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ABSTRACT 

FINDING THE OPTIMAL LOCATIONS FOR BIKE SHARING STATIONS: A CASE 
STUDY WITHIN THE CITY OF RICHMOND, VIRGINIA 

James Bryant Jr., M.S. 

George Mason University, 2013 

Thesis Director: Dr. Kevin Curtin 

 

Facility location problems constitute an area of study that has been extensively 

researched due to the opportunities presented for small businesses and corporations to 

increase their efficiency and profitability. Numerous models have been developed in an 

attempt to find solutions to such problems; two of these include the set-covering problem 

(SCP) and the maximal covering location problem (MCLP). Applications of these two 

covering models have been used to find optimal locations for public and private facilities 

such as fire stations, police stations and retail stores. This study applies the SCP and 

MCLP to find good locations for bike sharing stations in the City of Richmond. Multiple 

iterations of the SCP and MCLP for Bike Stations models are performed for each of the 

individual “bike demand” criteria, along with additional iterations using various 

combinations of service distances and station numbers. Each of these iterations provide 

varying results of demand covered; station recommendations are made using a combined 

analysis, and suggestions for model improvements and future applications are discussed. 
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INTRODUCTION 

With continually rising fuel costs and more environmental consciousness, people 

are looking for cheaper and cleaner modes of transportation to get them to and from their 

desired destinations, whether to work, to run errands, or for leisure. Research and 

implementation of alternative or “green” transportation options is gaining momentum in 

cities worldwide. Most of this research comes from city officials and planning 

committees who are looking for ways to improve their city for the future.  The focus of 

this paper will be on one these alternative modes: the bicycle. 

Traditionally, the bicycle has been used as an efficient mode of transportation for 

people living within major cities. This is because typical trips taken by city residents are 

best suited for bicycle use. Without being limited to transit stops and schedules, the 

bicycle provides users with the ability to take control of their inner city trips and tailor 

them to their individual needs. Additional benefits include: lower transportation costs for 

the user, lower emission rates, and improvements to the user’s health. These benefits 

have been highlighted in climate action plans for cities such as Portland (City of Portland 

2009), Chicago (City of Chicago 2008), and Boston (City of Boston 2011) further 

solidifying the consideration of the bicycle becoming a legitimate transportation option 

for the future. Many local governments are capitalizing on these benefits by establishing 
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bike sharing systems, increasing bike lane coverage, and promoting bicycle use within 

their jurisdictions. 

Due to the growing popularity of bicycle sharing programs, this project presents a 

method to determine good locations for bike sharing stations so that they maximize their 

accessibility to potential users. This method consists of using fundamental concepts of 

two covering models, along with several spatial-analytic tools and various spatial datasets 

within a Geographic Information System (GIS) to generate location solutions. Locations 

obtained from this methodology can be used as supplementary information for city 

planners and stakeholders to use when working to establish a new bike sharing system or 

improve an existing one. The goal of this research is to contribute to the ongoing dialogue 

between researchers, planners and stakeholders regarding the best approaches to 

establishing, maintaining and maximizing the benefits of a bike sharing system. 

Section two reviews the literature in the area, including a brief history of bike 

sharing systems, location science, the set-covering and the maximal covering location 

problems, as well as current research applications of location science to determine bike 

sharing station locations. Section three provides an explanation of the methodology used 

to determine the optimal location of bike sharing stations for this study. Next in section 

four, a description of the various spatial data sets used for this analysis will be stated. 

Quantitative and qualitative analyses of the results are provided for the candidate stations 

using several variables that contribute to high bike sharing use in section five. 

Conclusions are presented in section six, and additional research opportunities are 

discussed in section seven. 
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LITERATURE REVIEW 

Bike Sharing  
 

With proper integration into a transportation network, the bicycle can introduce 

benefits such as reduced traffic congestion, decreased fuel usage, improved user health, 

increased mobility options, greater environmental awareness, and overall increases in 

public transportation usage (Shaheen 2010). Used in combination with other modes of 

transportation, the bicycle can add flexibility to commuters’ daily trip patterns. 

Additional benefits include the ability to draw customers in from a wider area, reach 

underserved destinations, and improve the first/last mile connection to other modes of 

transit; which results in an expansion of existing transportation networks and an increase 

in efficiency (DeMaio 2004, 2009, Noland 2006, Purcher 2009).   

The first concept of bike sharing was launched in Europe in 1965 with the “White 

Bike Plan” in Amsterdam. This first generation of bike sharing consisted of free bikes 

that were placed in various locations throughout the city allowing anyone to use them as 

they like, assuming that bike users would return them once they were done. However, 

after a short period of time, many of these bikes were stolen or damaged, leading to the 

utter collapse of this “free” bike-sharing model.  

The second generation of bike sharing attempted to resolve the theft problems of 

the first generation by using a coin-operated system. One of the first coin operated 
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programs was launched in 1995 in Copenhagen, Denmark. A year later, the cities of 

Minneapolis and St. Paul in Minnesota launched the first of this kind in the U.S. These 

coin-operated systems consisted of bike racks with locking mechanisms that required 

users to insert a coin deposit in order to release the bike for use. However, due to the 

inability to attach user identity to the bikes, people were able to pay the one-time fee and 

never return the bike without fear of penalty. 

Third generation, or modern day programs, have alleviated most of the problems 

experienced with the first two generations by incorporating advanced or “smart” 

technologies into their operations. These technologies include: electronic credit/debit card 

payment options at stations, mobile apps that provide the location of the nearest bike 

stations, real-time bike inventories by station, computerized docking stations with 

automatic locking devices, and the ability to attach user information to the bikes to 

prevent theft creating an incentive to bring the bikes back in a timely manner (Shaleen 

2011). These technologies are being used for all modern bike sharing systems, such as the 

ones in Washington D.C., Denver, Paris, and Minneapolis. 

With the emergence of the smart bike generation, the implementation of bike 

sharing programs has become a global phenomenon over the last several years with an 

estimated 375 programs operating in more than 30 countries, using approximately 

240,000 bicycles, spanning over four continents, and at least 45 future programs that are 

under consideration (Midgley 2011, Shaleen 2011). New York City is planning to roll out 

their bike sharing system in May 2013, with an estimated 600 stations and 10,000 bikes; 

which is comparable in size with the bike system in Hangzhou, China. At present, 
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Hangzhou is considered to currently be the largest system in the world (Shaleen 2011). 

With the increased popularity of these systems internationally and here in the U.S., it is 

clear that local planners and stakeholders can capitalize on opportunities to harness the 

potential of bike sharing systems within their own transportation areas. 

The goal of these bike sharing systems is to provide a practical and resourceful 

service to the public, and at the same time try to sustain some margin of profit. Deciding 

where to locate these bike sharing stations plays an integral part in this philosophy (Lin 

and Yang 2011). Having a method to find the optimal locations of these stations can help 

maximize demand coverage and minimize inefficiencies, which are vital to system 

success. The study of facility location modeling (known as Location Science) provides an 

important resource to help find solutions to these complex spatial problems. 

Location Science, the Set-Covering Problem and the Maximal Covering 
Location Problem 
 

Location science is a branch of geography, with roots in operations research that 

provides a scientific way to investigate location problems and present optimal or near-

optimal location solutions. More specifically, it explores where to physically locate a set 

of facilities, personnel, or services, in order to minimize the cost of satisfying some set of 

demands with respect to some set of constraints (Hale and Moberg 2003). In many 

aspects, location plays a pivotal role in determining whether public or private 

organizations will be successful. Finding the optimal location for facilities, personnel, or 

services can lead to an increase in profits, maximizing efficiency, or maximizing 

accessibility (ReVelle, Marks and Liebman 1970). Consequently, research related to 
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location science has always generated a high level of interest among corporations, 

governments, and many other organizations, and is likely to continue to do so in the 

future. 

The study of location science can be traced back to the early seventeenth century, 

when Pierre de Fermat, Evagelistica Torricelli, and Battista Cavalliero each 

independently proposed a solution to the basic Euclidean spatial median problem (Hale 

and Moberg 2003). In 1909, Alfred Weber found a solution to the p-median problem, 

which formally started the beginning of location theory (Farhani and Hekmatfar 2009). 

Another pivotal moment in Location Science was World War II. During the War, there 

was an urgent need to distribute scarce resources to the various military operations. As a 

result, U.S. and British military management called upon groups of scientists to create a 

scientific approach to solve this type of problem along with other tactical and strategic 

problems; from this, interest in operations research gained a new momentum (Hiller and 

Lieberman 1995).  

After its documented success in World War II, many researchers realized that the 

basic concepts used for war efforts could translate seamlessly for non-military operations 

as well. This realization prompted researchers to apply techniques on public facility 

location analysis, such as locating fire stations (Hogg 1968, Schilling 1976, Plane and 

Hendrick 1977, Badri, Mortagy and Colonel 1998, Lui, Huang and Chandramouli 2006), 

ambulances (Hamon, Eaton and Church 1979, Eaton and Daskin 1980, Goldberg 1990, 

Saski, Comber, Suzuki and Brunsdon 2010), police patrol areas (Chaiken and Dormont 

1978, Lawless 1987, Sacks 2000, Curtin et. al 2010) and other emergency facilities 
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(Toregas, Swain, ReVelle, and Bergman 1971). In addition to public facilities, 

applications were seen for private facility locations as well, such as retail site selections 

(Goodchild 1984, Ghosh and Harche 1987), airline network design (Jalliet, Patrick and 

Song 1996), locating oil response equipment to minimize the response time (Belardo, 

Harrald, Wallace and Ward 1984), selecting harvesting areas in order to maximize value 

while satisfying conservation goals (Church, Murray and Weintraub 1998), toxic waste 

transportation (Wyman and Kuby 1995), and minimizing transportation and inventory 

costs for a beer company (Koksalan, Sural and Kirca 1995), among many other 

applications.     

Fundamentally, the sub-discipline of location science is centered on the creation, 

study, and application of facility location models and the solving of locational problems. 

These models serve as the medium to finding location solutions, and are expressed (and 

solved) as mathematical formulations. These formulations are defined by the objectives 

(referred to as objective functions) they want to achieve, bound by constraints they have 

to meet, and can be applied to a set of points, on a network, or in a plane. More 

specifically, all models contain three components: the objective function(s), a list of 

constraint(s), and one or more decision variable(s). 

By their nature, location models can be highly combinatorially complex, meaning 

that there are an extraordinarily large number of different possible solutions, and it is not 

possible to determine the optimal solution by simply enumerating all of the possible 

solutions and choosing the best one from among them. This property is true for even 

small location problems in many cases. Prior to the development of the simplex method 
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by G.B. Dantzig in 1947, the vast majority of location problems could not be solved 

optimally (Curtin 2004).  The simplex method is a procedure for solving a system of 

linear equations. This discovery led to the creation of mathematical methods such as 

linear, non-linear and dynamic programming that are used to optimally solve facility 

location models. Mathematical software such as: MatLab, LINDO and others provide the 

platform to perform these types of analyses. In addition to these programming methods, 

heuristics have been developed by researchers to help solve these algorithms in a more 

efficient way, when the problems become too large for even the most powerful optimal 

solution procedures to handle. 

Within location model research, two frequently used objective functions are 

minisum and minimax; which are also referred to as the p-median, and p-center problems 

(Love, Morris and Wesolowsky 1988). In basic terms, minisum means finding locations 

that minimize the sum of distances to demand points. Minimax means finding locations 

that minimize the maximum distance to the demand.  

In addition to their traditional uses, some location models have incorporated the 

concept of maximal service distance as a contributing factor for determining locations; 

these models are referred to as covering location problems (Church 1984). Maximal 

service distance represents the maximum amount of time (or time function of distance) 

that any user would have to travel to reach that facility (ReVelle et al. 1977). This 

concept relates directly to how accessible the facilities are, which is important when 

dealing with public based service facilities such as fire stations, police stations and -- in 

the research presented here - bike sharing stations. Two covering models that can be 
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applied to determining bike sharing station locations are the set-covering problem, and 

the maximal covering location problem.  

The objective of the set-covering problem is to locate the minimal number of 

facilities necessary so that no demand nodes are further than the specified service 

distance (Current et al 1983). In other words, when facility costs are constant, the set-

covering problem is equivalent to minimizing the costs of facility placement in order to 

serve all demand that is within the defined service distance (Church 1984). Below is the 

mathematical formulation for the SCP presented by Toregas and ReVelle et al. (1971): 

 
 
 
Equation 1 – Set-Covering Problem 
 

𝑀𝑖𝑛 𝑍 =  �𝑥𝑗

𝑛

𝑗=1

 

 
S.T. 

� 𝑥𝑗
𝑗 ∈𝑁𝑖

≥ 1  𝑖 = 1,2, …𝑛 

 
 

𝑥𝑗 = �1 if node 𝑗 is a facility site
0 otherwise,

� 

 
where 
 
𝑁𝑖 =  �𝑗�𝑑𝑖𝑗 ≤ 𝑆� 
𝑆 =   𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑦𝑜𝑛𝑑 𝑤ℎ𝑖𝑐ℎ 𝑎 𝑑𝑒𝑚𝑎𝑛𝑑 𝑝𝑜𝑖𝑛𝑡 (𝑝𝑎𝑟𝑐𝑒𝑙 𝑝𝑜𝑖𝑛𝑡) 𝑖𝑠 𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑 𝑢𝑛𝑐𝑜𝑣𝑒𝑟𝑒𝑑.  
𝑑𝑖𝑗 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑑𝑒𝑚𝑎𝑛𝑑 𝑝𝑜𝑖𝑛𝑡 𝑡𝑜 𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦 
𝑖 = 𝑆𝑒𝑡 𝑜𝑓 𝐷𝑒𝑚𝑎𝑛𝑑 𝑁𝑜𝑑𝑒𝑠  
𝑗 = 𝑆𝑒𝑡 𝑜𝑓 𝐹𝑎𝑐𝑖𝑙𝑖𝑡𝑖𝑒𝑠  
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Applications of this algorithm have been used in locating emergency facilities, 

fire services, deploying of medical service vehicles, and crew scheduling for railway 

companies (Toregas and ReVelle 1972, Kolesar and Walker 1974, Daskin and Stern 

1981, Caprara et al. 1997). One concern with the solution of this model is that the number 

of facilities needed for total coverage may be unrealistic due to budgetary constraints on 

facility costs (Chung 1986). Budgetary constraints are typically an inevitable part of 

applying these algorithms to real life scenarios. In order to provide a solution to this 

budgetary issue, a separate covering model was created that expands on the basic 

concepts used in the set-covering model. This model is referred to as the maximal 

covering location problem, below is the mathematical formulation for this model 

presented by Church and ReVelle (1974): 

 
 
 
Equation 2 - The Maximal Covering Location Problem 
 

𝑀𝑎𝑥 𝑍 =  �𝑎𝑖𝑦𝑖
𝑖=𝐼

 

S.T. 
� 𝑥𝑗
𝑗 ∈𝑁𝑖

≥ 𝑦𝑖 for all 𝑖 ∈  𝐼 

     
�𝑥𝑗
𝑗 ∈𝐽

= 𝑃 

 
𝑥𝑗 = (0,1) for all 𝑖 ∈  𝐼 
𝑦𝑖 = (0,1) for all 𝑖 ∈  𝐼 

where 
 

𝐼 = 𝑆𝑒𝑡 𝑜𝑓 𝑑𝑒𝑚𝑎𝑛𝑑 𝑛𝑜𝑑𝑒𝑠; 
𝐽 = 𝑆𝑒𝑡 𝑜𝑓 𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦 𝑠𝑖𝑡𝑒𝑠; 
𝑆 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑦𝑜𝑛𝑑 𝑤ℎ𝑖𝑐ℎ 𝑎 𝑑𝑒𝑚𝑎𝑛𝑑 𝑝𝑜𝑖𝑛𝑡  𝑖𝑠 𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑 𝑢𝑛𝑐𝑜𝑣𝑒𝑟𝑒𝑑.   
𝑑𝑖𝑗 = 𝑆ℎ𝑜𝑟𝑡𝑒𝑠𝑡 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑛𝑜𝑑𝑒 𝑖 𝑡𝑜 𝑛𝑜𝑑𝑒 𝑗 
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𝑥𝑗 =  1 𝑖𝑓 𝑎 𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦 𝑖𝑠 𝑎𝑙𝑙𝑜𝑐𝑎𝑡𝑒𝑑 𝑡𝑜 𝑡𝑜 𝑠𝑖𝑡𝑒 𝑗, 0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  
𝑁𝑖 = 𝑗 ∈ 𝐽   𝑑𝑖𝑗 ≤ 𝑆  
𝑦𝑖 = 0 𝑖𝑓 𝑡ℎ𝑒 𝑑𝑒𝑚𝑎𝑛𝑑 𝑝𝑜𝑖𝑛𝑡 (𝑖)𝑖𝑠 𝑛𝑜𝑡 𝑐𝑜𝑣𝑒𝑟𝑒𝑑, 1 𝑖𝑓 𝑑𝑒𝑚𝑎𝑛𝑑 𝑝𝑜𝑖𝑛𝑡 𝑖𝑠 𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑤𝑖𝑡ℎ𝑖𝑛 𝑆  
𝑃 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑖𝑒𝑠 𝑡𝑜 𝑏𝑒 𝑙𝑜𝑐𝑎𝑡𝑒𝑑 
𝑎𝑖 = 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑡𝑜 𝑏𝑒 𝑠𝑒𝑟𝑣𝑒𝑑 𝑎𝑡 𝑑𝑒𝑚𝑎𝑛𝑑 𝑝𝑜𝑖𝑛𝑡 (𝑖) 
 
 
 

The objective of the MCLP is to seek the maximum population (demand) which 

can be served within a certain service distance or time, using a limited number of 

facilities (Church and ReVelle 1984). This model addresses the budgetary constraints by 

solving only for a limited number of facilities (P), but still maximizing the amount of 

demand covered by these P. The maximal covering location problem has been used in the 

location of ambulances (Eaton and Daskin 1980), fire stations (Schilling 1976), rain 

gauge network design (Courtney 1978), and even applied to portfolio formation (i.e. the 

selection of stocks), and data abstraction problems (Chung 1986).  

With the ability to accommodate for a fixed number of facilities, and incorporate 

service distances, the MCLP provides a sensible option for locating bike-sharing stations 

along a network in order to maximize the number of people served by each station. 

However, the relationship of the SCP to the MCLP also provides an interesting point for 

examination. The solution for the SCP defines the upper bounds of possible solutions for 

the MCLP. By examining this connection, it can allow for better understanding of 

coverage characteristics for each of these algorithms and provide further clarity in 

determining good locations for bike sharing stations. 

Research using a direct application of covering models to determine bike sharing 

station locations is very limited. In a study by Garcia-Palomares (2012), concepts of the 

p-median and maximal coverage problem were used to determine the optimal number of 
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stations for the study area of Madrid, Spain. Five scenarios based on total number of 

stations were tested: 100, 200, 300, 400 and 500 based on ratios generated from other 

bike sharing systems. For each of these scenarios, an application of the p-median and 

maximal covering problems were used. Results from this study suggest advantages and 

disadvantages of using the p-median versus the maximal covering model in relation to the 

amount of demand being covered. Rather than locating stations that minimize the sum of 

the weighted costs between demand points and facilities (as the p-median algorithm 

does), an examination of the maximal covering location problem and its relationship to 

the set-covering problem was preferred for this research. This was done in order to focus 

on the budgetary aspect of facility location that is embedded within the maximal covering 

location problem and still prioritize the maximization of demand that is to be covered. 
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METHODS 

In order for a bike share station to be used to its potential, it must be in a location 

where demand for it is high. Therefore, it is important to understand what variables 

contribute to high levels of bike share use. Due to the recent popularity of bike sharing in 

the U.S., the U.S. Department of Transportation (2012) released, “Bike Sharing in the 

United States: State of the Practice and Guide to Implementation” as a guide for 

transportation planners, and public officials who are considering implementing a bike 

sharing system. Using information gathered from current systems in the U.S. and abroad, 

this report listed the following variables as some of the most essential in terms of bike 

station location: population density, employment density, proximity to universities, retail 

and commercial activity, access to bicycle infrastructure, proximity to tourist and 

recreation attractions, and proximity to other available transit options, such as bus or rail 

(USDOT 2012). These variables have been the focal points for various bike sharing 

related research such as Krykewycz (2010), Arlington County (2012), Atlanta Regional 

Commission (2007), NYC Department of City Planning (2009) and Landis (1996). 

Due to the consistent presence of these variables in previous research, this study 

will employ these variables to define the “demand criteria” for determining the best 

locations for bike sharing stations within a study area. This methodology will consist of a 

series of spatial analyses using a procedure that solves the SCP and MCLP heuristically. 
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Each spatial analysis will focus on an individual piece of the “demand criteria.” Then a 

holistic, collective assessment of all analyses will be made, resulting in recommendations 

for bike sharing station locations. A detailed explanation of this methodology is 

explained below. 

Location Allocation Solution Procedure 
 

Solution procedures for location science problems have recently been integrated 

into GIS. These solution procedures allow for the determination of facility locations, and 

the allocation of demand to those facilities. The foundation of such procedures is built 

upon the application of mathematical formulations of various location models such as the 

p-median, maximal covering, and set-covering models. Depending on the nature of the 

problem and objectives the user wants to achieve, a certain mathematical formulation is 

selected. This formulation is then solved by a heuristic that has been designed for that 

particular location allocation objective.  

For the purposes of this research, a comparison will be made between two 

covering based location models, the SCP and the MCLP. As mentioned earlier, when 

examining the objectives presented by finding locations for bike sharing stations, an 

application of the MCLP best suits the desired results. However, by also using an 

application of the SCP, this further enhances the understanding of the MCLP results and 

accentuates the advantages of using it to solve this type of location problem. Below is the 

mathematical formulation of the SCP (Equation 3) and MCLP (Equation 4) with notation 

adjustments made to optimally locate bike sharing stations.  
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Equation 3 - The Set-Covering Problem for Bike Stations 
 
 

𝑀𝑖𝑛 𝑍 =  �𝑥𝑗

𝑛

𝑗=1

 

 
S.T 
 

� 𝑥𝑗
𝑗 ∈𝑁𝑖

≥ 1  𝑖 = 1,2, …𝑛 

 
 

𝑥𝑗 = �1 if node 𝑗 is a facility site
0 otherwise,

� 

 
where 
 
𝑁𝑖 =  �𝑗�𝑑𝑖𝑗 ≤ 𝑆� 
𝑆 =   𝑊𝑎𝑙𝑘𝑖𝑛𝑔 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑦𝑜𝑛𝑑 𝑤ℎ𝑖𝑐ℎ 𝑎 𝑝𝑎𝑟𝑐𝑒𝑙 𝑝𝑜𝑖𝑛𝑡 𝑖𝑠 𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑 𝑢𝑛𝑐𝑜𝑣𝑒𝑟𝑒𝑑.  Various 
distances will be used for this analysis. 
𝑑𝑖𝑗 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑝𝑎𝑟𝑐𝑒𝑙 𝑝𝑜𝑖𝑛𝑡 𝑡𝑜 𝑏𝑖𝑘𝑒 𝑠𝑡𝑎𝑡𝑖𝑜𝑛 
𝑖 = 𝑆𝑒𝑡 𝑜𝑓 𝑃𝑎𝑟𝑐𝑒𝑙 𝑃𝑜𝑖𝑛𝑡𝑠 (𝐷𝑒𝑚𝑎𝑛𝑑)  
𝑗 = 𝑆𝑒𝑡 𝑜𝑓 𝐵𝑖𝑘𝑒 𝑆𝑡𝑎𝑡𝑖𝑜𝑛𝑠 (Facility/Supply) 
 
 
 
Equation 4 - The Maximal Covering Location Problem for Bike Stations 
 
 

𝑀𝑎𝑥 𝑍 =  �𝑎𝑖𝑦𝑖
𝑖=𝐼

 

S.T. 
� 𝑥𝑗
𝑗 ∈𝑁𝑖

≥ 𝑦𝑖 for all 𝑖 ∈  𝐼 

 
�𝑥𝑗
𝑗 ∈𝐽

= 𝑃 

 
𝑥𝑗 = (0,1) for all 𝑖 ∈  𝐼 
𝑦𝑖 = (0,1) for all 𝑖 ∈  𝐼 

where 
 

𝑖 = 𝑆𝑒𝑡 𝑜𝑓 𝑃𝑎𝑟𝑐𝑒𝑙 𝑃𝑜𝑖𝑛𝑡𝑠 (𝐷𝑒𝑚𝑎𝑛𝑑) 
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𝑗 = 𝑆𝑒𝑡 𝑜𝑓 𝐵𝑖𝑘𝑒 𝑆𝑡𝑎𝑡𝑖𝑜𝑛𝑠 (Facility/Supply) 
𝑆 = 𝑊𝑎𝑙𝑘𝑖𝑛𝑔 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑦𝑜𝑛𝑑 𝑤ℎ𝑖𝑐ℎ 𝑎 𝑝𝑎𝑟𝑐𝑒𝑙 𝑝𝑜𝑖𝑛𝑡 𝑖𝑠 𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑 𝑢𝑛𝑐𝑜𝑣𝑒𝑟𝑒𝑑.  Various 
distances will be used for this analysis. 
𝑑𝑖𝑗 = 𝑆ℎ𝑜𝑟𝑡𝑒𝑠𝑡 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑝𝑎𝑟𝑐𝑒𝑙 𝑝𝑜𝑖𝑛𝑡 𝑡𝑜 𝑏𝑖𝑘𝑒 𝑠𝑡𝑎𝑡𝑖𝑜𝑛 
𝑥𝑗 =  1 𝑖𝑓 𝑎 𝑑𝑒𝑚𝑎𝑛𝑑 𝑝𝑜𝑖𝑛𝑡 (𝑖)𝑖𝑠 𝑎𝑙𝑙𝑜𝑐𝑎𝑡𝑒𝑑 𝑡𝑜 𝑎 𝑏𝑖𝑘𝑒 𝑠𝑡𝑎𝑡𝑖𝑜𝑛 (𝑗), 0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  
𝑁𝑖 = 𝑗 ∈ 𝐽   𝑑𝑖𝑗 ≤ 𝑆  
𝑦𝑖 = 0 𝑖𝑓 𝑡ℎ𝑒 𝑝𝑎𝑟𝑐𝑒𝑙 𝑝𝑜𝑖𝑛𝑡 (𝑖)𝑖𝑠 𝑛𝑜𝑡 𝑐𝑜𝑣𝑒𝑟𝑒𝑑, 1 𝑖𝑓 𝑝𝑎𝑟𝑐𝑒𝑙 𝑝𝑜𝑖𝑛𝑡 𝑖𝑠 𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑤𝑖𝑡ℎ𝑖𝑛 𝑆  
𝑃 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑖𝑘𝑒 𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑠 
𝑎𝑖 = 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑡𝑜 𝑏𝑒 𝑠𝑒𝑟𝑣𝑒𝑑 𝑎𝑡 𝑑𝑒𝑚𝑎𝑛𝑑 𝑝𝑜𝑖𝑛𝑡 (𝑖) 𝑎𝑙𝑙 𝑝𝑎𝑟𝑐𝑒𝑙 𝑝𝑜𝑖𝑛𝑡𝑠 𝑤𝑜𝑢𝑙𝑑 𝑒𝑞𝑢𝑎𝑙 1. 
 
 
 

Defining the Variables of the MCLP and SCP for Bike Stations 
 

The location allocation heuristic uses three major inputs to solve the formulation: 

demand points, facility (or supply) points and a network. Each of these three variables is 

represented in Equations 3 and 4 above. The demand points (𝐼) refer to locations of 

potential bike share activity, bike stations ( 𝐽) are the supply (or facility) points, (𝑆) is the 

service distance chosen by the user, and (𝑑𝑖𝑗) represents the distances across the network 

between demand locations and potential facility sites. Essentially, this heuristic will seek 

to locate bike stations ( 𝐽), which cover the most demand points (I), along the 

transportation network (𝑑𝑖𝑗), within a specified distance (𝑆) according to the objective 

functions for each formulation. 

Potential Areas of Bike Share Activity - Demand Points (I) 
 

The demand points represent areas where bike-sharing activity has the potential to 

occur. As mentioned earlier, it is presumed by the “demand criteria” approach that bike-

sharing activity is more likely to happen near areas containing retail and commercial 

activity, park or recreation areas, universities, tourist attractions, and areas with high 
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population or employment density. The specific locations of these activities are outlined 

below. 

Potential Bike Sharing Stations - Facility Points (J) 
 

One of the demand variables suggests that station locations should be located in 

areas that are easily accessible to other modes of transportation. Accessibility to other 

modes of transportation such as light rail, bus, or metro is essential since most bicycle 

users tend to combine the bicycle trip with other modes of transportation to reach their 

travel destination (Purcher 2009). In many international bike sharing systems, a 

significant percentage of the bike sharing stations are located near metro or rail stations 

(Holtzman 2008, Martens 2007). Therefore, for this case study all candidate locations 

will be on existing bus stops (the City of Richmond has no metro system) for all location 

allocation procedure runs. In addition to satisfying multi-modal travel patterns, using 

existing bus stations provides an established infrastructure (lights, visibility and customer 

base) that can be used to the bike systems’ advantage. 

Access to bicycle infrastructure is another criterion for high bike share usage. 

Ideally, all candidate bike share stations will be located on roads with existing bike lanes.  

Another advantage of having stations limited just to streets with bike lanes is safety. 

Safety is an obvious concern with bike users, given that, if they feel threatened by riding 

their bicycle in the streets, they will resort to other modes of transportation. This assumes 

that a certain level of safety is obtained with having the locations on existing bike lanes 

rather than not. With the addition of pre-set constraints that bike share stations must be 
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near bus stops and must be along bike lanes for safety, it is ensured that these location 

characteristics will not be compromised in final station locations for any of the analyses. 

Walking Distance to Stations - Network (dij) and Service Distance (S) 
 

The location allocation solution procedure depends on a GIS-based network data 

structure to calculate distances between the demand and supply points. There are long-

standing methods for determining origin-destination matrices of this type, many of which 

are derivations of the Dijkstra algorithm. In this research, the distances will be measured 

along a road network. These distances are then used as inputs into the solving heuristic 

for the MCLP and SCP for Bike Stations formulations. In addition, service distance 

restrictions can be enforced on the network between potential facility points and demand 

points within this formulation. 

For this research, walking distance will serve as the service distance restriction 

applied between demand and potential bike sharing stations. Walking distance is an 

important factor for determining demand coverage within this problem. If bike stations 

are not located within a reasonable walking distance from potential users and their final 

destinations it could result in an alternative choice for transportation. By using walking 

distance as the basis for the service distance concept, it enforces any potential user that is 

further than the established service distance to be considered not covered (or served) by 

the station. This promotes station locations to be located in areas that maximize the 

amount of potential users within this distance.  
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Focused Demand Analysis on: Population Density, Employment Density, 
Retail and Commercial Activity, Tourist Attractions and Recreation 
Areas, and Residential Density 
 

By using the data structure of the location allocation procedure (demand points, 

supply points, and service distance) several location allocation analyses have been 

performed. Five separate analyses focus on variables related to the bike sharing “demand 

criteria”: (1) population density, (2) employment density, (3) retail and commercial 

activity, (4) tourist attractions and recreation areas and (5) residential areas. For each of 

these variables, the top ten stations according to total demand covered were found using 

the set-cover and maximal covering problems. A distance of ¼ mile (determined from 

literature, discussed later in this section) was used as the standard walking distance for all 

of these runs. A detailed explanation for each of these analyses is described below. 

Population Density 
 
Areas of high population density tend to provide a pool of regular bike share users 

and correlate to reduced rates of car ownership, both of which support higher bike share 

demand (USDA 2012, Litman 2008). In order to capture areas of high population density, 

population data at the census block level is used. Census blocks are the smallest 

geographic area for which Census information is available, and is more valuable when 

performing small-area geographic studies (Census Bureau 1994). Blocks help refine the 

locations of bike stations where population densities are shown to be the highest 

compared to using other census geographies such as census block groups or tracts. 

Population totals by block are obtained from the 2000 census in table format. This 

table is then joined to the 2000 block polygon shapefile using the Block ID resulting in 
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population totals being assigned to each individual block polygon within the shapefile. 

These population totals are then divided by the area (in square miles) of each census 

block, resulting in a population density for each census block. Next, a spatial join is 

performed with all demand points (residential, commercial, parks, recreation, university, 

and tourist designations) to the census block boundary shapefile. This join associates the 

population densities to each point, depending on which census block the demand point is 

covered by.  

This population density will then be used as a weight for the demand points 

within the location allocation analysis. Due to the impacts of weighting within the 

location allocation solution procedure, demand points with weights that are higher than 

others will have a higher attraction for facility (supply) points to be located near them. 

Therefore, points with higher population densities in this analysis will have a higher 

attraction for bike share station locations within the MCLP and SCP for Bike Stations 

solution procedures. This technique assumes that population within the census block is 

evenly distributed. There has been extensive research into the effects of making 

assumptions regarding population distribution (Owens 1993, 2008, 2010), yet such an 

assumption is widely used in practice (Frank 2004, Booth  2005, Lopez 2004). From this 

analysis, a set of stations satisfying areas of high population densities can be derived. 

Employment Density 
 

For this analysis, worker totals from the 2000 Census Transportation Planning 

Package (CTPP) will be used. A worker is defined within this dataset as a person that was 

16 years old and over, employed and at work during the defined reference period. Since 
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the dataset is focused on workers, and those 16 years and older, it better encapsulates the 

typical bike share user demographic by eliminating people less likely to use bike share 

such as children and retirees. The CTPP dataset consists of three major parts: At Place of 

Residence, At Place of Work and Journey to Work. A table within the “At Place of 

Work” section provides worker count totals at their place of employment by TAZ which 

helps identify areas of high employment which ultimately lead to increased potential of 

bike share users (USDOT 2012). 

 Worker count data for each TAZ is extracted from the 2000 CTPP in table form 

and joined to a TAZ boundary shape file that covers the study area, resulting in each TAZ 

having an employment population total. These population totals are then divided by the 

area (in square miles) of each TAZ boundary, resulting in an employment density by 

TAZ for each individual TAZ polygon. Next, a spatial join is performed with all demand 

points (residential, commercial, parks, recreation, university, and tourist designations) to 

the TAZ boundary shapefile. This join will attach employment densities to each point, 

depending on which TAZ boundary the demand point is covered by. This TAZ 

population density will be used as a weight for the demand points within the location 

allocation analysis. 

 Similar to the methodology seen with the population densities, facility (supply) 

points within the solution procedure will be drawn to areas with higher employment 

densities. Population is also assumed to have an even distribution across the TAZ. Due to 

the structure of the TAZ boundaries (higher populated areas have smaller polygons) and 

the weighted value coming from the employment density, the errors seen with this 
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assumption should be minimized. This process will result in a list of stations that meet 

demands from areas of high employment density. 

Retail and Commercial Activity 
 

For retail and commercial activity, the location allocation analysis is performed 

only on demand points with a retail or commercial designation. Certain retail or 

commercial locations tend to draw more customers than others. In order to account for 

this variation, parcel square footage will be used as a weight. This assumes that larger 

lots will have a higher attraction for potential bike share users than smaller ones. Some of 

these large buildings are assumed to be grocery stores, movie theaters, and large 

department stores.  

The square-footage assumption is certainly not a perfect measure of commercial 

activity. It is certainly possible that there are smaller square footage buildings, such as a 

Starbucks, that generally receive a high volume of traffic. However, since parcel square 

footage is being employed rather than store square footage, the assumption with this 

methodology is that stores like Starbucks are typically within a cluster of commercial or 

retail like buildings, rarely being isolated. A cluster of buildings in close proximity with a 

lower square footage will tend to have the same attraction as one isolated building with a 

large square footage.  From this methodology, a list of stations located in areas of high 

retail activity can be derived. 
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Tourist Attractions and Recreation Areas 
 
Demand points that are only considered tourist attractions, universities, or 

recreation areas will be used for this part of the analysis. Tourist attractions are points of 

interest typically highlighted by officials or planners within the study area. These tourist 

areas can consist of museums, historical landmarks, popular restaurants, sports arenas etc.  

According to a study done by the Capital Bikeshare (2012), tourist attractions 

have the potential to be a major generator of bike share activity. When examining the 

station map of the Capital Bikeshare system a significant amount of stations are located 

in areas of high tourist activity such as the National Mall, the White House, and other 

memorials. Even though other study areas may not have the number of tourist attractions 

as Washington D.C. they can highlight the ones that are potentially relevant.   

In some capacities colleges and universities are tourist attractions in their own 

right due to the types of community-based activities that generally occur on campuses 

thus resulting in their inclusion in this group of demand locations. Moreover, student 

populations are generally considered to be a likely market for bike share activity. 

Universities are typically located in areas of mixed use development, so if these areas are 

not covered by this analysis they are assumed to be covered in one of the other demand 

focused analyses previously mentioned. 

 Parks and recreation areas typically generate a significant amount of bike traffic 

due to their associations with leisurely activity. Community centers and parks will also be 
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included as a part of recreation areas. By using this methodology a list of stations located 

in areas of high tourist activity and in recreation areas can be derived.  

Residential Areas 
 

Even though residential areas are not mentioned in the bike share “demand 

criteria” a separate analysis will be performed on demand points due to their associations 

with population density. In addition to population density, Midgley (2011) infers that a 

bike sharing system with stations located in both residential and commercial areas creates 

an ideal commuter-focused transportation system instead of a system highlighting tourist 

activity. Other bike share programs such as those in Paris, Boulder and Boston have 

stations focused in large residential areas. These locations have been met with mixed 

success but only when located in areas of sufficient density and well served by other 

modes of transportation (Arlington County 2012). Only demand points that have 

residential designations will be used for this element of the analysis.  

Residential points will be classified into three categories: single-family, duplex, 

and multiple-family. Given that there is no information about the number of households 

per domicile, or the number of people per household a simple ordered weighting system 

will be used. All single-family points will be given a weight of 1, duplex points will be 2, 

and multiple points will be given a weight of 3. If additional data were to become 

available at a later time, these weights could be refined. Given those data limitations, this 

weight scheme allows for facility points to be attracted to residential areas with the 

highest number of residences within them. Therefore, the results of this scenario will 

provide stations that are located in areas with high residential density. 
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Coverage Variation Analysis based on Walking Distance and Number of 
Stations 

 

Deciding on an acceptable walking distance to bike stations is a critical 

component when planning a bike share system; this also applies when determining the 

number of stations. These variables directly impact the delicate balance of maximizing 

efficiency and system usage, while minimizing system costs. With each new bike share 

station that is selected, the cost of running the system increases. At the same time, with 

each additional station added, the amount of potential demand could increase. The 

ultimate goal for city officials, planners and stakeholders is to minimize the number of 

stations needed for the system but without sacrificing the number of customers served in 

a cost effective manner. Therefore, this coverage variation analysis acts as an exhibition 

of the relationship that exists between these two variables and the coverage trends that 

can be experienced as these variables are manipulated.  

Only the tourist and recreation areas demand variable was selected for the 

coverage variation analysis. This was performed with the intent of the results to act as a 

point of reference for similar coverage related research in the future. This analysis 

consisted of performing several location allocation runs using various combinations of 

walking distances and station numbers. For this analysis only the demand parcels related 

to tourist and recreation demand variables were used. From these runs, a coverage graph 

was created showing the changes in demand covered. This analysis acts as an example of 

a planning tool for planners and stakeholders to use in helping them decide which 
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combinations of walking distance and station numbers provide the best coverage results 

for their needs. A further explanation of these two variables and their role within this 

evaluation is explained below. 

Walking Distance Variations 
 

Quantifying an acceptable walking distance to transit has been a highly 

investigated topic by researchers over the last several years. There is much dispute over 

what the maximum distance potential users are willing to walk to access transit. The most 

universally accepted distance between transportation researchers and planners is ¼ mile 

(Biba et al 2010). Thus, the rationale to use the ¼ mile distance as the standard walking 

distance for the individual demand runs mentioned earlier in this section. However, many 

researchers have varying opinions on the acceptable distance. Zhao (2003) states that 

beyond 300 feet travel use quickly diminishes and after 1,640 feet it practically vanishes. 

While research by (Ayvalik and Khisty 2002) suggest that walking is still preferred up to 

almost a mile.  

Moreover, there are clearly differences in walking distance preferences based on 

cultural norms, typical travel distances, economic issues (number of cars per household), 

and other data-specific characteristics. The goal of this research is not primarily to 

examine such preferences, so a typical range of reasonable distances based on the 

literature is employed. The concept of acceptable walking distance to transit plays an 

important role in maximizing the amount of potential users for a particular bike sharing 

station. It seems that for the most part researchers will tend to stay under the 1 mile 

threshold; accordingly an examination of the variance in the amount of demand covered 
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by service distances at ¼ mile, ½ mile, ¾ mile and 1 mile will be used for this coverage 

analysis. This examination will provide some input into whether any real significant 

gains can be realized in varying the walking distances.   

Number of Bike Stations 
 

As mentioned a few sections earlier, solving the objective function for the set-

covering problem defines the upper limits of the solution possibilities for the maximal 

covering location problem. For the tourist and recreation variable, the set-covering 

solution was found for all walking distances ( ¼ mile, ½ mile, ¾ mile and 1 mile) 

resulting in the lowest number of stations needed to cover all of the demand (that is 

within the walking distance limit) for that scenario. Considering that this solution will 

most likely be unrealistic to incorporate, the max-cover solution will be performed in 

intervals of ten until the set-cover solution is reached. For example, if the set-cover 

solution is 50 stations for the ¼ mile distance, the max-cover solution will be found for 

10, 20, 30 and 40 stations.  

The coverage results from the maximal covering and set-covering runs for each of 

the walking distances were calculated in tabular form and plotted using a line graph. 

From this graph and tables, further analysis was performed and recommendations on 

selecting walking distances and station numbers were made. 

Combined Demand Analysis of Five Demand Variables and Station 
Recommendations 
 

The individual demand runs described earlier in this section will provide the 

locations of the stations that maximize the demand coverage just for that particular 
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demand variable. However, a set of stations derived from considering all the demand 

variables at once can also be valuable for planners to use in identifying which stations 

they want to select. In order to accommodate this potential need, a combined demand 

analysis will be performed.  

To start, a collection of the top ten MCLP stations from each of the individual 

demand analyses is made. From this group of stations, a spatial query will be applied to 

identify any of these stations that show up in the top ten for multiple demand categories. 

In these cases, the duplicate stations will be removed resulting in a final set of stations. 

Using this final set, the location allocation procedure will be performed. The parameters 

of this run will consist of solving the MCLP for ten stations, using all demand parcels (all 

attributed with a weight of 1), for a walking distance of ¼ mile and only the final set of 

stations described here will be used as candidate stations possible for demand allocation.  

This approach attempts to consider the demand concentrations of each demand 

variable equally, by only allowing this final set of stations to be candidates for the final 

solution. The solutions derived from this analysis seeks to find the ten stations that cover 

the most demand with all demand variables being analyzed at once. The ten stations 

found from this analysis will be compared to the individual analysis results and final 

station recommendations will be made.  
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DATA 

The study area for this project is the City of Richmond, Virginia. This 

independent city of 205,533 people is at the center of the Richmond Metropolitan 

Statistical Area (MSA) and covers approximately 60 square miles (Census 2010). 

Recently, the City has increased efforts to promote bicycle use within their jurisdiction. 

In 2010, Mayor Dwight Jones established the Pedestrian Bicycling and Trails Planning 

Commission with the main priority being to find ways to make Richmond a more bicycle 

friendly city. Shortly after its creation, the commission produced a report containing 

plans on how to improve their city’s bicycle culture, along with recommendations for 

necessary infrastructure enhancements needed to foster a sustainable bicycling culture. 

Some of these plans have been put into action such as the addition of painted bike lanes 

throughout the city, hosting of public meetings promoting the bicycle as a viable mode of 

transportation, and the initial planning phases have begun on incorporating a bike share 

system within their city. Therefore, the City of Richmond provides a perfect opportunity 

to test this methodology. 

All GIS data used in this research were obtained from the City of Richmond, the 

Greater Richmond Transit Company, the 2000 Census, and the 2000 Census 

Transportation Planning Package. All layers are publically available by webpage or 
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request. Frequent updates are made by the owners of these databases to ensure that the 

data layers contain the most up-to-date information. 

 
 
 
 

 

Figure 1 – Example of Road and Parcel Data 
 
 
 

As explained in the methods section, the location allocation function within the 

ArcGIS network analyst suite is the major analysis tool used for this research. Datasets 

used to complete this location allocation analysis include (1) a road network file 

(maintained by the City of Richmond GIS Department), the design of which is similar to 
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many street network databases in its topology and attributes, (2) a polygon layer showing 

the city limits, (3) a polygon shapefile displaying parcels (see Figure 1) created by the  

City of Richmond GIS Department that provides the square footage of the parcel unit and  

 
 
 

 

Figure 2 - Example of Bike Base Data 
 
 
 
a unique identifier field titled “Parcel_ID” that can be linked to other detailed attribute 

tables, (4) a point shapefile (provided by GRTC) that displays all of the city’s bus stop  

locations, (5) a 2000 Traffic Analysis Zones polygon shapefile, (6) a 2000 census block 

polygon shapefile, (7) a bike lane shapefile that identifies streets with current bike lane 
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markings or “sharrows” which are intended to support bicycle traffic around the City of 

Richmond (see Figure 2), and (8) a database table entitled “dw_assessment” provided by 

the City of Richmond that has parcel attributes such as property and land use 

classifications along with  the same unique identifier field seen in the parcel polygon data 

(Parcel_ID),which was used to attach attribute information to the parcel shapefile. 

Numerous pre-processing steps were performed on these data layers in order to 

match the framework needed to support the location allocation solution procedure and/or 

to ensure legitimate results. The parcel polygon shapefile was converted into a point 

shapefile. This was performed by using a feature to point geoprocessing tool on the 

parcel shapefile, resulting in a point shapefile consisting of the parcel centroids which 

was used for the demand point aspect of the location allocation analyses. The roads 

shapefile was converted into a feature class then a network dataset was created, enabling 

a road network where distance calculations (in feet) could be performed. The bus stop 

point shapefile provided by GRTC, consisted of bus stops for the entire City of 

Richmond, including the areas outside of the City’s corporate limits. Only bus stops 

within the City’s jurisdiction were highlighted. Once these stops were extracted, a select 

by location was performed between these bus stops and the bike lanes shapefile selecting 

only the bus stops that intersected bike lanes. The result of this process was a point 

shapefile containing the candidate bike sharing stations used in each of the location 

allocation analyses (See Figure 3). 
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Figure 3 - Key Layers for Location Allocation Analysis 
 
 
 
 Due to the nature of the methodology, it is necessary for each parcel to have a 

bike share demand variable classification that matches one of the three focused demand 

analyses residential, retail and commercial or tourist and recreation (population and 

employment are performed for all parcels). In order to assign these classifications the 

property and land use classification fields within the “dw_assessment” table were used. A 

filtering process was performed to eliminate parcels that didn’t fit into one of the bike 

share demand criteria. A detailed table of parcel classifications and whether they were 
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included or excluded from the analysis and which demand variable they were assigned 

are shown in Table 1 below.  

 
 
 
Table 1 - Parcel Classifications 
 

Parcel Classifications 

Parcel Description Land Use Included/Excluded Demand Variable 
Air Space Commercial Excluded N/A 
Area Tax Vacant Excluded N/A 

Bank Commercial Included Retail and Commercial 
Big Box Retail Commercial Included Retail and Commercial 

Billboard Commercial Excluded N/A 
Cemetery Public-Open Space Excluded N/A 

City/Country Club Public-Open Space Included 

Tourist Attractions, 
Universities, and Recreation 

Areas 
Class A or B Office Bldg Office Included Office 

Commercial Common Area Commercial Excluded N/A 
Commercial Condo Commercial Excluded N/A 

Commercial Leasehold Commercial Included Retail and Commercial 
Commercial Miscellaneous Commercial Excluded N/A 

Commercial Shell Commercial Excluded N/A 
Commercial Vacant Land Vacant Excluded N/A 

Community Ctr / Club Public-Open Space Included 

Tourist Attractions, 
Universities, and Recreation 

Areas 
 Community Shopping Center Commercial Included Retail and Commercial 

Convenience Store Commercial Included Retail and Commercial 
Day Care Facility Commercial Excluded N/A 

Distribution Warehouse Industrial Excluded N/A 
Drug Stores/Pharmacy Commercial Included Retail and Commercial 

Educational Institutional Included 

Tourist Attractions, 
Universities, and Recreation 

Areas 
Fast Food Restaurant Commercial Included Retail and Commercial 

Fire/Police/Public Government Excluded N/A 
Funeral Home Commercial Excluded N/A 
General Office Office Included N/A 

General Retail/Service Commercial Included Retail and Commercial 
Health/Exercise Facility Commercial Included Retail and Commercial 

            Heavy Industrial Industrial Excluded N/A 
Hospital/Nursing Homes Institutional Excluded N/A 

Hotel Commercial Excluded N/A 
Industrial Flex Building Industrial Excluded N/A 

Industrial Mines & Quarries Industrial Excluded N/A 
Industrial Miscellaneous Industrial Excluded N/A 
Industrial Paved Parking Industrial Excluded N/A 

Industrial Shell Industrial Excluded N/A 
Industrial Vacant Land Vacant Excluded N/A 

Library/Museum/Capitol/Court Government Included 

Tourist Attractions, 
Universities, and Recreation 

Areas 
Light Industrial Industrial Excluded N/A 

Medical Clinic/Office Office Included N/A 
Mini Warehouse Industrial Excluded N/A 

Mixed Use Mixed-Use Excluded N/A 
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Parcel Classifications (cont.) 
Parcel Description Land Use Included/Excluded Demand Variable 

Motel Commercial Excluded N/A 
Neighborhood Shopping 

Center Commercial Included Retail and Commercial 
Parking Deck Commercial Excluded N/A 

Paved Surface Parking Commercial Excluded N/A 
Professional Office Office Included Office 
Railroad Rail/Imp Industrial Excluded N/A 

Regional Shopping Mall Commercial Included Retail and Commercial 
 Religious/Church/Synagogue Institutional Excluded N/A 

Research and Development Office Included N/A 
Restaurant/Bar Commercial Included Retail and Commercial 

Retail Strip Commercial Included Retail and Commercial 

Sports Complex/Convent. Ctr. Commercial Included 

Tourist Attractions, 
Universities, and Recreation 

Areas 
Storage Warehouse Industrial Excluded N/A 

Supermarkets Commercial Included Retail and Commercial 
Tank Farm Industrial Excluded N/A 

Theater Commercial Included 

Tourist Attractions, 
Universities, and Recreation 

Areas 
Towers & Equipment Commercial Excluded N/A 

Transit Warehouse Industrial Excluded N/A 

University Institutional Included 

Tourist Attractions, 
Universities, and Recreation 

Areas 
Vehicle Sales & Service Commercial Excluded N/A 

Vehicle Service/Car Wash Commercial Excluded N/A 
447 Com Class C Office Commercial Excluded N/A 

Public Service Corp. Industrial Excluded N/A 
Apartment 12-24 Units Multi-Family Included Residential - Multi (3) 
Apartment 25-99 Units Multi-Family Included Residential - Multi (3) 
Apartment 5-11 Units Multi-Family Included Residential - Multi (3) 

Apartment Parking Lot/Deck Multi-Family Excluded N/A 
Apartment Shell Multi-Family Excluded N/A 

Apartments 100+ Units Multi-Family Included Residential - Multi (3) 
Apartments High Rise Multi-Family Included Residential - Multi (3) 

Apt/Comm Mixed Use 5-49 
Unit Multi-Family Included Residential - Multi (3) 

Apt/Comm Mixed Use 50+ 
Units Multi-Family Included Residential - Multi (3) 

Assisted Living (Licensed) Multi-Family Excluded N/A 
Bed and Breakfast Commercial Excluded N/A 

Condo Common Area Multi-Family Excluded N/A 
Condo Parking Garage/Storage Multi-Family Excluded N/A 

Condo Parking Space Multi-Family Excluded N/A 
Condo Reserve Area Multi-Family Excluded N/A 

Condo Residential <11 Units Multi-Family Included Residential - Multi (3) 
Condo Residential 12-49 Unit Multi-Family Included Residential - Multi (3) 
Condo Residential 50+ Units Multi-Family Included Residential - Multi (3) 

Condo Vacant Land Vacant Excluded N/A 
Four Family Blt-As Multi-Family Included Residential - Multi (3) 

Four Family Converted Multi-Family Included Residential - Multi (3) 
Fraternity/Sorority Multi-Family Included Residential - Multi (3) 
Garage/Outbuilding Commercial Excluded N/A 

Island Public-Open Space Excluded N/A 
LIHTC 1-4 Units Restricted Multi-Family Included Residential - Multi (3) 
LIHTC 5+ Units Restricted Multi-Family Included Residential - Multi (3) 
Mobile Home Park/Court Multi-Family Included Residential - Multi (3) 

Multi-Family Miscellaneous Multi-Family Included Residential - Multi (3) 
Multi-Family Vacant Vacant Excluded N/A 
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Parcel Classifications (cont.) 
Parcel Description Land Use Included/Excluded Demand Variable 

Multi-Family Vacant(R53) Vacant Excluded N/A 
Multi-Family Vacant(R73) Vacant Excluded N/A 

One Story Single Family Included Residential - Single (1) 
One Story+ (1.25, 1.5, 1.75) Single Family Included Residential - Single (1) 

Park/Playground Public-Open Space Included 

Tourist Attractions, 
Universities, and Recreation 

Areas 
Paved Parking Commercial Excluded N/A 

Res/Comm Mixed Use Mixed-Use Excluded N/A 
Residential Leasehold Multi-Family Included Residential - Multi (3) 

Rm Hse/Grp Home 
(Unlicensed) Multi-Family Excluded N/A 

Single Family Converted ELU Single Family Included Residential - Single (1) 
Single Family Miscellaneous Single Family Excluded N/A 

Single Family Shell Single Family Excluded N/A 
Single Family Vacant (R1-R6) Vacant Excluded N/A 

Site Improvements Vacant Excluded N/A 
SplitLevel (Tri,Quad,Split) Single Family Included Residential - Single (1) 

Three Family Blt-As Multi-Family Included Residential - Multi (3) 
Three Family Converted Multi-Family Included Residential - Multi (3) 

Two Family Blt-As Duplex (2 Family) Included Residential - Duplex (2) 
Two Family Converted Duplex (2 Family) Included Residential - Duplex (2) 

Two Story Single Family Included Residential - Single (1) 
Two Story+ (2.5, 3.0, 3+) Single Family Included Residential - Single (1) 

 
 
 

This filtering process eliminated parcels that were unrelated to typical bike 

sharing use to prevent bike sharing stations attempting to satisfy these demand points. For 

instance, some of the eliminated demand points were parcels designated as cemeteries, 

vacant commercial blocks, nursing homes, or large industrial locations. In other cases 

where parcels classification had no clear designation such as condo common area, these 

parcels were also removed to prevent improper demand designations.  

Due to the one-to-many relationship between the “dw_assessment” table and the 

parcel polygons, there were cases where one parcel would have multiple entries in the 

assessment table. The majority of these instances occurred with the residential parcels 

that were classified as duplexes or multiplexes. This is due to the situation where there is 

a large condo building containing 50 units, each unit having 50 different owners creating 

50 separate entries for that parcel. All duplicates were deleted due to the fact that the 
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parcel classification is designated as duplex or multiple for all entries, so deleting 

duplicates has no impact on the results of the analysis. Therefore, there is only one 

classification for each parcel. After removing the unrelated and duplicated parcel entries 

in the assessment table, this table was then joined to the parcel centroids shapefile then 

exported resulting in a shapefile with these attributes attached.  

 Data used to calculate the population and employment densities were gathered 

from tables downloaded from two web portals. For the population density, the American 

FactFinder (http://factfinder2.census.gov/faces/nav/jsf/pages/index.xhtml) was used to 

locate the 2000 population by block level for the City of Richmond. A table called 2000 

SF1-P12 “SEX BY AGE” was downloaded for use. Once this table was downloaded an 

excel table was created to sum population totals for men and women for each of the age 

groups between 18-64, resulting in one combined number for each census block. 

Employment population data by TAZ were obtained from the 2000 CTPP web portal 

(http://www.transtats.bts.gov/tables.asp?DB_ID=630).  From this portal, Table 1 from 

Part 2 of the 2000 CTPP were downloaded using field “TAB1X1” entitled “All Workers; 

For All 40 Categories of Time Arriving at Work.” These two tables were then joined to 

their respective shapefiles (census block shapefile for the population data, TAZ boundary 

shapefile for the employment data) as referred to in the methods section. 

For each of the runs performed using the location allocation solution procedure, it 

was necessary to load the demand points, facility points and to define the location 

allocation analysis settings. The candidate bike stations (facility) points remained the 

same for each of the analysis (except in the combined analysis), the demand points varied 

http://factfinder2.census.gov/faces/nav/jsf/pages/index.xhtml
http://www.transtats.bts.gov/tables.asp?DB_ID=630
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depending on the type of focused demand analysis that was being performed. The 

location allocation settings changed depending on whether it was for the set-cover or 

max-cover solution. For max-cover the problem type was called “maximize coverage,” 

for the set-cover it was called “minimize facilities” and defaults were used for the rest of 

the settings. The only exceptions were for the coverage variation analysis. For these runs, 

the impedance and number of stations to find changed depending on the walking distance 

being analyzed. Once the data were loaded into the location allocation data layers and the 

location allocation settings were defined, the heuristic solution procedure provided a 

near-optimal solution for each problem instance. The results of these iterations are 

explained in the next section. 
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RESULTS 

Due to the nature of this methodology results will be broken down into sections 

according to each demand variable. Within each of these sections, a table summary will 

display the top ten stations for that particular scenario for the set-cover and maximal 

covering location problems. This top ten ranking will be based on the total number of 

demand points (or total weighted demand points where applicable) covered by each 

station. In addition, a “Parcel Classification Majority” was calculated for some of the 

demand variables.  

This calculation was performed using the parcel descriptors (mentioned earlier in 

the data section Table 1) and summation tables from the individual demand runs. This 

identifies which parcel descriptor holds the majority out of all the demand points covered 

by a particular station. This simple analysis can provide  further visibility into what types 

of demand parcels are being covered by stations which can ultimately help improve the 

decision making process. The coverage variation analysis, along with the combined 

demand analysis, will follow after the results provided from the individual demand runs.  

Population Density 
  

As mentioned earlier, areas with high population densities tend to provide a 

significant pool of potential bike share users which is imperative in order to have a 
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prosperous bike system. Prior to running the location analysis for the population density, 

a useful exercise for planners is to examine the block shapefile with the attached density  

 
 
 
Table 2 - Population Density – Results by Demand Weight 
 

Set-cover Max-cover 

Location  
Descriptors 

Total Demand Weight 
Covered  

(Based on Block Population 
Density) 

Location Descriptors 

Total Demand Weight 
Covered  

(Based on Block Population 
Density) 

E. Grove & Lombardy 6,000,869 E. Grove & Lombardy 7,774,534 

E. Grove & Shields 3,661,064 E. Grove & Stafford 6,352,664 

E. Grove & Stafford 3,604,005 W. Hanover & Meadow 6,032,708 

W. Main & Boulevard 3,392,487 W. Monument & Belmont 5,307,790 

W. Hanover & Meadow 3,272,541 W. Grove & Tilden 4,956,567 

E. Robinson & Monument 3,150,105 E. Harrison & Franklin 4,926,715 

E. Grove & Meadow 2,715,758 W. Main & Boulevard 4,615,343 

W. Monument & Tilden 2,545,806 E. Robinson & Monument 3,619,157 

E. Cary & Sheppard 2,502,363 E. Cary & Sheppard 3,599,486 

N. 18th & Ingram 1,449,261 E. Chimborazo Boulevard & 
Leigh 3,012,224 

 
 
 
calculations by itself.  This can help identify geographic trends in population densities 

and present an idea of where potential stations could be prior to the location analysis. 

When looking at the block shapefile for the City of Richmond, the areas of high 

population densities can be easily identified. The major pockets of population density are 

located north of the James River, in an area most commonly referred to as “The Fan.” 

The Fan (see Figure 4) is a section of the city that is comprised of a high concentration of 

residential units. An overwhelming majority of the stations located for the max-cover and 

set-cover solutions are located in this area.  
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Figure 4 - Population Density Results 
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The top station for both solutions is E. Grove Ave. and N. Lombardy St. which is 

located at the southern section of The Fan. Several of the other top ten stations are also 

located along Grove Ave. within The Fan district (see Table 2). There is also a pocket of 

high population density to the southeast of downtown which is captured with the max-

cover station at E. Chimborazo Boulevard & Leigh. By examining the results of this 

section, planners for the City of Richmond have to consider placing at least one station 

within The Fan district due to the station location results shown here. 

Employment Density 
 

By using an origin-destination based dataset such as the CTPP, it enables planners 

to better understand commuting characteristics of workers in a region. For this analysis 

we are concerned solely with the destination of the workers, or where they are traveling 

to arrive at their places of employment. Using the CTPP data, we can highlight areas of 

high employment, a factor that can contribute to elevated bike share usage. Similar to the 

population density analysis, examining the TAZ boundary file by itself with the worker 

population densities attached can be a useful planning tool in addition to the station 

location results. 

When examining the results from the max-cover run, E. Main & 14th is the 

station that satisfies the most weighted demand (see Table 3). This station is located near 

the Capital Square area in the heart of downtown, which contains the highest employment 

density in the city. This square is home to state and local government offices such as the 

House of Delegates, United States Court of Appeals, Capital Police, State Corporation 

Commission and the Chesapeake Bay Foundation which acts as a major center for 
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employment within the city. Four of the top ten max-cover stations are located here (See 

Figure 5). In addition, there are several restaurants in the immediate vicinity of the 

Capital Square that also contribute to the high number of workers in this area.  

 
 
 
Table 3 - Employment Density - Results by Demand Weight 
 

Set-cover Max-cover 

Location  
Descriptors 

Total Demand Weight 
Covered  

(Based on TAZ 
Employment Density) 

Location  
Descriptors 

Total Demand Weight 
Covered  

(Based on TAZ 
Employment Density) 

W. Main & Boulevard 2,540,004 E. Main & 14th 4,651,819 

E. Grove & Stafford 2,356,743 W. Main & 8th 4,650,754 

E. Grove & Lombardy 2,312,791 N. 7th & Franklin 4,018,175 

E. Cary & Sheppard 2,096,972 W. Grove & Tilden 4,002,054 

E. Robinson & Monument 1,391,161 E. Grove & Stafford 3,726,359 

E. Grove & Shields 1,191,198 W. Lombardy & Park 3,243,782 

W. Monument & Tilden 1,172,968 W. Main & Boulevard 3,172,128 

E. Grove & Meadow 913,986 E. Cary & Sheppard 2,707,452 

W. Hanover & Meadow 814,875 E. Franklin & 5th 2,188,255 

N 18th & Ingram 244,375 E. Laurel & Franklin 2,175,595 

 
 
 

The rest of the max-cover, and the majority of the set-cover stations, are 

northwest of the downtown area in a corridor bound by Broad and Cary Streets. Several 

stations intersect The Fan area and a few are also located near Carytown. Carytown is a 

section of Richmond that contains a large number of local businesses mainly restaurants, 

bars, and specialty shops which are places of employment for many in the region. 

Considering the geographic distribution of the high employment densities from the TAZ 

boundary file and the results showing four max-cover stations; the Capital Square area 

near downtown should gain immediate weight in the discussion of areas that need to be 

served by a bike share station. 
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Figure 5 - Employment Density Results 
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Retail and Commercial Areas 
 

Retail and commercial areas tend to act as trip attractors for bike share users, so 

by accommodating areas of major retail and commercial activity the likelihood of bike 

share use surrounding these areas is increased. When examining the results from the max-

cover solution, the bike station at S. Plaza & Belt Boulevard satisfies the largest sum of 

retail and commercial square footage, this is due to the Southside Plaza Shopping Center 

that is located at this station. In fact, the majority of the max-cover stations cover large 

community shopping centers such as the Parkway Plaza Shopping Center, Stratford Hills 

Shopping Center, Southside Plaza Shopping Center and the Chippenham Mall Shopping 

Center (See Table 4).  

 
 
Table 4 - Retail and Commercial Results 
 

Set-cover Max-cover 

Location 
Descriptors 

Total Square 
Footage 

Parcel Majority 
Classification 

Location 
Descriptors 

Total Square 
Footage 

Parcel Majority 
Classification 

S Forest Hill & 
Westover Hills 

Boulevard 
509,424 General 

Retail/Service 
S. Plaza &Belt 

Boulevard 1,470,239 Community 
Shopping Center 

W Grove & 
Libbie 402,354 General 

Retail/Service 
N Forest Hill & 

Sheila Lane 1,192,152 Big Box Retail 

E Broad & 
Meadow 312,865 General 

Retail/Service 
S Forest Hill & 

7038 1,167,989 Community 
Shopping Center 

E Cary & 
Sheppard 311,225 General 

Retail/Service 
S Chippenham 

Mall Parking Lot 905,109 Community 
Shopping Center 

N Brookland Park 
Boulevard & 

Hanes 
224,115 General 

Retail/Service 
S Forest Hill & 

Hathaway 695,279 Community 
Shopping Center 

N Broad Rock 
between Hull & 

Decatur 
196,789 General 

Retail/Service 
N Jahnke & 

Shopping Center 647,418 Community 
Shopping Center 

W Broad & 
3rd 138,412 General 

Retail/Service N Warwick & Hull 511,751 Community 
Shopping Center 

N Meadowbridge 
& 2nd 136,512 General 

Retail/Service 
S Hull & 

Sliverwood 423,099 General 
Retail/Service 

S Hull & 
14th 117,725 General 

Retail/Service 

N Forest Hill & 
Westover Hills 

Boulevard 
411,135 General 

Retail/Service 

E Main & 
17th 98,546 Restaurant/Bar W Grove & 

Granite 389,754 General 
Retail/Service 
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Due to the amount of space that is required for large shopping centers, the max-

cover stations are located south of the river, away from the downtown area. Here the 

stations are at the center of small business districts in outlying neighborhoods south of the 

city center. Examining the geographic distribution of the max-cover stations (see Figure 

6), the utilization of these stations would be suited best for a commuter-based, citywide 

bike system rather than downtown focused one. Conversely, the set-covering stations are 

clustered in the downtown area, north of the river covering a smaller square footage but a 

higher count of buildings.  
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Figure 6 - Retail and Commercial Results by Square Footage and Demand Point Count 
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Tourist Attractions and Recreation Areas 
 

There are 736 demand points shown with designations as tourist attractions, 

universities, or recreation areas. Table 5 below, shows the top ten stations according to 

total demand points covered for each of the covering solutions. In sum, the ten stations 

from the MCLP solution cover four additional points (147) than the SCP solution (143).  

The points covered by the ten stations for both algorithms satisfy 20% of the total 

demand, with each of their top three covering 10%.  

 
 
 
Table 5 – Tourist Attractions and Recreation Areas Results 
 

Set-cover Max-cover 

Location 
Descriptors 

Total Number of 
Demand Points 

Covered 

Parcel Majority 
Classification 

Location 
Descriptors 

Total Number of 
Demand Points 

Covered 

Parcel Majority 
Classification 

E. Laurel & 
Franklin 28 University E Laurel & 

Franklin 27 University 

E. Harrison & 
Franklin 25 University S Belvidere & 

Spring 24 Park/Playground 

S. Belvidere & 
Idlewood 19 Park/Playground E Harrison & 

Franklin 23 University 

W. Richmond Way 
& Gateway Rd. 15 University E Floyd & Cherry 15 University 

S. Belvidere & 
Holly 10 Park/Playground W Richmond Way 

& Gateway Rd. 15 University 

E. Franklin & Pine 10 University E Leigh & 1st 12 Library/Museum/ 
Capitol/Court 

W. 3rd & Jackson 10 Library/Museum/ 
Capitol/Court 

W Lombardy & 
Grace 9 Park/Playground 

W. Lombardy & 
Grace 9 Park/Playground N Sheppard & 

Monument 8 Park/Playground 

E. Harrison & 
Main 9 University E Robinson & 

Monument 7 Park/Playground 

N. Sheppard & 
Monument 8 Park/Playground N Westwood & 

Brook 7 University 

 
 
 

As shown in Figure 7, generally the points for both solutions are located north of 

the James River and clustered near the campuses of Virginia Commonwealth University 

(VCU) and the University of Richmond. The station at E. Laurel & Franklin covers the 
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highest number of demand points for the SCP and MCLP. In addition to the VCU and 

University of Richmond campuses, the station at N. Westbrook & Brook (outlier to the 

north in Figure 7) is located on the campus of the Baptist Theological Seminary of 

Richmond which is home to a significant student population. 

 
 
 
 

 
 
Figure 7 - Tourist and Recreation Areas Results 
 
 
 

Outside of the stations with the majority of their demand coming from 

universities, the stations located at W. 3rd & Jackson and E. Leigh & 1st provide a nice 
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complement with library, museum, capitol and court based parcels encompassing the 

majority of demand being covered. The rest of the stations have a majority of parcels 

pertaining to parks and playgrounds which are generally located in a corridor between 

VCU and the University of Richmond. 

 Residential Areas 
 

The capturing of major residential areas is valuable due to their ability to generate 

trips for potential bike share activity. This is particularly important with bike sharing 

systems that want to accommodate to the commuter more so than the tourist. In total, 

there are 55,172 parcels classified as residential. 50,134 of them are classified as single-

family dwellings, 2,750 two-family and 2,288 with a multi-plex designation.   

 
 
 
Table 6 - Residential Results by Demand Weight 
 

Set-cover Max-cover 

Location 
Descriptors 

 

Total Amount of 
Weighted 

Demand Covered  

Parcel Majority 
Classification 

Location 
Descriptors 

Total Number of 
Demand Points 

Covered 
(Weighted) 

Parcel Majority 
Classification 

E Grove & 
Lombardy 502 Res - 1 W Lombardy & 

Park 749 Res – 1 

E Robinson & 
Monument 457 Res - 3 W Grove & Tilden 714 Res – 1 

N Sheppard & Park 443 Res - 3 E Grove & 
Meadow 711 Res – 1 

E Grove & Shields 403 Res - 2 E Grove & 
Stafford 691 Res – 2 

E Grove & 
Stafford 399 Res - 2 W Monument & 

Belmont 624 Res – 2 

W Hanover & 
Meadow 364 Res - 1 W Main & 

Boulevard 550 Res – 2 

N 18th & Ingram 313 Res - 1 E Chimborazo 
Boulevard & Leigh 526 Res – 1 

E. Grove & 
Meadow 310 Res - 1 W Lakeview & 

Meadow 486 Res – 1 

S Fendall & 
Brookland Park 

Boulevard 
274 Res - 1 S Meadowbridge 

& Northside 450 Res – 1 

W. Patterson & 
Westmoreland 245 Res - 1 W Oakwood & R 440 Res – 1 
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One of the more prominent residential areas within the city of Richmond is The 

Fan district, a corridor within the City of Richmond that is dominated by row houses and 

other residential dwellings (as mentioned earlier). This assertion is reaffirmed with 

several of the highest demand covering bike stations, for both of the location solutions, 

located in this area (see Figure 8 below). The top station for both coverage solutions 

(Table 6) is located within The Fan district, each with single family homes comprising 

the majority of the demand covered. These results match similar results seen in the 

population density analysis. 

In addition to the stations located in areas near The Fan, a few other places in the 

city highlight areas of residential parcels. One is to the north of the city, just south of the 

Richmond International Raceway, south along 1st Avenue to its intersection with 

Brookland Parkway. The other area is to the southeast of downtown, along Chimborazo 

Boulevard and Oakwood Avenue. Both of the stations in these two areas have single 

family dwellings as the majority demand parcel classification.  
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Figure 8 - Residential Results 
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Coverage Variation Analysis based on Walking Distance and Number of 
Stations 
 

Starting with the industry standard of a ¼ of a mile for walking distance, the set-

cover solution for the tourist and recreation areas is 108 stations, which cover 404 

demand points or 54% of the tourist and recreation demand parcels. As stated earlier, to 

incorporate all 108 stations could be a costly endeavor, so finding a realistic compromise 

could be necessary. Looking at the coverage graph for the ¼ mile walking distance (see 

Figure 9) there are 10 intervals of max-cover solutions working up to the 108 station cap.  

 
 
 

 

Figure 9 - Coverage Curve for Tourist and Recreation Areas - 1/4 Mile 
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Examining the demand gains between each max-cover interval for the ¼ mile 

distance, the highest percent increase occurs between the intervals of 10 to 20 stations at 

36%. As the number of stations increase, the amount of demand covered continually 

increases, which is expected. However, the percent increases between intervals start to 

diminish after 40 stations, with gains remaining under 7% until the 100 station mark. The 

trends seen at the intervals of 20 and 40 stations can be highlighted as important focal 

points for planners for further discussion.  

As the walking distance continues to expand for each interval, the overall amount 

of demand covered between each walking distance increases (See Figure 10). This is due 

to the fact that stations have the ability to reach more customers as distance increases. 

This also accounts for the drop in station numbers seen for the set-cover solutions across 

the scenarios. The set-cover solution for the ½ mile distance is 91 stations, covering 78% 

of the total demand. While the ¾ and 1 mile distance solutions show 61 stations (92% 

demand covered) and 39 stations (95% demand covered), respectfully (See Table 7).  

As the ceiling for demand covered rises with the set-covering solutions, the 

coverage totals for each of the intermediate max-cover solutions follow suit, with each 

increase in walking distance resulting in a higher total of demand points covered than the 

previous. Observing the coverage characteristics for each of the max-cover intervals at 

the ½, ¾ and mile distances, similar trends are found as described earlier for the ¼ 

distance. The greatest increases seen at the interval level are found from the 10 to 20 

station interval and gains tend to tail off around the 30-40 mark across all scenarios. 
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Table 7 - Coverage Statistics 
 

Coverage Statistics for ¼ Mile Coverage Statistics for ½ Mile Coverage Statistics for ¾ Mile 

Number 
of Bike 
Stations 

Demand 
Points 

Covered 

Percent 
of Total 
Demand 

Percent 
Increase 

Number 
of Bike 
Stations 

Demand 
Points 

Covered 

Percent 
of Total 
Demand 

Percent 
Increase 

Number 
of Bike 
Stations 

Demand 
Points 

Covered 

Percent 
of Total 
Demand 

Percent 
Increase 

10 147 20% - 10 283 38% - 10 425 58% - 
20 200 27% 36% 20 391 53% 38% 20 546 74% 28% 
30 237 32% 19% 30 449 61% 15% 30 611 83% 12% 
40 265 36% 12% 40 492 67% 10% 40 644 88% 5% 
50 285 39% 8% 50 524 71% 7% 50 666 90% 3% 
60 305 41% 7% 60 546 74% 4% 60 674 92% 1% 
70 324 44% 6% 70 558 76% 2% 61* 675 92% 0% 
80 334 45% 3% 80 567 77% 2%     
90 343 47% 3% 90 577 78% 2% Coverage Statistics for 1 Mile 

100 353 48% 3% 91* 578 79% 0% 
Number 
of Bike 
Stations 

Demand 
Points 

Covered 

Percent 
of Total 
Demand 

Percent 
Increase 

108* 404 55% 14% 
 

10 529 72% - 

*Set-Cover Solution 
20 639 87% 21% 
30 686 93% 7% 
39* 700 95% 2% 
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Another valuable trend emerges when examining the coverage characteristics 

between the ¾ mile and 1 mile walking distance. Generally, with each ¼ mile addition 

there is about a 20-30% increase realized at both the set-cover solution and for each of 

the max-cover intervals. However, when going from the ¾ mile to 1 mile distance, the 

gains range from about 10-15%. Even though the gains are still present, this downward 

trend in percentage gained could be a point of significance for planner and city officials. 

Further contemplation would be necessary to determine if the increasing the walking 

distance an additional ¼ mile up to 1 mile would be worth it relative to city resources and 

budget. Searching for trends such as the ones mentioned above are some indicators that 

city planners and other officials can use to their advantage in deciding what combination 

of walking distance and station numbers they want to use for their bike sharing stations. 

Combined Analysis of Five Demand Variables and Station 
Recommendations 
 

The main objective for planners in using this methodology is to find a list of 

stations that offer the maximum return on the type and amount of demand being covered. 

In order to determine which stations could potentially fit into this category, a combined 

demand analysis was performed. Examining the compiled list of 50 MCLP stations, ten 

were in the top ten for more than one demand category. After removing duplicate 

stations, the final candidate station set totals 37 stations (See Figure 11). When looking at 

the geographic distribution of these stations, coverage is spread out fairly well among the 

city limits. A high concentration of stations are found near the downtown area and a 

corridor just NW of the downtown area. 
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Figure 11 - Final Candidate Stations 
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This concentration insinuates that these areas are focal points for bike share activity 

within the city and the likelihood that one of the ten stations from this analysis will be 

located in this general vicinity is very high. 

 When looking at the results of the combined demand analysis run, the top ten 

stations according to demand covered are focused in the northern part of the city (see 

Figure 12). In total, the ten stations cover 4,484 demand points which equates to 8% of 

all the demand points in the city. Of which, these demand points cover a total of 9% of 

the retail demand, 8% of the residential demand and 4% of the tourist and recreation 

areas. When comparing the station locations to the population and employment density 

results, none of the ten stations were located in the Capital Square area but three were 

located in The Fan (a major area of increased population density). 

 From the results seen in this analysis, a few observations can be made. First, the 

coverage totals can be considered quite low. As mentioned in the previous section, a 

remedy for this would be adjusting the number of stations or walking distance (which 

comes at the discretion of planners and stakeholders). Second, the station weighting 

scheme didn’t necessarily work in the case of attempting to equally weigh the various 

demand concentrations through station filtering. Moreover, this approach highlighted 

areas where larger clusters of points were concentrated. These concentrations were seen 

near The Fan area and other residential neighborhoods towards the north and southeast of 

the downtown area. Lastly, due to the fact that some of the demand variables within this 

analysis have lower parcel totals than the others, it makes it difficult to capture these 

demand variables in a combined analysis without establishing one weighting scheme 
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Figure 12 - Combined Analysis - Top Ten by Demand Covered 
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for all demand variables to use. Therefore, these ten stations could be different with the 

application of a weighting scheme.  

One important factor to consider when trying establishing a list of potential 

stations is the nature of the demand variables and the role they play in bike share activity. 

Demand variables used within this research can be considered bike share trip “attractors” 

or “generators.” This terminology has been seen in other bike share demand studies such 

as Krykewycz (2010) and Garcia-Palomares (2012). Population density, employment 

density and residential variables typically act as trip generators, while the tourist and 

retail variables act as trip attractors. When creating a bike share system it’s important to 

have a balance of generators and attractors to generate a high level of activity. Looking at 

the final stations from the combined analysis, all are in locations with high population 

densities and residential demand. In order to balance out these generators, selecting a few 

stations based around trip attractors is necessary.  

The final recommendation would be to take the top few stations from this final ten 

that satisfy the employment density and residential areas but accompany those with some 

top stations from the other variables as well. For example, selecting a couple stations that 

are within walking distance of VCU, adding a few that are in the heart of Carytown, and 

selecting those that are close to the center of the Capital Square. From that, those stations 

can provide an excellent start point for city planners to begin the initial phases of 

planning a bike share system. There are many other additional factors that contribute to 

deciding which stations are best for a particular system and establishing a bike sharing 
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system in general, further discussion of these topics will continue in the following 

section. 
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CONCLUSION 

Fundamental location science concepts embedded within the maximal covering 

location problem and the set-covering problem were applied to find good locations for 

bike sharing stations. The definition of a “good” location was established by using a list 

of demand variables that are most conducive to bike sharing activity and determining 

how well potential stations satisfy each of these varying demands based on the total 

number of demand points they cover. Using several spatial-analytic GIS tools along with 

location science concepts, the location allocation procedure was formed and used as the 

major tool for analysis. From these results, various recommendations were made for bike 

sharing station selection and bike sharing systems in general. The application of location 

science algorithms to the development of bike share systems is a fairly new concept. 

With relatively small amounts of literature on the topic, it presents the opportunity for 

further refinements of the methodologies presented here. With the popularity of bike 

sharing systems growing at a rapid pace, the frequency and demand of research related to 

this topic will certainly increase. 

Throughout the individual demand analyses, a comparison of the stations 

provided by the maximal covering location problem and set-covering problem were 

made. As expected, the top ten max-cover stations covered the most demand and 

differences in station locations were realized. This further confirmed the differences 
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between the two algorithms and that the use of the MCLP is best when budget constraints 

are required, which is of particular interest when developing bike sharing systems that are 

trying to maximize accessibility to potential users.  

 During the research process, it has been observed that an alternative application 

of the MCLP and SCP algorithms could be applied on the entire set of demand variables 

at once, with an application of a global weighting system. In this case, all demand 

variables would be given a particular weight regardless of their demand type (tourist and 

recreation, residential, etc,). Then the location allocation procedure would be performed 

on this entire set of demand parcels (rather than the multiple individual analyses seen 

with the focused demand analysis). By using this approach, an alternative list of good 

stations could be provided due to the nature of the MCLP and SCP and how solutions are 

calculated.  

Although this approach is valid and could offer different results, one of the 

challenges it presents is in the creation of a weighting system to apply to these demand 

variables. When trying to establish a weighting system for any set of variables, it involves 

some subjectivity. Which variables are more valuable to satisfy than others? What type of 

weighting scheme would best serve the type of bike sharing system being incorporated? 

Is this reasonable? Consequently, city planners and officials living in these particular 

areas could be best suited for determining what type of weighting scheme they want to 

use and one that fits their needs. In some cities, planners may give a higher importance to 

satisfying tourist locations rather than those in close proximity to retail and commercial 

locations or vice-versa. It all depends on what type of system the particular city or town 
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is going for. As an alternative to this potential subjectivity, the approach of individual 

demand analyses and the combined demand analysis as shown in this research was used.  

 Rather than the focus of this research be centered around justifying values that 

were used for a weighting system, the focus is intended to be on the methodology of 

using location science algorithms within a GIS based environment to provoke further 

discussion. More importantly, instead of just a list of station locations, there are valuable 

planning tools and approaches embedded within this methodology that when pieced out 

separately can prove to be valuable. For instance, the results shown from the individual 

demand analyses can be used to gain geographic perspective on areas where particular 

demand variables are densely concentrated, such as the highest level of tourist and 

recreation areas being found in close proximity to VCU and the University of Richmond. 

Or in other cases, reconfirm previous assumptions to where these areas might be. For 

example, the results from the employment analysis show areas of high employment 

density near the Capitol Square in downtown or high concentration of residential areas 

being centralized in The Fan area. These results reinforce the importance of covering 

these specific areas with bike sharing stations. 

The coverage comparison analysis is another valuable piece of planning 

information. This demonstrates how the number of stations and walking distance directly 

impact the amount of demand that can be covered. By using results from the SCP 

partnered with the MCLP, perspective on total number of stations that are needed can be 

gained. Trends realized from this type of analysis can be used as bargaining chips for 

officials in making arguments to increase budgetary limits in order to accommodate an 
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additional number of stations, which as a result increases the amount of demand covered. 

The same of which can be applied when decisions are being made related to deciding the 

walking distance to stations. 

Overall, this methodology provides a planning tool for planners and stakeholders 

to use to help them determine where good locations for bike sharing stations are located. 

Additionally, this method can also provide insight into other components involved with 

planning and creating a bike sharing network, such as determining how many stations to 

use or what walking distance accommodates the system goals. Perhaps, the 

characteristics that hold the most value are the methodology’s applicability to other study 

areas and its adaptability to accommodate the use of other datasets. The growing need to 

implement bike sharing systems from the public sector and the simplistic nature of the 

data model allows for this. Further discussion of these two topics continues in the final 

section. 
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FUTURE RESEARCH 

The structure of this data model provides flexibility in its ability to be applied to 

other study areas. By following the input requirements for the facilities, demand point, 

and network layers within the location allocation solution procedure, city officials and 

planners can conduct this analysis for their own jurisdictions. The majority of cities 

looking to implement a bike share system do so by hiring consultants such as Alta 

Planning or Metrobike which could be costly. By using this methodology, it could 

potentially remove (or significantly diminish) the need for consultants, by using in-house 

GIS data and supplementing it with existing transportation studies performed internally 

and externally cities can potentially design their own systems. With the accessibility to 

GIS data sets becoming more and more common from federal, state, and local 

governments, the ability to obtain the necessary layers should be relatively easy. 

Applying this model to existing systems can be accommodated with this 

methodology as well. If a bike sharing system in Richmond is started and becomes 

successful, opportunities for system growth will be presented. These opportunities could 

consist of adding additional stations, increasing the number of bike lane miles or even 

expanding the service area to reach the suburban neighborhoods outside of the City. By 

simply updating the input data sources (supply points, demand points, transportation 
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networks) to match the revised expansion goals, suggestions for additional bike sharing 

stations can be determined. 

As mentioned earlier in the results section, developing a global weighting scheme 

for all demand variables then running the location allocation procedure could provide 

enhanced results. This approach can be easily incorporated into the data structure by 

attributing each parcel with the weighted score and running the location allocation 

solution procedure. A comparison of the demand coverage from the stations using the 

global weight scheme versus the ones from this research could provide interesting results 

that could further refine this process. 

It’s possible that as research on bike sharing continues, additional economic or 

demographic variables will emerge as contributors to increased levels of bike share 

activity. Other modifications of demand variables may occur due to preferences of the 

users. For example, instead of using CTPP employment data, a planner may insist on 

using local employment data for their analysis. The demand criteria can easily be 

expanded, modified or updated with other geospatial and non-geospatial datasets to 

accommodate these changes. Considering that the majority of economic and demographic 

datasets are tied to common geospatial boundary files such as census blocks and tracts, it 

allows that data to be translated to the parcel level.  

Bike sharing locations can be used as important supplementary information for 

various stakeholders within the city. Transportation planners can use bike sharing station 

locations to help investigate possible expansion of bus routes, or new construction of 

other public modes of transportation such as light rail or subway systems. Potential 
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business owners could examine locations of bike sharing stations and locate their 

businesses within a close proximity to them. To summarize, this methodology provides 

an option for city planners and officials to have active participation in the development of 

their bike sharing systems whether they want a list of potential stations to analyze or if 

they want to have an active role in the planning phase this can be a valuable tool for both 

purposes.   No index entries found. 
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