lower-

level. Moreover, the demand for the dockless bike-sharing 

system and the users at each station can be determined. 

 

Model formulation  
 
Problem description 
 

The optimal station locations planning problem of the 

dockless bike-sharing system is aim at finding a combination 

of stations from candidates in the network that maximizes the 

number of dockless bike-sharing system users. The demand 

for the dockless bike-sharing system is elastic since four 

transportation modes of short-distance trips have been 

considered in this study: public transport, walking, dock-

based and dockless bike-sharing system. The travelers need to 

choose not only the transport mode but also the route based 

on their utility. 

 A trip of the traveler who chooses the bike-sharing system 

from origin to destination consists of three parts, i.e., the 

traveler (i) walks to the station (check-in) from the origin and 

picks up a bicycle; (ii) rides on the bicycle to the station 

(check out) and gets off the bicycle; and finally (iii) walks to 

the destination. Travelers need to consider which station to 

check in and check out. 

 To focus on the dockless bike-sharing system and simplify 

the formulation, the following assumptions are employed in 

this study: 

▪ The maximum walking distance between origin or 

destination and each station that a traveler can walk is 

less than 500 m, and the time of riding on a shared 

bicycle is less than 30 mins. 

▪ For each origin-destination (OD) pair, only one route (or 

the shortest path) is available for the traveler who 

chooses walking or public transport. The same is true for 

the traveler who chooses the dock-based bike-sharing 

system. No congestion occurs in transportation modes – 

walking and public transport. Available routes for 

travelers using dockless bike-sharing system change 

according to the selection of station location. 

▪ It is assumed that the stations of dockless bike-sharing 

system at which users check in a bicycle have capacity 

because of a limited number of bicycles, but the stations 

at which they check out has no capacity because no dock 

is needed. However, the dock-based system has capacity 

for all stations since each dock must be paired with each 

bicycle. 

▪ Although travelers can check whether shared bicycles are 

available or not at the station by the Internet, no bicycle 

may be available at the time when he/she arrived at the 

station. It is assumed that when there is no bicycle at the 

station, the traveler who chooses the shared bicycles has 

to wait at the station for a bicycle. 

 

Notations  

 

The following symbols, variables and parameters are 

introduced to formulate the optimization problem. 

𝑁: Set of nodes in a network 

W: Set of OD pairs 

𝐾𝑤: Set of paths between OD pair 𝑤 

𝐴𝑖: Set of check-in links each of which origin node is the 



dockless or dock-based bike-sharing station  

𝐴𝑜,𝑑𝑏: Set of check-out links each of which destination node is 

the dock-based bike-sharing station with parking 

capacity 

𝐴𝑜,𝑑𝑙: Set of check-out links each of which destination node is 

the dockless bike-sharing station without parking 

capacity 

𝐴𝑏: Set of bicycle links  

𝐴𝑤𝑎: Set of walking links 

�̂� : Set of links that connect OD pair directly. Each of these 

links carries travelers who choose other transport modes 

when going to their destinations 

𝐴: Set of links in the network (𝐴 = 𝐴𝑖 ∪ 𝐴𝑜,𝑑𝑙 ∪

           𝐴𝑜,𝑑𝑏 ∪ 𝐴𝑏 ∪ 𝐴𝑤𝑎 ∪ �̂�) 

𝜃𝑛: Dispersion parameter. 𝜃1 and 𝜃2 are parameters in level 

1 and level 2 in nested logit model 

𝜅𝑎: Capacity of link 𝑎(∈ 𝐴𝑖 ∪ 𝐴𝑜,𝑑𝑏) 

𝑐𝑎: Cost on the link a  

𝑙𝑎: Length of link 𝑎 

𝑠𝑎: Average travel speed on link 𝑎 . 𝑠𝑤  and 𝑠𝑐  are 

represented the average speed of walking and cycling   

𝑅𝑎:  Average daily turnover rate of bike-sharing systems. 

𝑅𝑑𝑙 and 𝑅𝑑𝑏 are the turnover rate of the dockless and 

dock-based bike-sharing systems, respectively 

𝑔𝑎:  Travel fare on link 𝑎. 𝑔𝑑𝑙 and 𝑔𝑑𝑏 indicate the terminal 

charge of the dockless bike-sharing system and dock-

based bike-sharing system 

𝜏: Value of time 

𝑐𝑤,𝑘: Path cost of path k serving OD pair 𝑤 

�̂�𝑤 : Travel cost for other transport mdoes between OD 

pair 𝑤 

𝑓𝑤,𝑘: Path flow of path 𝑘 between OD pair 𝑤 

𝑥𝑎: Link flow of link a  

�̅�𝑤: Total short-distance traffic demand of OD pair 𝑤 

𝑞𝑤
𝐵 : Demand for bike-sharing systems between OD pair 𝑤  

�̂�𝑤: Demand for using other transport modes between OD 

pair 𝑤 

𝑞𝑤
𝑑𝑙: Demand for dockless bike-sharing systems between OD 

pair 𝑤  

𝑆𝑤
𝐵: Expected minimal cost of the bike-sharing system 

between OD pair 𝑤 

 

Network topology  

 

We consider the directed network topology shown in Fig.1. 

Following the second assumption, travelers who choose 

public transport and walking are considered as in the same 

link defined as 'other modes link', and no congestion occurs in 

that link. Following the third and fourth assumptions, check-

in links simulate the process that the user picks up a bicycle 

and check in at the dock-based or dockless station. The rental 

fee is considered in the check-in process as well. Check-out 

links are classified into two types. Check-out links for 

dockless bike-sharing route are used to connect the network 

and station without capacity, so the link costs can be assumed 

equal to zero. As for dock-based routes, check-out links 

simulate the process of parking and checking out at the 

capacity-limited dock-based station. Bicycle links and 

walking links are flow-independent that depending on the 

length and average speed of links. 

 
Fig.1 Network topology 

 

 When travelers check in or check out at the capacity-

limited stations, a like BPR(Bureau of Public Roads) cost 

function proposed by M. Gello et al. (2011) is adopted in this 

study to formulate the waiting process. The BPR function 

parameters 𝛼𝑎  and 𝛽𝑎 determine how waiting time increases 

when there is no bicycle available at the station. When setting: 

𝛼𝑎 = 0.15;  𝛽𝑎 = 15; 𝑅𝑎 = 1.5 , Fig. 2 shows the waiting 

time at capacity-limited station with these parameter values 

and 𝑐𝑎0 at 1 min.  

 
Fig. 2 Proposed waiting time function 

 

 Based on the characteristics of each link, each link cost 

function can be defined as: 

𝑐𝑎(𝑥𝑎) =

{
 
 
 
 

 
 
 
                              

𝑙𝑎
𝑠𝑎
= 𝑐𝑜𝑛𝑠𝑡     ∀𝑎 ∈ 𝐴𝑏 ∪ 𝐴𝑤𝑎  

𝑐𝑎0 (1 + 𝛼𝑎 (
𝑥𝑎

𝑅𝑎 ∙ 𝜅𝑎
)
𝛽𝑎

) +
𝑔𝑎
𝜏
    ∀𝑎 ∈ 𝐴𝑖

                              0                                  ∀𝑎 ∈ 𝐴𝑜,𝑑𝑙

   𝑐𝑎0 (1 + 𝛼𝑎 (
𝑥𝑎

𝑅𝑎 ∙ 𝜅𝑎
)
𝛽𝑎

)                ∀𝑎 ∈ 𝐴𝑜,𝑑𝑏

                   𝑐𝑎 = 𝑐𝑜𝑛𝑠𝑡                       ∀𝑎 ∈ �̂�

(1) 

where 

𝑔𝑎 = {
𝑔𝑑𝑏   𝑖𝑓 𝛿𝑎,1

𝑤 = 1

𝑔𝑑𝑙      𝑖𝑓𝛿𝑎,1
𝑤 = 0 

          ∀𝑎 ∈ 𝐴𝑖 , 𝑤 ∈ 𝑊 (2) 

           𝑅𝑎 = {
𝑅𝑑𝑏   𝑖𝑓 𝛿𝑎,1

𝑤 = 1

𝑅𝑑𝑙      𝑖𝑓𝛿𝑎,1
𝑤 = 0 

 ∀𝑎 ∈ 𝐴𝑖 ∪ 𝐴𝑜,𝑑𝑏 , 𝑤 ∈ 𝑊 (3) 

 
𝛿𝑎,1
𝑤  is a variable that equals to 1 if link 𝑎 is the part of the 

dock-based path (we assume that first path between each OD 



pair is the dock-based path and 𝑘 = 1) between OD pair 𝑤, 

and 0 if links 𝑎 is a part of the dockless path. 

 The travel cost on a path using bicycle is the sum of the 

link travel costs that composes the path. The path cost of path 

𝑘 between OD pair 𝑤 can be represented as: 

𝑐𝑤,𝑘 = ∑ 𝑐𝑎(𝑥𝑎) ∙

𝑎∈𝐴∖𝐴

𝛿𝑎,𝑘
𝑤    ∀𝑤 ∈ 𝑊, 𝑘 ∈ 𝐾𝑤 (4) 

 

 Thus, the travel cost using other modes is equivalent to the 

cost of other modes link which can be calibrated by travel cost 

of choosing walking and public transport 

�̂�𝑤 = 𝑐𝑎     ∀𝑤 ∈ 𝑊, 𝑎 ∈ �̂� (5) 
 

 According to the relationship between path and link, the 

link flow can be represented as: 

𝑥𝑎 = ∑ ∑ 𝑓𝑤,𝑘 ∙ 𝛿𝑎,𝑘
𝑤  ∀𝑎 ∈ 𝐴 ∖ �̂�

𝑘∈𝐾𝑤𝑤∈𝑊

(6) 

 

Nested logit stochastic user equilibrium model 
 

The nested logit model which combines the mode split and 

traffic assignment problems can be adopted in the lower-level. 

Based on the previous assumption and problem description, 

the nested logit model structure is shown in Fig. 3. 

 Considering the similarities of dockless and dock-based 

sharing systems, they are in the same nest, and the other nest 

consists of walking and public transport mode. Level 1 shows 

the route of each transport mode. In this study, following the 

second assumption, the walking path and public transport path 

are assigned to the same nest. Consequently, level 2 is a 

binomial model expressing the mode choice of bike-sharing 

and other modes. 

 

 

 
Fig. 3 Structure of nested logit model 

 

A mathematical minimization problem that is equivalent to 

NLSUE problem can be formulated as:  

min 𝑧(𝒇, 𝒒𝐵 , �̂�) = ∑ ∫ 𝑐𝑎(𝜔)𝑑𝜔
𝑥𝑎

0
𝑎∈𝐴∖𝐴

+ ∑ �̂�𝑤 ∙ �̂�𝑤
𝑤∈𝑊

+
1

𝜃1
∑ ∑ 𝑓𝑤,𝑘 ∙ ln (

𝑓𝑤,𝑘
𝑞𝑤
𝐵
)

𝑘∈𝐾𝑤𝑤∈𝑊

+
1

𝜃2
∑(𝑞𝑤

𝐵 ∙ ln (
𝑞𝑤
𝐵

�̅�𝑤
) + �̂�𝑤 ∙ 𝑙𝑛 (

�̂�𝑤
�̅�𝑤
) )

𝑤∈𝑊

(7)

 

 

s.t.  

𝑞𝑤
𝐵 + �̂�𝑤 = �̅�𝑤    ∀𝑤 ∈ 𝑊 (8) 

∑ 𝑓𝑤,𝑘
𝑘∈𝐾𝑤

= 𝑞𝑤
𝐵    ∀𝑤 ∈ 𝑊 (9) 

𝑞𝑤
𝐵 ≥ 0  ∀𝑤 ∈ 𝑊 (10) 
�̂�𝑤 ≥ 0  ∀𝑤 ∈ 𝑊 (11) 

𝑓𝑤,𝑘 ≥ 0   ∀𝑤 ∈ 𝑊, ∀𝑘 ∈ 𝐾𝑤 (12) 
where 

𝒇 = (𝒇1, 𝒇2, … , 𝒇|𝑊|) (13) 

𝒇𝑤 = (𝑓𝑤,1, 𝑓𝑤,2, … , 𝑓𝑤,|𝐾𝑤|) (14) 

𝒒𝐵 = (𝑞1
𝐵, 𝑞2

𝐵, … , 𝑞|𝑊|
𝐵 ) (15) 

�̂� = (�̂�1, �̂�2, … , �̂�|𝑊|) (16) 
 

The Lagrange function can be formulated to solve Eq. (7) 

with Lagrangian multipliers 𝜆𝑤 and 𝜇𝑤.  

 𝐿(𝒇, 𝒒𝐵 , �̂�, 𝝀, 𝒖) 

= z(𝒇, 𝒒𝐵 , 𝒒𝑂) + ∑  

𝑤∈𝑊

𝜇𝑤 ∙ (𝑞𝑤
𝐵 − ∑ 𝑓𝑤,𝑘 

𝑘∈𝐾𝑤

)

+ ∑ 𝜆𝑤 ∙ (�̅�𝑤 − (�̂�𝑤 + 𝑞𝑤
𝐵))

𝑤∈𝑊

(17)

 

where  

𝝀 = (𝜆1, 𝜆2, … , 𝜆|𝑊|) (18) 

𝝁 = (𝜇1, 𝜇2, … , 𝜇|𝑊|) (19) 

 

By solving the first-order conditions of the Lagrange 

function, the demand and flow function of bike-sharing 

systems can be obtained. 

𝑓𝑤,𝑘 = 𝑞𝑤
𝐵 ∙

exp(−𝜃1 ∙ 𝑐𝑤,𝑘)

∑ exp(−𝜃1 ∙ 𝑐𝑤,𝑘)𝑘∈𝐾𝑤

  ∀𝑤 ∈ 𝑊, ∀𝑘 ∈ 𝐾𝑤 (20) 

𝑞𝑤
𝐵 = �̅�𝑤 ∙

1

1 + exp(−𝜃2 ∙ (�̂�𝑤 − 𝑆𝑤
𝐵))

 ∀𝑤 ∈ 𝑊 (21) 

 

where 𝑆𝑤
𝐵 is expected minimal travel cost for bike-sharing 

system shown by 

𝑆𝑤
𝐵 = −

1

𝜃1
 ∙ ln ∑ exp (−𝜃1 ∙ 𝑐𝑤,𝑘

 

𝑘∈𝐾𝑤

)    ∀𝑤 ∈ 𝑊  (22) 

 

Revenue maximization problem  
 
Upper-level problem is the revenue maximization problem. 

The dockless bike-sharing system companies do not need to 

consider the installation and maintenance fees of docks at 

stations, and their revenues come mainly from the deposits 

and rental fees. Therefore, the objective for dockless bike-

sharing companies is to maximize the number of users who 

are willing to use dockless bike-sharing and put as many 

bicycles as the government allows in the designed area.  

max 𝑞𝑑𝑙 = ∑ 𝑞𝑤
𝑑𝑙

𝑤∈𝑊

(22) 

where  

𝑞𝑤
𝑑𝑙 = 𝑞𝑤

𝐵 − 𝑓𝑤,1   ∀𝑤 ∈ 𝑊 (23) 
 

𝑓𝑤,1 is path flow or demand of the dock-based bike-sharing 

system. 
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Policy for dockless bike-sharing system 
 

In this study, we consider the policy that the number of 

dockless bike-sharing stations that companies can determine 

is constrained by the government. Therefore, a constraint for 

the revenue maximization problem is that number of dockless 

bike-sharing stations is no more than permission in the design 

area. 

 

Numerical Experiment 
 
In this study, we use a test network shown in Fig. 4 to do a 

numerical experiment. L1 and L2 are dock-based stations that 

already existed, and K1-K6 are candidates for dockless station 

locations. Table 1 gives the capacity information for each 

station. There are four traffic zones, Z1-Z4. Each link and path 

are directed. The cost for other modes link can be calibrated 

by the time and charge of walking and public transport.  

 

 
Fig. 4 A test directed network 

 

Table 1 Capacity for each station 
Capacity   L1 L2 K1 K2 K3 K4 K5 K6 

Check-in  40 40 50 80 50 50 80 50 

Check-out  40 40 INF INF INF INF INF INF 

*INF means infinite. 

 

In the lower-level problem, we use the convex 

combinations algorithm to calculate the NLSUE model. As 

the limited setting for the test network, we can enumerate all 

location combinations and find the optimal solution. When 

only 5 dockless stations can be designed in this network, the 

results are shown in Table 2. 

 

Table 2 Number of users  

under different station location plans 
Unselected 

Demand 

(Person)  

K1 K2 K3 K4 K5 K6 

Dockless 573  512  556  569  504  565  

dock-based 185 186 185 184 186 179 

Total 758  698  741  753  690  744  

 

The optimal station location plan is selecting K2, K3, K4, 

K5 and K6. There are 573 travelers who will choose the 

dockless bike-sharing system. Thus, the number of users who 

check in and check out at each station can be obtained (see in 

Fig. 5). 

 

 
Fig. 5 Number of users at each station 

for check-in and check-out under the optimal plan 

 

It can be noticed that station K3 and K4 have significant 

difference in number of check-in and check-out. Travelers 

from Z2 and Z3 prefer to check out and station K3 while 

travelers from Z1 and Z4 don't want to choose station K4  to 

check out and park dockless bicycles. Therefore, operators of 

dockless bike-sharing companies should pay attention to 

rebalancing the bicycles at these stations. As for the rest of the 

stations, they can be balanced by the mobility of users. 

 

Conclusion and discussion 
 
This study proposed a bi-level model which determines the 

optimal station location, making the company revenue 

maximization. The demand is associated with travel time and 

the travel fare of each transport mode. A nested logit 

stochastic user equilibrium model combining mode split and 

traffic assignment problems has been developed to estimate 

the path flows and demands for transport modes. It is noted 

that the proposed station location planning model is a static 

long and mid-term planning as we obtain not only the location 

but also the check-in and check-out quantities at each station. 

 A virtual network is utilized to test the proposed model 

and since the limited setting for this network (only 6 

candidates), the enumerated method can address the upper-

level problem. However, other feasible algorithms are needed 

when it is applied to large-scale network. 
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