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Abstract 

With interest in cycling increasing in recent decades, local authorities and planners have been eager to 

enact policies to expedite a mode shift from driving to more sustainable, equitable and accessible 

transportation options. However, promoting cycling has encountered many challenges within car-

dominated cities in North America. Previous research on the factors that influence cycling have cited 

geography-related concerns such as weather, elevation changes, and low land-use density as main 

reasons for not ŎƘƻƻǎƛƴƎ ǘƻ ŎȅŎƭŜ όtǳŎƘŜǊ ϧ .ǳŜƘƭŜǊΣ нлнмύΦ  {ƛƳƛƭŀǊƭȅΣ ƛǘ ƛǎ ǳƴŘŜǊǎǘƻƻŘ ǘƘŀǘ ŀ ŎƛǘȅΩǎ 

demographics, particularly the age distribution and physical capacity of residents, may influence the 

likelihood to cycle. 

This thesis discusses the geographic and demographic analysis of the suitability of cycling in four North 

American cities of various sizes, densities, geographies, and climate.  Vancouver (BC) and Portland (OR), 

Waterloo (ON) and Madison (WI) are evaluated for their physical and demographic attributes that either 

promote or limit the propensity to cycle.  The research then examines the planning responses in each city 

aimed at overcoming these challenges.  

The results of the research reveal both positive and negative attributes.  For example, Portland and 

Vancouver have much more conducive climate, while Waterloo and Madison have demographics 

(students) that have greater tendency to cycle.  While variability exists in the physical and demographic 

attributes, the results demonstrate that those cities that have addressed their shortcomings have 

achieved greater cycling mode shares. The approaches and lessons learned from this work present a 

structure for cities to recognize their strengths, identify their weaknesses, and tailor the policies and 

investments to make cycling a more comfortable mode of transport for everyone ς particularly those for 

whom physical or other limitations may present limiting factors.   
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Chapter 1: Introduction 

1.1 Background 
The use of bicycles as a mode of transport in urban areas has been increasing in popularity in recent years 

due to the many personal and societal benefits derived from cycling compared to driving. Personal 

benefits for shifting from driving to cycling include reducing risk of chronic disease, improving mental 

health, and lowering household spending (S. Handy, 2020). Societal benefits for mode shift to cycling 

include reducing greenhouse gas emissions, improving public health, and developing local economies (S. 

Handy, 2020). Despite having many great personal and societal benefits, promoting cycling has been 

difficult, and continues to experience many challenges within car-dominated North American cities.  

Promoting cycling as a viable transport mode is often most effective in influencing experienced cyclists 

because inexperienced riders face barriers posed by the physical elements of their city. Physical elements 

that often acts as barriers to stimulating interests to cycling include inclement weather, and the physical 

effort that is required particularly when traversing steep elevation changes, long travel distances from 

places of residence to access essential services, and underdeveloped infrastructure (Winters et al., 2011). 

Although some of the physical elements are natural and not easily changeable by humans (e.g., climate 

and topography), and some are changeable (e.g., the built environment and bicycle facilities) over various 

time scales ς from the short-term (0-3 years) or longer (5-20 years)., cities will need to take a range of 

actions to overcome these barriers to make cycling a more viable option to travel.  

One commonly suggested method to lower the barriers to cycling is to add new infrastructure. Although 

solutions that can overcome potential barriers to stimulating cycling interests are extensively developed 

around the world, the consideration of appropriate type of infrastructure that should be constructed and 

in which places of need often produces diverse responses depending on local conditions. The 

development of appropriate infrastructure in many North American cities is also further complicated by 

ǘƘŜ ŎƛǘƛŜǎΩ ǇƭŀƴƴƛƴƎ ŀƴŘ ŘŜǾŜƭƻǇƳŜƴǘ ǇǊƻŎŜǎǎ ǘƘŀǘ ƘŀǾŜ ƘƛǎǘƻǊƛŎŀƭƭȅ ǎǳǇǇƻǊǘŜŘ ǘƘŜ ǳǎŜ ƻŦ ǇŜǊǎƻƴŀƭ ǾŜƘƛŎƭŜǎ 

rather than bicycles (Newman et al., 2016). Because of this, modifications to urban streetscapes may not 

attract cyclists and may be seen as a detriment to car drivers.  

In addition to building new cycling infrastructure, some cities experience fewer barriers to popularize 

cycling by simply benefiting from unique natural attributes that are found to be conducive to cycling 

(Winters et al., 2010). Some natural attributes of an ideal environment for cyclists include having flat 

topography; mild climate, with few days experiencing extreme temperatures; low precipitation (Pucher 

et al., 2021). A city with demographics that are comprised of cohorts whose ages and incomes are typically 

associated with higher rates of cycling was also found to be conducive to cycling as well (Pucher et al., 

2021). Therefore, individuals are more likely to cycle when their cities contain one or several attributes 

that encourages experienced cyclists to cycle more often and invite new cyclists to travel by bike.  

Conversely, individuals are less likely to cycle when cities contain few or no attributes that are conducive 

to cycling because these cities experience greater challenges in developing interest in cycling among their 

population. As an example, the Region of Waterloo in Ontario, a case study for this research, has struggled 

to attract meaningful mode shares by cycling at least in part due to its extended and extreme winter 

conditions.  
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This research then aims to formulate assumptions about the desirability of cycling in cities by 

understanding whether they contain the physical and demographic attributes that are found to be 

conducive to cycling. The physical attributes in consideration for the research include climate, topography, 

built environment, bike network connectivity, and demographics (Winters et al., 2011). Identifying 

whether each city possesses positive attributes for cycling can help explain in part the propensity to cycle 

in a city. The presence, or absence, of cycling-promoting features can be compared across similar cities to 

determine why they have disparate observed cycling mode shares for commuting activities.  This thesis 

further examines how different rates of cycling among cities may be explained by the extent to which 

obstacles have been addressed within the planning activities of a municipality, or governments at other 

levels.   

1.1.1 Introduction to the Case Study Cities 
This thesis intends to question why the rates of cycling differ among four case study cities: two large cities 

ς Vancouver, BC, and Portland, OR ς and two smaller cities ς Region of Waterloo, ON and Madison, WI. 

The exploration first examines the degree to which these cities have similar or dissimilar geographic and 

demographic characteristics. The choice of these locations is motivated by similarities among the cities; 

for example, Vancouver and Portland share similar Vancouver and Portland share similar physical, 

climatical, topographic, and demographic characteristics, as do Madison and Waterloo. Figure 1 

introduces the case study cities including relevant population, cycling and land use data. 

 

Figure 1 - Overview of Case Study Cities 

While three out of the four cities selected for examination as a case study are single tiered municipality, 

Waterloo is the only case study city that is considered at a regional scale. The reason that the three most 

populous and urbanized municipalities of Waterloo region were selected for this research, instead of a 

single municipality, was because the urban centre of the Waterloo Region extends beyond the boundary 

of a municipality. Although the urban centres of both the City of Kitchener and City of Waterloo are in 

close proximity with each other, and are connected with the ION light rail line, the decision to include the 

City of Cambridge in this research was based on the fact that Cambridge has similar physical characteristics 

with Kitchener and Waterloo. With Cambridge being the second most populous municipality in the 

Waterloo Region, and having an extensive network of bicycle infrastructure, including Cambridge into the 

Vancouver, BC

Population: 
631,486

Cycling Mode 
Share: 6.1% 

Density: 
5,492.6/km2

Portland, OR

Population:       
639,863

Cycling Mode 
Share: 6.4%

Density: 
1,894.68/km2

Waterloo, ON

Population: 
535,154

Cycling Mode 
Share: 1.2%

Density: 
390.9/km2

Madison, WI

Population: 
259,860

Cycling Mode 
Share: 5.3%

Density: 
1260.5/km2



 

3 
 

research can help to better understand the ability for cyclists to travel across this interconnected region. 

However, as the Region of Waterloo also includes several rural municipalities, they were excluded in the 

research because their cycling infrastructure is much less dense and the level of cycling activities is much 

lower. Including the statistics from the rural municipalities will result in a less balanced comparison with 

the more urbanized regional centres at the other case study cities.   

1.1.2 Hypothesis 
The hypothesis of this research ς that the propensity to cycle is influenced by physical attributes and 

planning reactions ς will be tested in two parts.  The first step in the research is to evaluate the physical, 

geographic, and demographic features of each city and assess whether these attributes can be considered 

conducive or unfavourable to cycling. The results of this evaluation will then be examined relative to 

observed cycling rates for commuting purposes in each city to determine if the presence (or absence) of 

these attributes contribute to (or limit) cycling.  

Second, the research seeks to understand if those cities that seem to be outperforming their expected 

cycling rates have achieved this outcome through planning that addresses directly the shortcoming 

identified in the first analysis. The review of bicycle planning documents and policy development history 

from each city will also inform this research as to the progress made by each city in stimulating the 

interests of new and current cyclists through responding to their physical attributes. Through gathering 

the results, this research will suggest potential reasons of why cycling rates are different between cities 

with similar characteristics and advise how each city overcame these challenges.  

1.2 Topic Relevance and Implications for the Planning Field  
Recently, there has been renewed interest in the planning field to research active transportation use and 

active transportation best practices because of the rise in popularity for cycling. This is especially the case 

as the number of people who cycle regularly for all trips has grown exponentially between the years of 

1990 and 2016 in nearly all major North American and European cities (Pucher & Buehler, 2021). The 

increasing popularity of cycling has therefore led professionals in the planning field to develop more ways 

for cyclists to travel safely and influence them to continue cycling in the years onward. In light of the 

recent public health restrictions caused by the COVID-19 pandemic, it has become very difficult to ignore 

the lack of space given to active transportation users for them to travel comfortably on roads in North 

American cities (Dunning & Nurse, 2021). Fortunately, as some cities received positive public reactions 

from opening more spaces for active transportation users in urban areas, the policy will likely remain 

implemented for many cities even after health restrictions lift (Fischer & Winters, 2021). Because of the 

increased interest for cycling, further research will help planners decide on the best approaches to 

replicate the success as well as to stimulate and maintain interest for cycling that will guide long-term 

growth of active transportation use.  

A considerable amount of academic literature has been published on the theme of active transportation. 

However, these research works have consistently shown that there is not a consensus on the best 

approaches to plan for cycling use and to stimulate cycling demand in the North American context. This is 

because the cities in which research works were conducted possess different physical attributes that 

encourage and discourage bicycle use. Forsyth & Krizek (2010) have demonstrated that solely adding 

infrastructure without considering other accompanying strategies will not lead to significant increases to 

the rate of cycling. Instead, the research by Moudon et al. (2005) makes the case that having streets that 

are welcoming to cyclists and a mixture of land uses to reduce typical travel distances will generate greater 
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interest in cycling. However, previous studies of cycling use have not dealt with the effects that a 

combination of physical attributes in the city could have in encouraging bicycle use, and whether the 

governmental policies were able to address and overcome the challenges. Therefore, the findings of this 

research will make an important contribution to the field of transportation planning by advising how car-

oriented North American cities can identify their physical attributes that promote or dissuade cycling and 

through purposeful planning interventions improve the attractiveness of cycling.   

1.3 Research Questions 

This research work is directed by the exploration of the following core questions: 

¶ What are the geographic and demographic factors that are known to influence the rate of cycling 

ς positively and negatively ς in urban areas? 

¶ To what degree are these attributes present or absent in the case study cities?  

¶ To what extent does planning and design elements explain differences in the propensity to cycle 

among those cities with similar, or dissimilar, geographic features? 

The first two research questions aim to determine the key features that makes individuals want or not 

want to cycle and how the physical attributes of each case study city been conducive to cycling use. 

Answering these questions within this research will improve the understanding of how each city performs 

in key features that encourage or discourage the use of cycling and forms the basis of comparison between 

the cities.  

The third research question addresses why there is a disparity in cycling rates for commuting purposes 

between the case study cities ς Vancouver, BC and Portland, OR; Waterloo, ON and Madison, WI ς despite 

similarities in their geographic and demographic characteristics. The review of the physical attributes of 

each case study city will be important to determine the difference in policy responses and the awareness 

of opportunities and challenges to encourage both new and current cyclists to cycle frequently. Although 

the mode share of cycling for commuting purposes in North American cities remains low, as compared 

with other regions of the world, some cities have been successful in promoting cycling use in the recent 

decade and lessons from each case is invaluable for future expansion of cycling.  

1.4 Thesis Structure 
This thesis is organized into six chapters. Chapter one, the introduction, presents the background leading 

to this research topic and the purposes of this research, including the questions to be answered and the 

research structure. In chapter two, a review is conducted of relevant academic literature surrounding the 

factors influencing the use of cycling and the strategies for improvement. The third chapter explains the 

methods developed and applied to collect and analyze data surrounding each key attribute: built 

environment, topography, bicycle network connectivity and density, weather, and demographics. The 

next chapter then describes tƘŜ ǊŜǎǳƭǘǎ ƻŦ ǘƘŜ ǉǳŀƴǘƛǘŀǘƛǾŜ ŀƴŀƭȅǎƛǎ ǘƻ ƛƴŦƻǊƳ ŜŀŎƘ ŎƛǘȅΩǎ ƭŜǾŜƭ ƻŦ ǎǳƛǘŀōƛƭƛǘȅ 

for cycling. Chapter five of the thesis summarizes a review of the cycling planning documents from each 

case study and assesses how well these cities have addressed those challenges identified in the attribute 

analysis. Lastly, responses to the research questions, recommendations for future developments of 

cycling in each city, and future research needs are discussed in the sixth and final chapter.   
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Chapter 2: Literature Review 
This thesis sets out to understand how the physical attributes of cities influence the propensity to cycle 

for both new and current cyclists.  Moreover, the thesis attempts to evaluate how planning processes 

have helped to address shortcomings in these physical attributes that have ultimately resulted in stronger-

than-expected cycling mode share for commuting activities.  To inform the methods used in this thesis, 

this chapter reviews the literature on the relationships between physical, geographic, climatological and 

demographic attributes of cities and the propensity to cycle for both new and current cyclists.  The chapter 

ŀƭǎƻ ǊŜǾƛŜǿǎ ǇƭŀƴƴƛƴƎ ǊŜǎǇƻƴǎŜǎ ǘƘŀǘ ŀǊŜ ƛƴǘŜƴŘŜŘ ǘƻ ǇǊƻƳƻǘŜ ŎȅŎƭƛƴƎ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ǘƘŜ ŎƛǘƛŜǎΩ 

characteristics. 

2.1 Introduction 
Interest in research on methods that help car-oriented cities to promote cycling has been growing in 

recent decades because of the rise in popularity of cycling (Pucher & Buehler, 2017). Cycling has become 

an appealing mode of transport for an increasing number of people because of the many great health 

(Heath et al., 2006) and environmental (Chapman et al., 2018) benefits that cycling brings to the individual 

and society. The increased physical activity of individuals, gained through the use of cycling, contributes 

to reducing the risk of death from all causes (Heath et al., 2006). The replacement of trips facilitated by 

driving gas-powered vehicles with cycling also brings environmental benefits through improving air quality 

and resolving motor vehicle congestion (Chapman et al., 2018). As a result, local governments in places 

where cycling has not been popular have begun to realize the benefits to cycling and have taken steps to 

introduce cycling to their residents to build a healthy lifestyle and reduce carbon footprint. The steps by 

local governments to stimulate interest to cycle in their cities are often diverse (Furth, 2021)and not all 

cities have been successful. Researchers have yet to make conclusions about why.  

Previous studies of active transportation have not explicitly examined the reasons why similar-sized cities 

may generate very different cycling mode shares. The disparity of the rate of cycling can be observed 

among North American cities where the economies are highly developed and most households own a car 

(Buehler & Pucher, 2021). Other possible explanations for a disparate rate of cycling includes the political 

determination of local governments to improve cycling experiences and the deterrents to cycling 

ŎƻƴǘŀƛƴŜŘ ƛƴ ŜŀŎƘ ŎƛǘȅΩǎ ǇƘȅǎƛŎŀƭ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎΦ tǊŜǾƛƻǳǎ ǊŜǎŜŀǊŎƘ Ƙŀǎ ǎǳggested that  political will of local 

authorities to advance cycling infrastructure can have a significant effect on cycling mode share (Furth, 

2021)Φ IƻǿŜǾŜǊΣ ǉǳŜǎǘƛƻƴǎ ŀōƻǳǘ ǘƘŜ ǊƻƭŜ ƻŦ ŜŀŎƘ ŎƛǘȅΩǎ ǇƘȅǎƛŎŀƭ ŀǘǘǊƛōǳǘŜǎ ƛƴ ƛƳǇŀŎǘƛƴƎ ŎȅŎƭƛƴƎΣ ŀƴŘ 

whether cities can be naturally more desirable for cycling, remain unanswered. Answers to these 

questions, which this literature review begins to do, can help planning practitioners understand whether 

some cities possess physical attributes that are advantageous to and result in greater cycling activity.  

Moreover, this literature review begins to identify best approaches to overcome the challenges to 

promoting cycling.  

The purpose of this literature review is therefore to determine the physical attributes that are shown to 

have a positive and negative influences on the desirability of cycling. The review of literature can respond 

to the research goal by discovering the physical attributes that influence cycling and use the discoveries 

to formulate assumptions of the rates of cycling in each case study city. When differences exist between 

the expected and observed cycling rate for commuting activities, this research will also examine if the 

planning policies play a role in overcoming the challenges to promoting cycling. Therefore, the review of 
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relevant literature will reveal insights about the major factors of stimulating cycling interests and help to 

inform how best to expand the use of cycling in North American cities in the future.   

2.2 The Impact of Built Environment on the Desirability of Cycling  
One of the physical attributes found to have a significant impact on the desirability of cycling is the built 

environment. Handy et al. (2002) define the built environment as an overarching term that considers 

multiple aspects of space including urban design, land use, and the physical infrastructure. When 

individuals form perceptions about the organization of the spaces that they travel through and interact 

with, the perceptions that they have are found to have influences over their willingness to travel by bike 

(Moudon et al., 2005). Surveys conducted by researchers have also reinforced the relationship between 

the perception of space at their destinations and willingness to cycle to access those spaces (Moudon et 

al., 2005). For example, neighbourhood centres that contain high density development and a mixture of 

land uses are found to attract cyclists, whereas places containing low density development with a single 

land use do not (Moudon et al., 2005). This result demonstrates the importance of having high-density 

and short distances between essential destinations to improve cycling convenience.  This conclusion is 

also supported by work done by Heesch et al. (2015) whose research found that having short travel 

distances between places of residence and city centres, transport hubs, or essential services will tend to 

have high cycling use.  

Although planning scholars have understood the relationship between the built environment and the 

desirability of cycling, questions regarding why the historical process of urban development did not create 

places that are more conducive to cycling remain unanswered. 

Research on the historic process of designing cities can help with understanding why planners have not 

typically prioritized cycling use resulting in disparate rates of cycling in cities. With many urban areas of 

North American cities containing spaces that are dominated by cars, it is important to then reflect on the 

rationale for why such places were designed in the first place. One attempt to answer this question is from 

Newman et al. (2016) who discussed theory of urban fabrics and explained the evolution of cities to 

support the dominant transportation modes at each time period. In North American cities, the dominant 

transportation mode evolved over time, beginning with walking, then mass transit, and more recently the 

automobile; the introduction of each mode brought great changes to the way cities were planned 

(Newman et al., 2016). This is evident in U.S. cities that were developed prior to the widespread 

introduction of the automobile.  Boston, New York, Philadelphia and other cities all have compact, high-

density built environments, particularly in their urban cores.  These can be contrasted with cities such as 

Los Angeles, Calgary and others where the development coincided with the wide adoption of the 

automobile, and a planning philosophy that nearly all future travel would be completed by motorized 

vehicles, eliminating the need for walking, cycling and other active modes.   

More recently, as cities begin to realize the benefits of cycling, and become committed to reduce 

dependency on cars, city planners have made efforts to reorganize their urban spaces to make cycling a 

desirable transport mode. Approaches used around the world to reorganize urban spaces to be more 

accommodating to cyclists have been diverse; different types of design tend to produce various rates of 

cycling. Building on historic approaches, many cities have encouraged increases in the presence of high 

density land uses that have been found to be conducive to cycling (Christiansen et al., 2016; Koohsari et 

al., 2020). With these spaces containing a high concentration of diverse jobs and services, as well as 

residential units, people residing or working in these locations tend to have short distances to most 
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destinations to which they needed access (Christiansen et al., 2016; Koohsari et al., 2020). The examples 

presented in the research by both Christiansen et al. (2016) and Koohsari et al. (2020) in different contexts 

around the world have presented similar outcomes that suggest that high density mixed use places are 

desirable places for people to cycle.  

Methodologically, there are questions on the best way to assess the suitability of the built environment 

for cycling.  Density is the most commonly used variable; one can measure population density (number of 

residents per unit of area) or employment density (number of jobs per unit of area).  However, for 

transportation analysis, another common approach that is used to evaluate the density of urban spaces 

is the intersection density, which is calculated by counting the number of intersections within a given area. 

Typically, population and employment densities vary proportionally with intersection densities.  Winters 

et al. (2010) explains that places with a high intersection density tend to have a higher propensity to cycle. 

As such, intersection density can be used as a convenient and easily-calculated metric to estimate the 

density of urban development and, by extension, the propensity to cycle in these areas. 

Naturally, intersection density is a surrogate measure for the ease and convenience of accessing necessary 

activities and destinations.  As intersection density increases, the distance traveled and travel time both 

decreases. Some authors attempt to measure the accessibility of areas through a concept of cost, which 

allows for elements such as time and effort to be measured in the same constructs as actual, out of pocket 

expenses.  This gives rise to several observations on the relative cost of travel by different modes, 

particularly a comparison between motorized vehicles and cycling. 

Although driving tends to be the quickest method for people to travel to their destination, in North 

American cities, this mode is often not available to everyone because of high costs and age restrictions. 

As cycling tend to have a low start-up cost, and no age restrictions, the cost to travel by bicycle could 

certainly be lower than driving in some circumstances. However, competition often arises between using 

different transport modes because users often face different restrictions and costs (such as start-up and 

time loss).  

Heesch et al. (2015) suggest that cycling can be more competitive than driving if the travel distance is less 

than 5 kilometres. Even though the ideal for cycling is for places of residence and services to be within 5 

kilometres of each other, the large car-oriented neighbourhoods surrounding North American cities can 

make implementing this ideal very challenging. Because of this, Bertolini and Le Clercq (2003) suggest 

planners use the tools available, including land use zoning and transportation network analysis, to 

increase the competitiveness of cycling in comparison with driving. When considering the effects that the 

built environment has on the desirability of cycling, the research by Koohsari et al. (2019) has also 

demonstrated that high-density, mixed-use built environments tend to create conditions with a higher 

propensity to cycle. Similarly, high density and highly diverse land uses such as those found in activity 

centres ς locations where a high concentration of diverse jobs and services are located ς can also increase 

the likelihood of cycling (Christiansen et al., 2016).  With multiple research outputs in different contexts 

suggesting that there exists a relationship between building density and diversity of land-uses and the 

likelihood of cycling, this ŀǘǘǊƛōǳǘŜ ƛǎ ƻƴŜ ǘƘŀǘ ǿƛƭƭ ōŜ ǳǎŜŘ ǘƻ ƳŜŀǎǳǊŜ ǘƘŜ ŎŀǎŜ ǎǘǳŘȅ ŎƛǘƛŜǎΩ physical 

attributes and their influence on cycling.   
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2.3 The Impact of Topography on the Desirability of Cycling 
Another attribute that was found to have significant impact on the desirability of cycling is the topographic 

variations of a city. As cycling is a mode of travel that requires varying levels of physical effort from 

individual cyclists to operate the vehicle, the rate of cycling activity becomes difficult to improve if a high 

variation of elevation exists, particularly along cycling routes (Li et al., 2012). The impacts for cyclists 

become significant when traveling to destinations where professional activities, work for example, take 

ǇƭŀŎŜΦ Lƴ ŀŘŘƛǘƛƻƴ ǘƻ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ǘƘŜ ŎȅŎƭƛǎǘǎΩ ŀǇǇŜŀǊŀƴŎŜΣ ǘƘŜ ǘƻǇƻƎǊŀǇƘȅ ŀƭǎƻ ƛƳǇŀŎǘǎ ǘƘŜ ŎȅŎƭƛǎǘΩǎ 

ŎƻƳŦƻǊǘ ǿƘŜƴ ǘƘŜȅΩǊŜ ǊŜǉǳƛǊŜŘ ǘƻ ǘǊŀǾŜƭ ƻƴ ǎǘŜŜǇ ǎƭƻǇŜǎ ŦƻǊ ǘƘŜƛǊ ƧƻǳǊƴŜȅ (Li et al., 2012). With comfort 

being a major factor in motivating individuals to cycle (Winters et al., 2011), the opportunity to promote 

cycling will increase in cities that are predominantly flat and present fewer, steep grades (Li et al., 2012).  

¢ƘŜ ǘƻǇƻƎǊŀǇƘȅ ŀƭƻƴƎ ŀ ŎȅŎƭƛǎǘΩǎ ǊƻǳǘŜ Ŏŀƴ ŎǊŜŀǘŜ ŀ ōŀǊǊƛŜǊ ǘƻ ŎȅŎƭƛƴƎ ōȅ ǊŜǉǳƛǊƛƴƎ ǘƘŜƳ ǘƻ ǇƻǎǎŜǎǎ ŀ 

sufficient level of physical ability to traverse the slopes they experience. Especially in cities with great 

topographical variations, the likelihood of a cyclist experiencing a steep slope along a journey often 

increases.  The presence of steep slopes thus makes cycling a travel mode that does not suit all ages and 

aōƛƭƛǘƛŜǎΦ !ǎ ǎǳŎƘΣ ǘƘŜ ŎƘŀƭƭŜƴƎŜ ƛƴ ǘƻǇƻƎǊŀǇƘȅ ƳŀƪŜǎ ƳŜŜǘƛƴƎ ǘƘŜ ŎƛǘƛŜǎΩ Ǝƻŀƭ ƻŦ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ŎȅŎƭƛƴƎ ǊŀǘŜ 

difficult. Winters et al. (2011) conducted a survey of cyclists about the key factors influencing their choice 

to cycle, and the results of the survey reaffirmed that the presence of a steep slope will negatively impact 

ǊŜǎǇƻƴŘŜƴǘǎΩ ŘŜŎƛǎƛƻƴ ǘƻ ŎȅŎƭŜΦ !ƭǘƘƻǳƎƘ ōƻǘƘ Li et al. (2012) and Winters et al. (2011) did not outline the 

specific metrics of a steep slope that deters cycling, the degree of slopes that could be perceived as too 

steep for travel will vary between cyclists with different physical ability.   

¢ƘŜ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ŎȅŎƭƛǎǘǎΩ ǘǊŀǾŜƭ ǘƛƳŜ ǘƻ ǊŜŀŎƘ ǘƘŜƛǊ ŘŜǎǘƛƴŀǘƛƻƴǎ ƛƴŘǳŎŜŘ ŦǊƻƳ ǘƘŜ ǘƻǇographic changes 

is also a major factor limiting the attractiveness of cycling as a travel mode. Because cyclists require more 

physical effort to maintain the same speed on an uphill slope as on flat areas, travel time and efforts tend 

to increase if a cycƭƛǎǘΩǎ ƧƻǳǊƴŜȅ ƛƴǾƻƭǾŜǎ ǘǊŀǾŜǊǎƛƴƎ ǎǘŜŜǇ ǎƭƻǇŜǎΦ RodrƤȳguez & Joo (2004) discovered that 

the increase in travel time associated with the local topography significantly reduce the willingness for 

ǇŜƻǇƭŜ ǘƻ ǘǊŀǾŜƭ ōȅ ōƛƪŜΦ !ǎ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘǊŀǾŜƭ ǘƛƳŜ ǿƛƭƭ ǊŜǎǳƭǘ ƛƴ ǘƘŜ ƛƴŘƛǾƛŘǳŀƭΩǎ ǾŀƭǳŀōƭŜ ǘƛme taken 

away from the time to be spent at their destination, a prolonged journey on steep slopes could require 

cyclists to perceive the journey as incurring a higher cost.  

The results from multiple previous research efforts demonstrated a common agreement that the 

topography of a city poses a significant barrier for people to be persuaded to cycle. The impact is especially 

significant in cities that contains bicycle routes that involve prolonged sections of high elevation changes. 

This type of city tends to be limited in the types of trip that can be completed by bike due to reduced 

comfort and increased travel times (Li et al., 2012; RodrƤȳguez & Joo, 2004; Winters et al., 2011). What 

remains unanswered is the degree to which the slope that cyclists face will dissuade them from cycling. 

The topic of topography requires additional study to accurately understand the magnitude of impact it 

has on the desirability of cycling as a transport mode for both new and current cyclists.  

2.4 The Impact of the Bicycle Network to the Desirability of Cycling 
¢ƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻŦ ŀ ŎƛǘȅΩǎ ōƛŎȅŎƭŜ ƴŜǘǿƻǊƪ ŀƭǎƻ ƛƴŦƭǳŜƴŎŜ ǘƘŜ ŘŜǎƛǊŀōƛƭƛǘȅ ƻŦ ŎȅŎƭƛƴƎ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ 

quality of the infrastructure that cyclists experience on their journey. The types of cycling infrastructure 

typically constructed in North American cities include off-street pathways dedicated for cyclists, off-street 

multiuse pathways shared between cyclists and pedestrians, on-street protected bicycle lanes, on-street 

painted bicycle lanes, and shared traffic between cyclists and motorists (Furth, 2021). All types of cycling 
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infrastructure can produce different perceptions of comfort for cyclists because each type offers a 

different level of separation with other road users, such as motorists and pedestrians. Because high 

differences in speed and high traffic volumes on a shared roadway often create greater risks (or greater 

perceptions of risk), especially collisions between the road users, these facilities may be a deterrent for 

cyclists, particularly new cyclists. Therefore, the ideal type of cycling facility where cyclists often feel the 

most comfortable are cycling lanes that are separated between road users and even more so in facilities 

that are separated by barriers (Furth, 2021).  

When cycling infrastructure is absent for substantial portions of high potential demand routes, many 

potential cyclists may be deterred because they perceive danger. As cycling infrastructure constitutes 

more than a series of disconnected links, a well-designed bicycle system will have infrastructure that 

collectively forms a network that allows for safe, direct connections between high volume origins and 

destinations (Furth, 2021). When gaps exist in the connections between new and existing infrastructure 

elements, the results can be a significant reduction in the desirability of cycling for transport. Therefore, 

ǘƘŜ ŜǾŀƭǳŀǘƛƻƴ ƻŦ ōƛŎȅŎƭŜ ƴŜǘǿƻǊƪΩǎ ƛƳǇŀŎǘ ƻƴ ǘƘŜ ŘŜǎƛǊŀōƛƭƛǘȅ ƻŦ ŎȅŎƭƛƴƎ ƛƴǾƻƭǾes a wide range of 

considerations that help to understand the qualities of a good cycling network.  

The evaluation of bicycle network connectivity involves determining the ability of cyclists to travel on an 

interrupted set of adequate facilities between their origins and destinations. Although the ideal scenario 

is for cyclists to be able to reach their destinations by solely traveling on dedicated cycling facilities, gaps 

may exist within cycling networks that tend to present cyclists with a difficult choice: continue on the 

ǎƘƻǊǘŜǎǘ ǇŀǘƘ ǿƘŜǊŜ ǘƘŜ ŎȅŎƭƛǎǘΩǎ ŎƻƳŦƻǊǘ ƭŜǾŜƭ ǿƛƭƭ ōŜ ƭƻǿŜǊ ƻǊ ǘƻ ŎƘƻƻǎŜ ŀƴ ŀƭǘŜǊƴŀǘƛǾŜ ǊƻǳǘŜ ǘƘŀǘ ǊŜǉǳƛǊŜǎ 

longer-than-minimum distances. While the safety of using the cycling facilities is often the greatest 

concern of cyclists, emphasis should also be given to understand the connectivity of the facilities to 

maximize the extent of safe cycling routes (Sallis et al., 2013). Especially given that cycling is often in 

competition with the convenience of driving in North American cities, the lack of direct routes for users 

to cycle to their destination may place cycling at a disadvantage relative to cars.  

Furth (2021) has also discussed a similar need to develop cycling networks that maximize direct 

connections between origins and destinations to limit route detours to less than 20% of the entire route. 

Because cycling is a human-powered mode of transportation, the requirement to travel additional 

distances to remain in safe facilities will make the choice of cycling less desirable.  The presence of facilities 

that create the perception of safety along the route may motivate more people to cycle. Therefore, this 

research evaluates the level of connectivity of cycling networks to determine the ability of cyclists to travel 

to their destination by only using the cycling network.  

In addition to the considerations of the connectivity of cycling routes, the evaluation of bicycle networks 

also requires the considerations to the safety of users on the facilities.  Sallis et al. (2013) found through 

a survey of bike owners that while 71% of the respondents shared that they have ready access to a bicycle, 

60% of them did not bike in the past year, mostly due to reasons surrounding safety of their journey. With 

safety being found as a great concern for most potential cyclists, and with knowledge of what types of 

facilities are considered safe, more research is necessary to understand the impact of the presence of safe 

cycling facilities on the willingness to cycle.  

Most researchers consider the connectivity of the overall bicycle network as a key indicator for the 

desirability of cycling (Buehler & Dill, 2016). They also agree that the density of bicycle infrastructure 

positively correlates to the decision to cycle (Buehler & Dill, 2016). When cyclists have greater access to 
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high quality cycling facilities, the desirability of using a bicycle for the trip is significantly higher than in 

areas with low density of available cycling facilities. Given these observations, this research also 

investigates the density of bicycle facilities in each case study city to understand the desirability of cycling.  

Beyond the density of cycling facilities, prior research also outlined a possible link between the density of 

street intersections and the likelihood of cycling. Winters et al. (2010) used intersection density as an 

indicator to compare decisions of mode choice between driving and cycling. The results of the research 

fouƴŘ ǘƘŀǘ ƘŀǾƛƴƎ ƘƛƎƘ ƛƴǘŜǊǎŜŎǘƛƻƴ ŘŜƴǎƛǘȅ ŀƭƻƴƎ ǘƘŜ ŎȅŎƭƛǎǘǎΩ ǊƻǳǘŜ ŎƻǊǊŜǎǇƻƴŘŜŘ ǘƻ ŀ ƘƛƎƘ ƭƛƪŜƭƛƘƻƻŘ ƻŦ 

cycling (Winters et al., 2010). The authors observed that a high number of intersections leads to an 

increased number of possible routes for cyclists. However, a high density of street intersections can also 

increase the risk for cyclists to be involved in a collision with automobile (Wei & Lovegrove, 2013). 

Therefore, intersection density has been shown to be a metric that can both negatively and positively 

correlated to observed cycling activities.  

2.5 The Impact of Climate on the Desirability of Cycling 
Since cycling is a mode of transportation that involves travelling in outdoor uncovered spaces, the 

desirability of cycling is likely influenced by weather patterns. More specifically, the desirability of cycling 

can fluctuate with decreasing cycling activity as a result of extreme warmth and cold temperatures, as 

well as increasing levels of precipitation (Pucher et al., 2021). Böcker & Thorsson (2014) discovered similar 

observations in reviewing the rate of cycling activities across different temperature in the Netherlands. 

Their data suggest that the rate of cycling activities: tends to be low when the temperature is below 5 

degrees Celsius; increases linearly when the temperature is between 5 and 25 degrees Celsius; and falls 

again when the temperature is above 25 degrees Celsius (Böcker & Thorsson, 2014).  

Similarly, in the context of North American cities, Spencer et al. (2013) discovered that extreme cold 

temperatures in winter may impact the desirability of cycling. In their work, respondents indicated that 

they had a threshold temperature below which they opted not to cycle.  While the lowest temperature 

that cyclists found comfortable differed from person to person, there were common strategies to 

addressing low temperatures, most notably having more layers of clothing. Still, in both the Dutch and 

North American cases, decisions to cycle are often made with the consideration of other environmental 

factors.   

The desirability to cycle is also often influenced by the amount of precipitation. As Böcker & Thorsson 

(2014) suggested in their research, the willingness to cycling drops significantly when it rains or snows, 

and continues to decrease linearly as the precipitation intensifies. Motoaki & Daziano (2015) also found 

similar decreases in the demand for cycling when it is raining or snowing. Snowfall, however, was found 

to be a greater deterrent to cycling than rain due to the need for snow removal services to maintain the 

road (Spencer et al., 2013). Based on these previous findings, the case study cities will be evaluated for 

their climatic trends ς temperature and precipitation rates ς when evaluating their suitability for cycling. 

2.6 The Impact of Demographics on the Desirability of Cycling 
!ƴƻǘƘŜǊ ƪŜȅ ŦŜŀǘǳǊŜ ǘƘŀǘ ŀŦŦŜŎǘǎ ŀ ŎƛǘȅΩǎ ŀōƛƭƛǘȅ ǘƻ ƳƻǘƛǾŀǘŜ ƛƴŎǊŜŀǎŜŘ ŎȅŎƭƛƴƎ ǳǎŜ is the age profile of 

residents.  Previous research identified some demographic attributes that are positively correlated to the 

likelihood of cycling.    In a survey of cyclists in Vancouver, Winters et al. (2010) found that there are five 

times more cyclists who are within the 19 to 25 age group than individuals who are aged 65 and above. 

As cycling is a mode of transport that demands physical abilities from individuals, and youths are generally 
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more physically active than other age groups, cities with a high youth population may have greater 

potential to increase cycling activity (Winters et al., 2010). Similar trends were also observed by Buehler 

& Pucher (2021). Their research across multiple countries observed that cycle rates are substantively 

higher for those younger than 39 years old. In the United States,  Chaney et al. (2014) surveyed a group 

of college students and discovered that 78% of respondents used active transportation modes at least 

once in a week, which is higher than the national average for other age groups (Chaney et al., 2014). Based 

on these observations, this research begins with the assumption that cities with a high proportion of youth 

residents and college students have the greatest potential for increasing cycling rates.  

2.7 The Impact of Planning Policies on the Desirability of Cycling 
The above sections identified the key elements of cities that can either be helpful in motivating increases 

in cycling ς by attracting new cyclists or expanding the mode share of current cyclists.  The literature also 

suggests that some cities have natural attributes ς topography, climate and demography most notably ς 

that may have negative impacts on cycling.  Planning as a discipline and practice intends to achieve socially 

desirable outcomes through available tools and techniques.  As such, it is appropriate to ask if there are 

planning interventions that have been successfully developed and implemented to address specific 

obstacles to cycling including those identified through this analysis.   

With cars continuing to be the most popular mode of transport in North American cities, the level of 

ŀƳōƛǘƛƻƴ ǎƘƻǿƴ ƛƴ ŜŀŎƘ ŎƛǘȅΩǎ ǇƻƭƛŎƛŜǎ ǘƻ ƛƴŦƭǳŜƴŎŜ ŀ ōŜƘŀǾƛƻǳǊŀƭ ŎƘŀƴƎŜ ǘƻ ǎǳǎǘŀƛƴŀōƭŜ ƳƻŘŜǎ ƻŦ ǘǊŀƴǎǇƻǊǘ 

can certainly influence the rate of cycling. One example of expanding bicycle use through policy 

interventions can be observed in Portland, Oregon. While Portland was historically a car-centric city, the 

local government began aggressively developing a series of interconnected bicycle boulevards beginning 

in the late 1980s to stimulate interest in cycling (Geller & Marques, 2021)Φ tƻǊǘƭŀƴŘΩǎ ŘŜŎƛǎƛƻƴ ǘƻ ǘŀƪŜ 

substantive action towards building bicycle facilities was fortified as a result of the Complete Streets 

Legislation in the state of Oregon.  Municipal governments were mandated to invest in cycling and walking 

infrastructure; concurrently, strong political leaders, who recognize the importance of improving cycling 

infrastructure, rose to power (Geller & Marques, 2021). In addition, the high density road layout of 

tƻǊǘƭŀƴŘ ŎƻƴǘǊƛōǳǘŜŘ ǘƻ tƻǊǘƭŀƴŘΩǎ ǎǳŎŎŜǎǎ ƛƴ ōǳƛƭŘƛƴƎ ŎȅŎƭƛƴƎ ŦŀŎƛƭƛǘƛŜǎ ǊŀǇidly (Geller & Marques, 2021). 

5ŜǎǇƛǘŜ tƻǊǘƭŀƴŘΩǎ ƘƛǎǘƻǊƛŎ ŎƘŀƭƭŜƴƎŜǎ ǎǘŜƳƳƛƴƎ ŦǊƻƳ ƛǘǎ ŎŀǊ-oriented urban design, the development of 

strong active transportation planning policies demonstrates the ability to successfully stimulate interest 

in cycling.  

More generally, places where cycling activities substantial increase are in fact in places where their local 

authorities enacted robust plans and policies to influence bicycle use (Pucher et al., 2011). Although the 

intentions of city-wide policies are to improve the use of cycling in general, different policies are required 

to support cyclists who ride for utilitarian and recreational purposes. These groups tend to have different 

levels of confidence in their abilities in cycling and tolerance of discomfort; therefore, the plans and 

ǇƻƭƛŎƛŜǎ ŎǊŜŀǘŜŘ ŀƭǎƻ ǎƘƻǳƭŘ ŎƻƴǎƛŘŜǊ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ƴŜŜŘǎ ǘƻ ƳŜŜǘ ǘƘŜǎŜ ǳǎŜǊǎΩ ǊŜǎǇŜŎǘƛǾŜ ƎƻŀƭǎΦ ¢ƘŜ 

challenge of attracting more utilitarian cyclists is even more pronounced in suburban areas in North 

American cities, given their dispersed land uses (McAndrews et al., 2018). In conclusion, different 

approaches to motivate increased cycling usage are required depending on the type of cyclists the policies 

seek to attract and the location on which the policies are enacted.  
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A final step in this research is to evaluate how the case study cities have addressed barriers to cycling.  

This is accomplished through a review of recent cycling planning documents with special attention to the 

other elements identified here. 

2.8 Summary 
This literature review presented many of the key factors that influence the desirability of cycling as 

identified through prior research. Obviously, much has changed surrounding transportation behavior in 

the presence of the global pandemic.   Although the transportation habits of urban dwellers in many North 

American cities have changed significantly, the research into the key factors that influence transportation 

mode choice will continue to have its importance when cities continue their mission to reduce reliance 

on cars. The following table summarizes the primary lessons learned through the literature review.  These 

relationships between city attributes and the opportunities or challenges associated with increasing 

cycling form the foundation of the methods used in this research, described in Chapter 3. 

Table 1 - Summary of Lessons Learned 

Attributes Lessons Learned ς attributes that motivate increased cycling 

Built 
Environment 

¶ Short travel distances to essential services (Heesch et al., 2015; Moudon et al., 
2005) 

¶ Bicycle-oriented design (Newman et al., 2016) 

¶ Mixture of land uses (Christiansen et al., 2016; Koohsari et al., 2020) 

¶ High density of population (Christiansen et al., 2016; Koohsari et al., 2020) 

Topography ¶ Low to no slope (Li et al., 2012; RodrƤȳguez & Joo, 2004; Winters et al., 2011) 

Bicycle 
Network 

¶ Direct connections between origins and destinations (Furth, 2021) 

¶ High connectivity within the cycling network (Sallis et al., 2013) 

¶ Density of cycling network (Buehler & Dill, 2016) 

¶ Highly connected streets (Winters et al., 2010) 

Climate 
¶ Low precipitation or snowfall (Böcker & Thorsson, 2014; Motoaki & Daziano, 

2015; Spencer et al., 2013) 

¶ Temperature between 5 to 25 degrees Celsius (Böcker & Thorsson, 2014) 

Demographics 
¶ Presence of college students (Chaney et al., 2014) 

¶ High population under 39 years old (Buehler & Pucher, 2021) 

 

  



 

13 
 

Chapter 3: Methods 

3.1 Introduction to Methods 
Scholars in the planning field have identified diverse research approaches to determine the suitability of 

cycling in a city. Previous research works used approaches including the evaluation of circumstances that 

influence individual perceptions on cycling (Winters et al., 2011), determination of features of a high-

quality cycling space (Furth, 2021), and an examination of the policy responses that were proven to be 

able to stimulate cycling demand (Pucher et al., 2011). Although the previous research work forms a 

foundation of understanding about how to create an environment suitable for cycling, it is still 

undetermined whether the findings can imply that cities can be naturally more advantageous to 

promoting cycling. To address the deficit of knowledge in understanding the suitability of cycling in cities, 

this research compares and evaluates environmental, geographic, and demographic attributes within 

each case study city that were found through previous literature to influence cycling use. The comparison 

of characteristics across each case study city will help inform the degree to which there is a natural 

propensity to cycle in the case study cities and whether their physical characteristics played a role in their 

success in stimulating interest in cycling.  

Because the environmental, geographic, and demographic attributes are often represented in both 

qualitative and quantitative forms, using the same metrics to compare between each retrieved variable is 

not a suitable method. Instead, this research uses the Multiple Account Evaluation (MAE) ς a widely used 

tool (Region of Waterloo, 2009) for infrastructure assessment that allows for the inclusion and comparison 

of qualitative and quantitative results ς to make it possible to determine if cities are naturally more 

advantageous in promoting cycling. The quantitative and qualitative data results will be compared using 

different metrics determined by known values and previous research works.  

The method is applied to cities in North America (Vancouver, BC, Portland, OR, Waterloo, ON, and 

Madison, WI) that were purposefully selected based on their similarities and differences in the attributes 

identified as influencing the propensity to cycle. The MAE evaluation model allows for an effective 

comparison of the impacts of each physical characteristic because appropriate metrics ς both quantitative 

spatial analysis and qualitative policy reviews ς can be compared equally and directly in terms of their 

impacts on motivation to cycle.  

3.2 Introduction to Multiple Account Evaluation (MAE) 
Multiple account evaluation (MAE) is an assessment tool used for comparing multiple criteria for 

infrastructure projects and plans. This method aims to provide a balanced view for decision makers about 

the potential impacts that projects may achieve by accommodating comparisons between quantitative 

and qualitative findings (Region of Waterloo, 2009). With the physical attributes supporting and 

dissuading cycling use being represented by both qualitative and quantitative data, comparing the data 

using the MAE tool can standardize the methods of comparison and make it easier to draw conclusions. 

The MAE tool also makes comparing between the attributes simpler by allowing different sets of metrics 

to evaluate each physical attribute.  

As described in earlier sections, the propensity to cycle has been shown to be influenced by various 

physical, climatic, demographic, and governance attributes.  For this research, the six attributes to be 

compared using the MAE tool are: 

¶ Built Environment 
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¶ Topography 

¶ Bike Network Connectivity and Length 

¶ Climate 

¶ Demographics 

¶ Policy Responses 

The results generated by the MAE tool help with the evaluation of how physical attributes and policy 

ǊŜǎǇƻƴǎŜǎ ƻŦ ŜŀŎƘ Ŏƛǘȅ ƘŀǾŜ ōŜŜƴ ǎǳǇǇƻǊǘƛǾŜ ƻŦ ŎȅŎƭƛƴƎΦ ¢ƘŜ ƳŜǘǊƛŎǎ ǘƻ ŜǾŀƭǳŀǘŜ ŎƛǘƛŜǎΩ physical attributes 

and their influence on environments that are suitable for cycling are based on previous research work on 

each attribute. The policy responses will also be compared and evaluated through their ability to 

implement known best practices and process of overcoming challenges.  

3.3 Quantitative Analysis 
Many of the physical attributes found to be conducive or dissuasive to cycling are often represented 

quantitatively through data extractions. These analyses typically require spatial data; for this work, data 

were collected from government open sources and the University ƻŦ ²ŀǘŜǊƭƻƻΩǎ Řŀǘŀ ƭƛōǊŀǊȅΣ ŀǎ ǿŜƭƭ ŀǎ 

statistical data collected from census administrators and meteorological agencies. Specific data gathering 

methods and calculations are explained in this section for each of the five accounts.  

3.3.1 Built Environment Account 
As described in the literature review, a critical variable that influences the likelihood to cycle is density.  

Some metrics of density include population or employment density, measured as the quantity of interest 

(residents or jobs) per unit of area, typically in square kilometres. Another commonly used density metric 

is intersection density, or the number of intersections per square kilometre. The relationship between the 

density of activities and intersection density is as one would expect: high land-use density areas in cities 

produce a greater number of intersecting roads, whereas low land use density (e.g., suburbs and rural 

areas) contain fewer intersections.  Thus, summarizing the number of intersections within a specified area 

helps to differentiate between areas with different built form.  

In this research, the density of intersections is calculated using spatial analysis tools for each of the case 

study cities (Vancouver, BC, Portland, OR, Waterloo, ON, and Madison, WI). The general approach is to 

overlay the city with a regular grid, in this case with hexagons with common, 1 square kilometer areas, 

and to count the number of intersections present within each cell of the grid.  From these spatial 

observations, standard descriptive statistics can be calculated including the mean number of intersections 

per grid cell.  Moreover, the number of intersections per unit of area can be equated to land use 

characterizations ς high density urban cores, medium density urban areas, low density suburban areas 

and very low density rural areas. The distribution of these categories ς the relative frequencies in each 

city ς are compared to determine ƛŦ ŀƳƻƴƎ ǘƘŜ ŎŀǎŜ ǎǘǳŘȅ ŎƛǘƛŜǎ ŀƴ ƛƴŘƛǾƛŘǳŀƭ ŎƛǘȅΩǎ ǎƘƻǳƭŘ ōŜ ŎƻƴǎƛŘŜǊŜŘ 

as supportive or limiting in growing cycling interests. More specific descriptions of the intersection density 

calculations are presented in the following section. 

3.3.1.1 Data Collection 

The analysis of intersection density in each city involves the collection of roadway and city boundary 

shapefiles from government open data sources and analyzing the spatial data using several tools in ArcGIS. 

The data used to represent the road networks and the municipal boundaries were collected from the case 

ǎǘǳŘȅ ŎƛǘƛŜǎΩ ƭƻŎŀƭ ƎƻǾŜǊƴƳŜƴǘ ƻǇŜƴ Řŀǘŀ ǎƻǳǊŎŜǎ, using the most recent version, to ensure accuracy. The 
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roadway data contain spatial representations of intersection locations. The city boundary shapefiles are 

necessary to limit the work to the existing boundaries. The specific data files and their source of retrieval 

are listed in the Table 2 below. 

Table 2 - List of data sources used for the Intersection Density Analysis 

City Name of File (Year Pub.) Source 

Vancouver, BC Intercensal Road Network Files (2020) Statistics Canada 

Census Boundary Files (2016) Statistics Canada 

Portland, OR Streets (2021) PortlandMaps 

City Boundaries (2020) PortlandMaps 

Willamette/Columbia River Ordinary High Water (2019) PortlandMaps 

Waterloo, ON Intercensal Road Network Files (2020) Statistics Canada 

Census Boundary Files (2016) Statistics Canada 

Rivers (2019) Region of 
Waterloo Open 
Data 

Madison, WI Street Centreline and Pavement Data (2021) City of Madison 
Open Data 

City Limit (2017) City of Madison 
Open Data 

 

However, additional modifications to the source data are necessary to calculate intersection densities. 

The municipal boundaries of Portland and Waterloo have water features embedded within them. When 

the analysis grids are overlaid onto these cities, the areas containing these water features will, of course, 

have fewer intersections. As such, the presence of large water bodies will affect the accuracy of the 

results. To address this potential of error, it was necessary to retrieve and exclude the spatial data for the 

water features within these cities. For the City of Portland, the Willamette/Columbia River Ordinary High 

Water Řŀǘŀ ŦƛƭŜΣ ǊŜǘǊƛŜǾŜŘ ŦǊƻƳ tƻǊǘƭŀƴŘΩǎ ƻǇŜƴ Řŀǘŀ ǿŜōǎƛǘŜΣ tƻǊǘƭŀƴŘaŀǇǎΣ ǿŀǎ ǳǎŜŘ ǘƻ ǊŜǇǊŜǎŜƴǘ ǘƘŜ 

ǿŀǘŜǊ ŦŜŀǘǳǊŜǎ ǿƛǘƘƛƴ tƻǊǘƭŀƴŘΩǎ Ƴǳƴicipal boundary. The Grand River, which runs through the Region of 

Waterloo, was represented by the Rivers data file, retrieved from the Region of Waterloo open data 

website. The areas contained within these shape files were excluded from the intersection density analysis 

ǳǎƛƴƎ ǘƘŜ ά9ǊŀǎŜέ ǘƻƻƭ ƛƴ !ǊŎDL{ ǿƘƛŎƘ ǎǇŜŎƛŦƛŜǎ ŀǊŜŀǎ ǘƻ ŜƭƛƳƛƴŀǘŜ ŦǊƻƳ ŦǳǘǳǊŜ ŀƴŀƭȅǎŜǎΦ 

Once the road network, municipal boundary, and water feature data files were collected, they were input 

into the ArcGIS program for further processing. Before beginning work with the data, a common 

projection ς NAD 1983 ς was established.  More specifically Zone 10N was used for Vancouver and 

Portland, Zone 16N for Madison, and Zone 17N for Waterloo, to ensure accuracy.  

3.3.1.2 Data Extraction 

The process of calculating the density of intersections required a method of calculating the number of 

intersections over a defined area. The approach taken in this research was to create a new point dataset 

by using the intersect tool in ArcGIS. By completing this step, the program outputs a point where the roads 

intersect with each other and defines the location where the intersection occurred. The total number of 

newly created points then informs the number of intersections located within the case study cities.  
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With the locations of the road intersections defined, there was a need to create smaller spatial areas over 

which intersection densities could be calculated. To differentiate between the areas of high and low 

intersection density within the case study cities, it is necessary to divide the area within the municipal 

boundary into a grid of equal areas to ensure consistency. Because municipal boundaries often produce 

irregular shaped areas, this research aims to resolve the problem by using equal sized hexagons to better 

fit geographic boundaries. The hexagon tiles were created with the size of 1km2 using the Generate 

Tessellation tool in ArcGIS with the extent set to the municipal boundary of the case study cities. Because 

the hexagon tiles created may cover areas outside of municipal boundary, it was then necessary to use 

ǘƘŜ ά/ƭƛǇέ ǘƻƻƭ ƛƴ !ǊŎDL{ ƻƴ ǘƘŜ ŦƛƭŜǎ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ƘŜȄŀƎƻƴ ǘƛƭŜǎ ǘƻ ǊŜmove the areas outside of the 

municipal boundary.  

With the hexagon tiles created and the locations of intersections determined, the calculation of 

intersection density happens by joining both sets of data spatially using functions in ArcGIS. The approach 

taken was to use the Spatial Join tool in ArcGIS to summarize the number of intersection points located 

within each hexagon tile. The value gathered from the Spatial Join function could be used to determine 

which tiles in which parts of the city contains a higher of lower density of intersections, thereby informing 

the areas that are more conducive to cycling.  

However, as demonstrated in Figure 2 many hexagon tiles on the city edges are not at exactly 1km2 in size. 

It is therefore necessary calculate densities for those zones based on the actual areas of the hexagon tiles. 

To do so, a field was created that contained the actual areas of all the hexagons; for most the value was 

1km2. But, for those along the municipal boundary, the areas were generated by ArcGIS and the fields 

Figure 2 - Hexagon tiles creating 1km2 subdivisions of Vancouver, BC 
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were populated. Finally, actual intersection densities were calculated for all hexagon tiles in each city. The 

results computed form the basis of the comparison of built environment attributes of the candidate cities.   

3.3.1.3 Data Classification 

The previous step in the analysis produced a set of 1km2 hexagons in each city; for each of those hexagons, 

the number of intersections per square kilometer is calculated.  The next step in the analysis is to calculate 

the frequency of observations belonging to various categories. The classification of intersection density in 

the list below (Table 3) was determined based on known areas of high and low development density within 

the cities. Creating distributions (observations of the frequencies) for the presence of these categories in 

each of the case cities, allows for a comparison of the prevalence of cycling-conducive densities. Because 

essential destinations tend to be located close to places of residence in a high-density built environment, 

and requires short travel time and distance, it is assumed that cycling is preferable in a higher density 

areŀΦ ¢ƘŜ ƳŜǘǊƛŎǎ ŦƻǊ ǘƘŜ ŎƻƳǇŀǊƛǎƻƴ ōŜǘǿŜŜƴ ǘƘŜ ŎŀǎŜ ǎǘǳŘȅ ŎƛǘƛŜǎΩ ōǳƛƭǘ ŜƴǾƛǊƻƴƳŜƴǘ ŀǘǘǊƛōǳǘŜǎ ǿƛƭƭ ōŜ 

ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ ŘŀǘŀǎŜǘΩǎ ǎǘŀǘƛǎǘƛŎŀƭ ŘƛǎǘǊƛōǳǘƛƻƴΦ  

Table 3 - Classification of Intersection Density 

# of Intersections Points per unit of area Description 

0 ς 100 Rural 

100 ς 200  Suburban  

200 ς 300  Medium Density 

>300 High Density 

 

3.3.2 Topography Account 
The purpose of the topography analysis is to determine areas of the case cities where grades exist that 

may present challenges that dissuade cycling. With the assumption that fewer of these challenging 

topographic features means that the city on the whole is more conducive to cycling, this research aims to 

quantify the relative prevalence of these grades in the case studies. 

To estimate the topography metric, the percent grade change in elevation was measured across both 1 

and 10 metre squares overlaid on the case study cities. The motivation for this approach, including the 

two scales of assessment, is to find the relative frequency of zones that across their boundaries have 

grades that are potentially problematic for cyclists.  One meter square assessments reflect a very 

disaggregate approach that best represents the actual topography; however, this scale may result in a 

resolution that is inconsistent with what a cyclist might experience.  The 10 meter squares allow for a 

ǎƛƳƛƭŀǊ ƭŜǾŜƭ ƻŦ ŘƛǎŀƎƎǊŜƎŀǘƛƻƴΣ ōǳǘ Ƴŀȅ ōŜǘǘŜǊ ŎŀǇǘǳǊŜ ŀ ŎȅŎƭƛǎǘΩǎ ǇŜǊŎŜǇǘƛƻƴ ŀǎ ǘƘŜȅ ǘǊŀǾŜǊǎŜ ǘƘŜ ŀǊŜŀǎ 

measured.  A second approach was to measure the percent grade of each segment of bicycle facility, with 

the segment lengths being defined by the GIS elements that represent the links. This third approach 

represents the least spatially disaggregate and may be most effective in capturing prolonged exposures 

to grades.  This final method also allows for grades to be calculated across different cycling facilities. The 

quantitative variables calculated will be compared between each city to determine whether their 

topography will promote or dissuade cycling use. 

3.3.2.1 Data Collection 

The analysis of overall slope of the case study cities and slope of each segment of cycling facilities requires 

the data typically contained in digital elevation models (DEM). The DEM includes the height of each equal 
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sized cells, either 1 or 10 metre squared, laid across an entire geographic area. The sources of the DEM 

collected for each city is listed in Table 4 below.  

Table 4 - Digital Elevation Model Data Sources 

City Name of File Source (Website) 

Vancouver, BC DEM (2013) City of Vancouver Open Data 

Portland, OR  USGS DEM Oregon 10 Meter (2021) State of Oregon Geospatial Enterprise 
Office 

Waterloo, ON Southwestern Ontario Orthophotography 
Project (SWOOP) (2015) 

University of Waterloo Spatial Data 
Library 

Madison, WI Digital Elevation Model (DEM) ς 10 Meter 
(2019) 

Wisconsin Department of Natural 
Resources 

 

3.3.2.2 Data Processing 

The following diagram, Figure 3, summarizes the specific steps taken to analyze the patterns of elevation 

changes across the entire area of each city. This process uses multiple spatial analysis tools in ArcGIS to 

generate the results. Because the DEMs collected from sources listed in Table 4 may contain information 

of ŀ ƎŜƻƎǊŀǇƘƛŎ ŀǊŜŀ ǘƘŀǘ ŜȄǘŜƴŘǎ ŦŀǊ ōŜȅƻƴŘ ǘƘŜ ƳǳƴƛŎƛǇŀƭ ōƻǳƴŘŀǊƛŜǎΣ ǘƘŜ ά9ȄǘǊŀŎǘ ōȅ aŀǎƪέ ǘƻƻƭ ƛƴ 

ArcGIS is used to truncate the features of interest at the municipal boundary, and to eliminate the 

attributes (elevation) at that spatial location. Following this action, I used the resulting DEM as the basis 

of the calculation of the steepness of slope within each cell across the entirety ƻŦ ŜŀŎƘ ŎŀǎŜ ǎǘǳŘȅ ŎƛǘȅΩǎ 

ŀǊŜŀ ƛƴ !ǊŎDL{Ωǎ ǎƭƻǇŜ ǘƻƻƭΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ŦƛƭŜΣ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ǎƭƻǇŜ ƛƴŦƻǊƳŀǘƛƻƴΣ ǿŀǎ ǊŜŎƭŀǎǎƛfied into the 

range of slopes listed in Table 5, which has been established based on the known ranges of previously 

discovered in Chapter 2.   

 
Figure 3 - The process of creating an elevation model that has a limited geographic scope and categorized in a range of known 
value 
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The Figure 4 outlines the process of determining the elevation changes along segments of bicycle facilities 

using the Add Surface Information tool in ArcGIS. The tool combines the information of two key variables, 

bike lane segments and elevation, to quantify the grade and, as a result, help to understand how the 

topography could impact the comfort of cyclists who are using the facilities. The location bike routes were 

represented by the bikeway shapefiles collected from each case study city, and the topographic changes 

of the cities were represented by the DEM. The tool could also calculate the maximum, minimum, and 

average, slope of each segment of cycling facility to support a better understanding of implications on the 

ŎȅŎƭƛǎǘǎΩ ŎƻƳŦƻǊǘΦ ¢Ƙƛǎ ŀƴŀƭȅǎƛǎ ǳǎŜǎ ǘƘŜ ŀǾŜǊŀƎŜ ǎƭƻǇŜǎ ƻŦ ŜŀŎƘ ŎȅŎƭƛƴƎ ŦŀŎƛƭƛǘȅ ǎŜƎƳŜƴǘ ŦƻǊ ŀ ōŀƭŀƴŎŜŘ 

consideration of data. The resulting data are reclassified into the known categories listed in Table 5. The 

results revealed in this process will allow for a comparison between the level of comfort of using the 

cycling facilities within each city.   

3.3.2.3 Data Classification  

The data gathered through the methods described above are compared to a set of known values 

determined by (Matias et al., 2020), as listed in Table 5. The categories denote the level of comfort at each 

range of slope. The data derived from the DEM for each case study city are compiled into frequency 

distributions, with the proportions of total zones belonging to each category of slope.  These distributions 

are compared across the cities to determine whether the topographic attributes of the case study cities 

have reduced the suitability of cycling within them.   

Table 5 - A table outlining the relationship between a range of slope and the comfort of cyclists (Matias et al., 2020) 

 

3.3.3 Bicycle Network Connectivity and Density Account 
The quantitative analysis used for the bicycle network account includes two metrics ς an estimate of the 

bicycle network connectivity, as well as bicycle network length within a kilometre square. The purpose of 

this analysis includes an examination of connŜŎǘƛǾƛǘȅ ƻŦ ŜŀŎƘ ŎƛǘƛŜǎΩ ōƛŎȅŎƭŜ ƴŜǘǿƻǊƪ ŀƴŘ ŀ ŎƻƳǇŀǊƛǎƻƴ 

between the density and connectivity of bicycle facilities in high- and low-density areas of each city. 

Gradient Description Suitability 

0-3% Level Good for cycling 

3-5% Gentle Slope Suitable for cycling up to medium distances 

5-8% Moderate Slope Inappropriate for long and medium distances  

8-10% Steep Slope Acceptable for very short distance 

Figure 4 - The process of adding elevation information into an existing shapefile 
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Determining the connectivity of cycling facilities is important because the inability of cyclists to reach their 

destinations on dedicated safe cycling routes will deter cyclists from cycling. Moreover, previous research 

has demonstrated that many roadways in North American cities were not built to protect cyclists, resulting 

in large and impactful gaps in the overall connectedness of the bicycle infrastructure. The density of 

cycling facilities is also important to be considered because a high density of cycling facilities reduces the 

time cyclists are required to travel in unsafe spaces and thereby influencing their desirability to cycle. 

Therefore, the results of this analysis provide evidence as to whether the existing bicycle network in each 

city has been conducive or unfavourable for promoting cycling as a viable travel option.  

3.3.3.1 Data Collection  

The analysis of bicycle network connectivity and density uses the following data collected from publicly 

available sources.  

Table 6 - List of shapefiles used for bicycle network analysis 

City Name of File Source (Website) 

Vancouver, BC Bikeways (2021) City of Vancouver Open Data 

Boundary Files (2016) Statistics Canada 

Portland, OR  Bicycle Network (2020) PortlandMaps 

City Boundaries (2021) PortlandMaps 

Waterloo, ON Active Transportation (2021) City of Kitchener 

Bikeway Network (2020) The City of Cambridge 

Major Active Transportation Routes 
(2018) 

City of Waterloo 

Trails and Pathways (2021) City of Waterloo 

Cycling (2020) Region of Waterloo 

Boundary Files (2016) Statistics Canada 

Madison, WI Bike LTS (2021) City of Madison 

Bike Paths (2021) City of Madison 

City Limit (2017) City of Madison 

 

3.3.3.2 Data Processing 

3.3.3.2.1 Bicycle Network Connectivity 

The analysis of cycling network connectivity involves multiple processes in ArcGIS and Microsoft Excel as 

shown in the following figure. The process begins with importing the relevant shapefiles, such as the 

bicycle facilities and the city boundary files, into a single file geodatabase (Figure 5). The spatial 

representation of bicycle facilities forms the network dataset for each city and the city boundaries form 

the basis of laying out 1km2 hexagon zones across the case study cities to generate a set of origin and 

destination points (Figure 6). Because the line segments of cycling facility in the data file may contain 

inaccuracies when intersections are physically near each other but are not registered as connected, an 

ƛƳǇƻǊǘŀƴǘ ǎǘŜǇ Ƴǳǎǘ ōŜ ǘŀƪŜƴ ǘƻ ǊŜǎƻƭǾŜ ǘƘŜ ǇǊƻōƭŜƳ ƛǎ ōȅ ǳǎƛƴƎ ǘƘŜ άƛƴǘŜƎǊŀǘŜέ ǘƻƻƭ ƛƴ !ǊŎDL{ ǘƻ ƳŀƪŜ ŀƭƭ 

line segments connect with each other when they physically intersect.  
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The network dataset built for this analysis can then use the revised and integrated bicycle network file to 

construct all bicycle facility paths (connections of individual segments) in the city. The results generated 

from this analysis will reveal the percentage of destination zones a cyclist can access from the origin using 

only the dedicated bicycle facilities.  

The next step of the analysis process requires different set of functions to summarize the record of line 

connections. The following diagram outlines the flow beginning from gathering the lines file containing 

information from all connections. Since it is possible for origin and destination to be the same, the select 

by attributes tool was used to remove these instances to make the data more accurate. The next process 

outputs a table that contains the count of instances where line connections begin with a specific, unique 

origin point. The resulting summary then will be able inform how many other points can be reached from 

a particular zone within the case study cities. The value gathered can also be combined with the existing 

shapefile of hexagon zones to visualize the range of connections available within a city.  

 

Figure 5 - The process of importing shapefiles into the file geodatabase 

Figure 7 - The process of creating and OD Cost Matrix solver 

Figure 6 - The process creating 1km2 hexagon zones and origin and destination points they represent 
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The last process of this analysis is the combining of the existing shapefile of 1km2 hexagon zones and the 

table containing information of how well connected they are with each other by bike. However, because 

ǘƘŜ ƘŜȄŀƎƻƴ ƭŀȅƻǳǘ Ŏƻƴǘŀƛƴǎ ŀǊŜŀǎ ƻǳǘǎƛŘŜ ƻŦ ǘƘŜ Ŏƛǘȅ ōƻǳƴŘŀǊȅΣ ƛǘ ƛǎ ƴŜŎŜǎǎŀǊȅ ǘƻ ǳǎŜ ǘƘŜ άŎƭƛǇέ ŦǳƴŎǘƛƻƴ 

to limit the data to the scope of this study. The detailed process of combining and formatting the data 

involves the steps outlined in the following Figure 9. The result of this process is a visual representation 

for each hexagon of its relative strength of connectivity. 

 

3.3.3.2.2 Bicycle Network Density 

The steps to quantify the density of bicycle facilities within the case study cities utilizes the hexagon zones 

that were outlined previously. This process summarizes the total length of bicycle facilities contained 

within each hexagon, representing a 1km2 area within a city.  This density metric is a simplified approach 

ǘƻ ŜǎǘƛƳŀǘŜ ǘƘŜ ǊŀƴƎŜ ƻŦ ƭƛƪŜƭƛƴŜǎǎ ƻŦ ǘƘŜ ŎȅŎƭƛǎǘǎΩ ƻǊƛƎƛƴ ŀƴŘ ŘŜǎǘƛƴŀǘƛƻƴ ōŜƛƴƎ ŎƭƻǎŜ to a dedicated cycling 

route.  

Figure 8 - The process of summarizing the origin and destination pairs 

Figure 9 - The process of combining the summarized data with the hexagon shapefile 

Figure 10 - The process of calculating the length of cycling facilities within a square kilometre 
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3.3.3.3 Data Classification 

The results from the analysis of each case study cities will be compared with each other to determine if 

cities have been successful to create a unified network to maximize cycling comfort.  The evaluation will 

be informed by the percentage of other destinations reachable by using only the cycling infrastructure. If 

the location could access a high proportion of destinations across the city, it represents that cyclist could 

use safe cycling infrastructure to travel to a high number of places. However, if the location is connected 

to only a few destinations, or not connected to the cycling network at all, it represents that there are little 

to no options to travel around the city by bike.  

3.3.4 Climate Account 
With cycling being a mode of transport with substantive exposure to weather, it is important to consider 

the climate to determine if cities are naturally more suitable for cycling. Cities with warm weather, and 

low to no precipitation, tend to be more conducive for cycling; in contrast, cycling is less likely to occur in 

cities with extreme temperatures and high precipitation rates. As such, the analysis of temperature and 

precipitation data can inform whether the case study cities experience weather conditions that encourage 

cycling ultimately resulting in a potential mode shift. The quantitative variables used for the climate 

account include data representing historic temperature and precipitation observations for each case study 

city.  

3.3.4.1 Data Collection 

The data for the climate account were collected from the following publicly sources; these government 

agencies are relied upon in the study because they offer the most complete and credible information.  

Table 7 - List of data sources for gathering weather data 

City Name of File Source (Website) 

Vancouver, BC Canadian Climate Normals (1981-2010) Environment and Climate Change 
Canada 

Portland, OR  National Oceanic and Atmospheric 
Administration (NOAA) Online Weather Data ς 
Portland, OR Weather Forecast Office 

National Oceanic and 
Atmospheric Administration 
(NOAA) National Weather Service 

Waterloo, ON Canadian Climate Normals (1981-2010) Environment and Climate Change 
Canada 

Madison, WI National Oceanic and Atmospheric 
Administration (NOAA) Online Weather Data ς 
Milwaukee/Sullivan, WI Weather Forecast 
Office 

National Oceanic and 
Atmospheric Administration 
(NOAA) National Weather Service 
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3.3.4.2 Data Processing 

The temperature and precipitation data gathered were input into Microsoft Excel to create charts that 

allow for the visualization and comparison of the weather patterns of each case study city. The following 

diagram outlines the process of analysis.  

3.3.4.3 Data Classification 

The following metrics were chosen to determine the suitability of cycling within the case study cities: 

¶ The proportion of annual days with temperatures that fall within the ideal cycling temperature 

range, identified by Böcker and Thorsson (2014) as between 5 to 25 degrees Celsius.  

¶ Days in a year without precipitation with fewer days of measurable precipitation being considered 

a positive attribute, and annual days without snowfall.   

3.3.5 Demographics Account 
Previous research has indicated that cycling tends to be more popular among the youth and post-

secondary student population, as compared with other age groups (Winters et al., 2010). Based on this 

observation, this research seeks to quantify the total population in each city belonging to these 

demographic cohorts (Chaney et al., 2014). Based on available data, the quantitative variable used for the 

demographics account are the number of individuals enrolled in post-secondary institutions in each case 

study city and the amount of people belonging to the 15 to 34 age group. Through gathering the value of 

ŜŀŎƘ ǇƻǇǳƭŀǘƛƻƴ ƎǊƻǳǇΣ ǘƘŜ ǊŜǎŜŀǊŎƘ ǿƛƭƭ ǘƘŜƴ ōŜ ŀōƭŜ ǘƻ ŎƻƳǇŀǊŜ ǘƘŜ ŎƛǘƛŜǎΩ ŘŜƳƻƎǊŀǇƘƛŎǎ ŀƴŘ ǘƘŜƛr 

potential in promoting cycling.  

3.3.5.1 Data Collection 

The gathering of demographic data for the case study cities involves retrieving data from the sources listed 

in the following table, Table 8. The data collected through these sources are consistent with the most 

recent general census or population surveys in Canada and the United States.  

Table 8 - List of sources for gathering the demographic information 

Case Study 
City 

Data Type Source File Name 

Vancouver, 
BC 

Youth Population Canadian Census 2016 Census Profile, 2016 Census ς 
Vancouver, City [Census subdivision] 

Post-Sec. 
Enrolment 

British Columbia Data 
Catalogue 

Full-time Equivalent Enrolments at 
B.C. Public Post-Secondary Institutions 

Portland, 
OR 

Youth Population United States Census 
Bureau 

American Community Survey 
Estimates 2019 

Post-Sec. 
Enrolment 

United States Census 
Bureau 

American Community Survey 
Estimates 2019 

Copy data to Excel

ωLayed out in categories found

ωIncludes temperature and 
precipitation data

Build Chart

ωHorizontal: Temperature or 
Precipitation

ωVertical: Percent of year

Establish bins

ωSummarize annual probability for the 
range of temperature or 
precipitation to happen

Figure 11 - The process of creating a chart for the weather data 
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Waterloo, 
ON 

Youth Population Canadian Census 2016 Census Profile, 2016 Census ς 
Kitchener ς Cambridge ς Waterloo  
[Census metropolitan area] 

Post-Sec. 
Enrolment 

Region of Waterloo Year-End 2016 Population and 
Household Estimates for Waterloo 
Region 

Madison, 
WI 

Youth Population United States Census 
Bureau 

American Community Survey 
Estimates 2019 

Post-Sec. 
Enrolment 

United States Census 
Bureau 

American Community Survey 
Estimates 2019 

3.3.5.2 Data Processing 

The demographic data are analyzed using Microsoft Excel and visualized using charts and graphs once the 

data have been gathered. The chart building process takes simple tasks to layout the data in an 

informative approach. For this analysis, a table is used to conveniently compare between the demographic 

data of cities. The rows of the table include the two main data that this analysis compares, the youth 

population and post-secondary enrolment. The columns of the table will be the case study cities and listing 

below them the data relating to them. Besides the actual values, the table will also list the amount to the 

proportion of the entire population of the case study cities.  

3.3.5.3 Data Classification 

The proportion of population between the ages of 15-35, and the proportion of population enrolled in a 

post-secondary institution, serves as comparators of the demographic analysis. As the youth population 

(15-35 years old) within a city is the population group that contains the highest proportion of cyclists 

(Winters et al., 2010)Σ ǘƘŜ ŜǾŀƭǳŀǘƛƻƴ ǇǊƻŎŜǎǎ ŎƻǳƭŘ ǳǎŜ ǘƘƛǎ ǾŀǊƛŀōƭŜ ŀǎ ŀƴ ƛƴŘƛŎŀǘƻǊ ƻŦ ŀ ŎƛǘȅΩǎ ǇƻǘŜƴǘƛŀƭƛǘȅ 

to popularize cycling. Therefore, the evaluation process would involve comparing the proportion of youth 

population and the proportion of population enrolled in a post-secondary institution, in the two similar 

sized cities (e.g., Vancouver and Portland), to determine which city has a population that is more likely to 

cycle than the other.   

3.4 Qualitative Analysis 

3.4.1 Policy Account 
Recall that the hypotheses being tested in this thesis include the idea that physical attributes will either 

position a city well for cycling or create impediments to significant cycling mode shares for commuting 

purposes.  The thesis work is also motivated by the observation that some cities exceed the performance 

expected based only on the physical attributes, while other cities lag relative to the expected 

performance.  One explanation for these unexpected performances is that the planning profession has 

been effective (or ineffective) through policy, education and infrastructure, in influencing traveler 

behavior with regard to cycling. 

To evaluate the possible impacts that planning has had on observed cycling mode share for commuting 

purposes, the approach taken is to review previous and current transportation planning documents that 

contain elements related to cycling (and active transportation more generally).  In reading these plans, 

attention is paid to the extent to which the documents contained purposeful and meaningful approaches 

ǘƻ ōǳƛƭŘ ǳǇƻƴ ŀ ŎƛǘȅΩǎ ǇƻǎƛǘƛǾŜ physical attributes and address the negative physical attributes. 
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The qualitative variables used for the policy analysis account include the effectiveness of the bicycle plans 

and policies published for each case study city. The active transportation plans and policies often outline 

the long-term vision for future development of the active transportation services in cities. The plans and 

policies also function to set a direction of how new infrastructure is to be developed and describing 

metrics for success. As infrastructure development and mode shift programming are dependent on local 

ŘŜŎƛǎƛƻƴǎ ŀƴŘ ǇƻƭƛŎȅ ƎǳƛŘŀƴŎŜΣ ǘƘŜ ŜǾŀƭǳŀǘƛƻƴ ƻŦ ǇƻƭƛŎƛŜǎ ƛǎ ƴŜŎŜǎǎŀǊȅ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ŜŀŎƘ ŎƛǘȅΩǎ ŀŎǘƛǾƛǘƛŜǎ 

to realize increased cycling. Therefore, evaluating the robustness of the policies in influencing more 

people to use cycling is an effective method to understand the determination of the local governments to 

shift travel modes.    

3.4.1.1 Policy Document Selection 

The selection process of the planning policies to be included in this research is based on the relevancy to 

the research topic. Since the research aims to determine policy responses to challenges to cycling in the 

case study cities, the selection of review documents prioritizes cycling or active transportation plans 

published by each city. If a plan specifically addressing cycling or active transportation use is not present, 

or a subsequent cycling plan is unavailable, the plans that address all transportation matters in the city 

are considered. Also, because the process of building a new transportation habits often takes prolonged 

periods of time, this research reviews the three most recent versions of cycling plans published over the 

course of the past 20 years. 

The gathering of the planning documents involves visiting the websites of the related government 

organizations, examining the relationship between the current and previous documents, and locating the 

documents for downloading. The following table, Table 9, lists the transportation planning policy 

documents that are in the scope of this research.  

Table 9 - List of planning documents reviewed 

Case Study City Name of Document (Year Pub.) Source 

Vancouver, BC Comprehensive Bicycle Plan (1988) City of Vancouver 

Vancouver Bicycle Plan: Reviewing the Past, Planning the 
Future (1999) 

City of Vancouver 

Transportation 2040 (2012) City of Vancouver 

Portland, OR Bicycle Master Plan (1996) City of Portland 

Portland Bicycle Plan for 2030 (2010) City of Portland 

Portland 2035 Transportation System Plan (2020) City of Portland 

Waterloo, ON Region of Waterloo Cycling Master Plan (2004) Region of 
Waterloo 

Region of Waterloo Active Transportation Master Plan (2014) Region of 
Waterloo 

City of Kitchener Cycling and Trails Master Plan (2020) City of Kitchener 

City of Cambridge Cycling Master Plan (2020) City of Cambridge 

City of Waterloo Transportation Master Plan (2020) City of Waterloo 

Madison, WI Bicycle Transportation Plan for the Madison Metropolitan Area 
and Dane County (2000) 

City of Madison 

Bicycle Transportation Plan for the Madison Metropolitan Area 
and Dane County (2015) 

City of Madison 
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3.4.1.2 Process of Determining Key Policy Interventions to Overcome Barriers to Cycling 

¢ƘŜ ǇǊƻŎŜǎǎ ƻŦ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘŜ ŎƛǘƛŜǎΩ ŀǘǘŜƳǇǘǎ ǘƻ ǇǊƻƳƻǘŜ ŎȅŎƭƛƴƎ ǘƻǿŀǊŘǎ ƛƳǇǊƻǾŜŘ ƳƻŘŜ ǎƘŀǊŜ 

involves a city-by-city, chronological review of active transportation plans and policies. The city-by-city 

evaluation involves categorizing the candidate cities by their size and geography and evaluating the 

robustness of their published plans to address their physical challenges. For that reason, the most recent 

Ǉƭŀƴ ŦƻǊ ±ŀƴŎƻǳǾŜǊ ǿƛƭƭ ōŜ ŎƻƳǇŀǊŜŘ ǿƛǘƘ tƻǊǘƭŀƴŘΩǎΣ ǿƘƛƭŜ ²ŀǘŜǊƭƻƻΩǎ ǇƭŀƴƴƛƴƎ ǊŜǎǇƻƴǎŜ ǿƛƭƭ ōŜ 

comǇŀǊŜŘ ǿƛǘƘ ǘƘƻǎŜ ŦǊƻƳ aŀŘƛǎƻƴ ²ƛǎŎƻƴǎƛƴΩǎΦ ¢ƘŜǎŜ ǇŀƛǊƛƴƎǎ ŀǊŜ ƳƻǘƛǾŀǘŜŘ ōȅ ǘƘŜ ǎƛƳƛƭŀǊƛǘƛŜǎ ƛƴ ǘƘŜ 

ŎƛǘƛŜǎΩ ǎƛȊŜǎ ŀƴŘ ŘŜƴǎƛǘƛŜǎΦ  

The policies were also analyzed chronologically by their publication year to understand the changes 

suggested from each policy update and to examine the progress towards implementation of goals. The 

process to complete a chronological analysis of policies involves the comparison between the current and 

previous version of active transportation policies for each city. With the updaǘŜ ƛƴǘŜǊǾŀƭ ƻŦ ŜŀŎƘ ŎƛǘȅΩǎ 

policies being around ten years, a duration that allows for evidence to be gathered on how these plans 

have influenced mode shifts to cycling, evaluating the policies chronologically allows for the 

determination of how the needs have changed, if the previous plan was successful in stimulating cycling 

rates, and implementation progress. The review process will then involve listing the implementation 

strategies of each of the case study cities to determine if the cities have specifically addressed the natural 

challenges to make cycling popular. 

3.4.1.3 Evaluation Metrics 

The process of establishing a set of metrics for comparison between the policies and plans of each case 

study city involves identifying the evidence that cities have taken steps to overcome their inherent barriers 

to popularizing cycling. The steps taken in this research will be to re-visit the known issues revealed by 

the quantitative analysis and determine if the cities have actively addressed these obstacles based on the 

frequency and depth of implementation strategies evident in their plans. Then, the observed strategies 

are compared with known worldwide best practices to determine whether the plans published by the 

case study cities are appropriate and likely to overcome the local challenges. The ultimate metric of 

success is the observed share of people cycling in the case study cities.  

3.5 Summary 
This chapter discussed the process of gathering and analyzing data in support of determining those 

attributes that promote and deter cycling in Vancouver, Portland, Waterloo, and Madison. An in-depth 

review ƻŦ ŜŀŎƘ ŎŀǎŜ ǎǘǳŘȅ ŎƛǘȅΩǎ ƪŜȅ ƎŜƻƎǊŀǇƘƛŎ ŦŜŀǘǳǊŜǎ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ǳǊōŀƴ ŘŜƴǎƛǘȅΣ ŜƭŜǾŀǘƛƻƴ ŎƘŀƴƎŜǎΣ 

bicycle network connectivity, climate, is necessary to accurately evaluate the overall suitability of cycling 

in each city. These physical attributes are complemented by an assessment of the demography in the 

cities, more specifically the prevalence of age groups known to have greater propensity to cycle. 

The likelihood of achieving successful outcomes, particularly understanding their strengths and 

challenges, ŘŜǇŜƴŘǎ ŘƛǊŜŎǘƭȅ ƻƴ Ƙƻǿ ŎƛǘƛŜǎ ŀŘŘǊŜǎǎ ǎƘƻǊǘŎƻƳƛƴƎǎ ŀƴŘ ŎǊŜŀǘŜ ƻǇǇƻǊǘǳƴƛǘƛŜǎΤ ǘƘŜ ŎƛǘƛŜǎΩ 

approaches ought to be evident in their planning documents. With the goal of this thesis being to examine 

the suitability of cycling of cities in the North America, this chapter has presented a strategy of reviewing 

planning documents to assess their treatment of the issues that were identified in the geographic and 

demographic evaluations.  
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Chapter 4: Quantitative Results and Discussions 

4.1 Introduction  
This chapter introduces the quantitative results of the evaluation of physical and demographic attributes 

of each case study city. The results of the quantitative evaluation inform whether these attributes are 

conducive (or dissuasive) to cycling in each case study city. The quantitative data analysis uses specific 

attributes (e.g., Built Environment, Topography, Bicycle Network Connectivity and Density, Climate, and 

Demographics) as metrics of suitability for cycling as described in the previous chapter.  

The comparison of results from the quantitative analysis with the most recent observed cycling mode 

share for commuting activities will follow to determine if the cycling rate supports or refutes the 

assumptions made about a city's suitability for cycling. Although the commuting mode share variable does 

not represent all cycling activities that takes place in a city, this is the most accessible metric to represent 

the overall cycling activity.  Moreover, one can expect that there is some correlation between the 

likelihood to cycle for commuting and overall cycling rates (i.e., including non-work utilitarian and 

recreational trips).  However, when a discrepancy arises between the assessment of suitability and the 

ƻōǎŜǊǾŜŘ ŎȅŎƭƛƴƎ ǊŀǘŜǎΣ ŜŀŎƘ ŎƛǘȅΩǎ policy responses are evaluated in an effort to explain these differences. 

It is important to review both elements ς the physical ŀǘǘǊƛōǳǘŜǎ ǘƘŀǘ ǇǊƻƳƻǘŜ ŎƛǘƛŜǎΩ ǎǳƛǘŀōƛƭƛǘȅ ŦƻǊ ŎȅŎƭƛƴƎ 

and the strength ƻŦ ǘƘŜ ŎƛǘƛŜǎΩ ǇƻƭƛŎȅ ǊŜǎǇƻƴǎŜǎ ς together to produce the most comprehensive view of a 

ŎƛǘȅΩǎ ǎǳƛǘŀōƛƭƛǘȅ ŦƻǊ new and current cyclists.   

4.2 Quantitative Analysis Results 

4.2.1 Built Environment 
Moudon et al. (2005) described the ideal built environment for cycling as areas with a high urban density. 

While many metrics for density have been proposed and applied (e.g., population density, employment 

density, Floor Area Ratio (FAR)), this research uses the density of road intersections instead, to determine 

areas with different levels of urban density. The quantitative metric used is the number of intersections 

per square kilometer observed within the city boundaries.  Naturally, there is a distribution of 

observations within each city.  To allow for an appropriate comparison, the results are shown here as the 

proportion of all analysis areas (1km2 zones) that have densities belonging to a density category. 

Because the existing literature does not establish a standardized scale denoting the relationship between 

the density of road intersection and urban density, this research uses known locations of high density built 

form in the case study cities to determine a logical range of intersections associated with each built form. 

The following Table 10 presents details of classification range used by this research.  

Table 10 - Classification Ranges for Intersection Density Analysis 

Intersections per Kilometre Square Associated Built Form 

0 Rural Areas 

0 ς 100 Low Density Suburban Areas 

100 ς 200 Mid Density Areas 

200 ς 300 High Density Areas 

300 + Very High Dense Areas 
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The analysis of road intersection density reveals that a small proportion of zones in Waterloo and Madison 

contain a high density of intersections (Figure 12). In fact, 62% of Waterloo zones and 56% of Madison 

zones belong to the lowest category of the scale, between 0 ς 100 intersections per kilometre square. 

When compared to Portland and Vancouver, where only 35% and 8% of zones respectively are in the low 

density category, it becomes obvious that Waterloo and Madison have generally lower densities that 

reflect a challenge to achieving cycling goals. The predominant, low density areas,  present several barriers 

for cyclists including the sparse distribution of essential destinations in a community and requiring cyclists 

to travel long distances to reach most of their desired destinations. Therefore, based on the results of the 

intersection analysis, the built environment in Waterloo and Madison does not make cycling activities as 

convenient as can be expected in Portland or Vancouver. 

In contrast, Portland and Vancouver demonstrate that the built environments in both cities are conducive 

to cycling because they more of their spatial analysis areas have a high density of intersections. Figure 15 

and Figure 16, demonstrate that both much of Vancouver and Portland are areas with medium to high 

urban density. Figure 12 also show that Portland and Vancouver have equal distribution of intersection 

ŘŜƴǎƛǘȅΣ ōǳǘ ±ŀƴŎƻǳǾŜǊΩǎ ōǳƛƭǘ ŜƴǾƛǊƻƴƳŜƴǘ ƛǎ ŘŜƴǎŜǊ ǘƘŀƴ tƻǊǘƭŀƴŘ ōŜŎŀǳǎŜ ±ŀƴŎƻǳǾŜǊ Ƙas fewer low 

density zones. However, with 56.7% and 44.4% of Vancouver and Portland respectively belonging in the 

high or very urban density category (Figure 12), as compared to 5.27% in Waterloo and 5.15%, both cities 

are considered highly favourable to cycling use. As places with a high urban density tend to have essential 

destinations within a short distance, cycling will then become a more convenient transport mode.  

In summary, the built environment attribute, represented by the density of intersections, appears to be 

indicative of more favorable conditions for cycling in Portland and Vancouver than in Waterloo and 

Madison. In an effort to summarize the various comparisons that are made among the case cities, the 

results of the intersection density analysis and its interpretation with regard to promoting cycling, forms 

the basis of scoring the built environment attribute in this research. The following Table 11 describes the 

associated rankings for each case study cities.  
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Table 11 - Classification of the supportiveness to cycling revealed by case study ŎƛǘƛŜǎΩ ōǳƛƭǘ ŜƴǾƛǊƻƴƳŜƴǘ ŀǘǘǊƛōǳǘŜ 

Account Vancouver, BC Portland, OR Waterloo, ON Madison, WI 

Built Environment n n r r 

Legend: 

Supportive for Cycling: n 

Supports Cycling Partially:p 

Not Supportive for Cycling: r 
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Figure 13 - Intersection Density of Waterloo 



 

32 
 

 

Figure 14 - Intersection Density of Madison 
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Figure 15 - Intersection density of Vancouver 
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Figure 16 - Intersection density of Portland 
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4.2.2 Topography 
¢ƘŜ ǘƻǇƻƎǊŀǇƘƛŎ ŎƘŀƴƎŜǎ ŀƭƻƴƎ ǘƘŜ ǊƻǳǘŜ ƻŦ ŎȅŎƭƛǎǘǎ Ŏŀƴ ŎǊŜŀǘŜ ōŀǊǊƛŜǊǎ ǘƻ ŎȅŎƭƛƴƎΩǎ ŀǘǘǊŀŎǘƛǾŜƴŜǎǎ ŀƳƻƴƎ 

transportation options because the presence of vertical changes requires significant physical exertion by 

the cyclists. To determine the extent of graŘŜ ŎƘŀƴƎŜǎΩ ǇƻǘŜƴǘƛŀƭ ƛƳǇŀŎǘǎ ƻƴ ǘƘŜ ŘŜǎƛǊŀōƛƭƛǘȅ ƻŦ ŎȅŎƭƛƴƎΣ ǘƘŜ 

topographic changes of each case study city were derived with an analysis of the slope of the subdivided 

areas using digital elevation models (DEM). The resulting data are classified using a scale suggested by 

Matias et al. (2020) listed in Table 12. The table of classification outlines the relationship between the 

gradient and the level of suitability for cycling necessary to determine if the topography of the case study 

cities is conducive to cycling.  

Table 12 - The relationship between the gradient and suitability of cycling (Matias et al., 2020) 

 

The elevation changes of cities are analyzed in two parts. The first part is the city-wide topography analysis 

where the slopes of subdivided areas across the entirety of the case study cities were calculated. The 

second is the analysis of elevation changes along cycling routes, which allows for an understanding of how 

the existing cycling facilities are impacted by topography.  

4.2.2.1 City-wide Topography 

The result of the city-wide topographical analysis demonstrates that the topography of Madison may 

coƴǎǘƛǘǳǘŜ ŀ ōŀǊǊƛŜǊ ǘƻ ŎȅŎƭƛƴƎΦ ²ƛǘƘ рп҈ ƻŦ ǘƘŜ ŀǊŜŀ ǿƛǘƘƛƴ aŀŘƛǎƻƴΩǎ Ŏƛǘȅ ƭƛƳƛǘ ŎƻƴǘŀƛƴƛƴƎ ŀ ƎǊŀŘƛŜƴǘ ǘƘŀǘ 

produces physical challenges to cyclists (Figure 17), the results suggest that city-wide cycling may be 

challenging for most users. However, Figure 17 reveals that many of the steep areas are in fact in the 

suburban areas outside of the city centre, as identified in Figure 14. Given this observation, topography 

may become more problematic in Madison for those cyclists who wish to travel between the city centre 

and the suburban areas, because they will likely experience a steep slope on their journey. Therefore, the 

results indicate that the propensity to cycle in Madison is negatively impacted by the challenging slopes, 

particularly for those trips through suburban areas.  

On the other hand, the analysis shows that the topographies of Vancouver and Waterloo are potentially 

less problematic for cycling when compared to Madison.  About 35.7% of Vancouver and 26.8% of 

Waterloo experience grades that the literature suggests (Matias et al., 2020) are not suitable for cycling 

or are suitable for only a short distance; thus, flat and gentle slopes comprise about two-thirds of both 

cities, which makes cycling comfortable (Figure 18, Figure 19). The conclusion for Vancouver and Waterloo 

is that while the topographies of both cities produce some challenges to cyclist when travelling across the 

cities, these cities appear to have a natural advantage when compared to Madison.  

Of the four case study cities, the topography of Portland has the highest proportion of flat areas that are 

suitable for cycling activities. Figure 20 demonstrates that 54% of Portland zones are in fact areas 

containing low to no slope that are ideal for cycling activities. This implies that many people residing in 

Portland can travel to another corner of their city without experience very challenging slopes, which could 

lead to a greater number of easily completed trips for cyclists.  

Gradient Description Suitability 

0-3% Level Good for cycling 

3-5% Gentle Slope Suitable for cycling up to medium distances 

5-8% Moderate Slope Inappropriate for long and medium distances  

8-10% Steep Slope Acceptable for very short distance 
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When one correlates the areas within Portland to the intersection density analysis, as demonstrated in 

Figure 20, the areas with steep slopes are located away from the city centre and most inhabited areas 

(see Figure 16). The fact that the relatively small number of difficult elevation changes are located away 

from high density areas further suggests that the topography of Portland is conducive to cycling.  
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Figure 17 - Gradient of Madison 
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Figure 18 - Gradient of Waterloo 
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Figure 19 - Gradient of Vancouver 
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Figure 20 - Gradient of Portland 
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The following graph (Figure 21) summarizes the city-wide topographic changes for each case study city 

according to the gradient ranges outlined in Table 12. The data are presented in bins of slopes observed 

along the horizontal axis, with the frequency of observations in each city plotted as the vertical axis. 

As discussed, Portland has the highest proportion of its area (54.1%) containing a 0-3% gradient range, 

which is the is most desirable for cycling. This rate demonstrates that if a cyclist were to travel between 

any two points of Portland, there is a 54.1% chance of travelling on a flat surface and offers the highest 

cycling comfort. For the 3-5% gradient range, suitable for cycling medium distances, Vancouver and 

Waterloo have higher proportion belonging to this category than Portland and Madison. When 

considering the combination of the 0-3% and 3-5% gradient range into the suitability analysis, the results 

show that Portland, Waterloo, and Vancouver, are cities that are most suitable for cycling because a high 

proportion of their city areas, with 64.3%, 53.2%, 40.5%, being spaces that are suitable for cycling. 

aŀŘƛǎƻƴΩǎ ǘƻǇƻƎǊŀǇƘȅ ǇǊƻǾŜǎ ǘƻ ōŜ ǘƘŜ Ƴƻǎǘ ŎƘŀƭƭŜƴƎƛƴƎ ŦƻǊ ŎȅŎƭƛǎǘǎ ōŜŎŀǳǎŜ ƻƴƭȅ ннΦм҈ ƻŦ ǘƘŜ ŎƛǘȅΩǎ ŀǊŜŀǎ 

are suitable or moderately suitable for cycling. The topography of Madison is especially difficult for cyclists 

ǿƘŜƴ птΦу҈ ƻŦ ǘƘŜ ŎƛǘȅΩǎ ŀǊŜŀ ƛǎ ƻǾŜǊ мл҈ ƛƴ ǎƭƻǇŜ ŀƴŘ ƴƻǘ ǎǳƛǘŀōƭŜ ŦƻǊ ŎȅŎƭƛƴƎΦ ¢ƘŜ ǊŜǎǳƭǘǎ ǘƘŜƴ ƛƳǇƭȅ ǘƘŀǘ 

cyclists travelling in disparate sections of Madison will likely involve a segment with a very steep slope.  

4.2.2.2 Bicycle Network Elevation Changes 

²ƘƛƭŜ ǘƘŜ ǇǊŜǾƛƻǳǎ ŀƴŀƭȅǎƛǎ ŜȄŀƳƛƴŜŘ ŀƭƭ ǘƘŜ ƭŀƴŘ ŀǊŜŀ ǿƛǘƘƛƴ ǘƘŜ ŎƛǘƛŜǎΩ ōƻǳƴŘŀǊƛŜǎΣ ǘƘŜǊŜ ƛǎ ǾŀƭǳŜ ƛƴ 

assessing the elevation changes that exist along designated cycling paths.  This assessment is shown here.   

The analysis of the bicycle network elevation changes follows the categories set out in Table 12 to 

determine if the cycling networks of case study cities are suitable for cycling. The results show that about 

20% of the total length of bicycle facilities in Portland and Madison in fact contain the highest range of 

slope (Figure 26), thereby creating barriers for stimulating interest for cycling. Although it is more common 

to find places with a gentle slope in Portland, the cycling routes are in fact located in places with a high 

elevation displacement. Similarly, Madison has a significantly high proportion of steep slopes along bicycle 

facility segments (Figure 22, Figure 25), which suggest cyclists may be deterred from cycling.  
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Figure 22 - 9ƭŜǾŀǘƛƻƴ /ƘŀƴƎŜǎ ƻƴ aŀŘƛǎƻƴΩǎ ōƛƪŜ ǊƻǳǘŜǎ 
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Figure 23 - 9ƭŜǾŀǘƛƻƴ /ƘŀƴƎŜǎ ƻƴ ²ŀǘŜǊƭƻƻΩǎ ōƛƪŜ ǊƻǳǘŜǎ 
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Figure 24 - 9ƭŜǾŀǘƛƻƴ /ƘŀƴƎŜǎ ƻƴ ±ŀƴŎƻǳǾŜǊΩǎ ōƛƪŜ ǊƻǳǘŜǎ 
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Figure 25 - 9ƭŜǾŀǘƛƻƴ /ƘŀƴƎŜǎ ƻƴ tƻǊǘƭŀƴŘΩǎ ōƛƪŜ ǊƻǳǘŜǎ 
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On the other hand, the topographies along cycling routes in Vancouver and Waterloo present fewer 

barriers to cycling in these cities. Figure 23 and Figure 24 show maps of Vancouver and Waterloo with the 

elevation changes of their cycling facilities demonstrating that a much smaller proportion of their 

networks contain a level of steep slope that deters cyclists as compared with Portland and Madison. 

Moreover, with 49% oŦ ±ŀƴŎƻǳǾŜǊ ŀƴŘ рн҈ ƻŦ ²ŀǘŜǊƭƻƻΩǎ ŎȅŎƭƛng network containing little to no slope, 

the cycling networks of both cities will certainly be comfortable for cyclists The high percentage of their 

cycling networks belonging to this category demonstrates that both Vancouver and Waterloo have 

concentrated their investments in cycling facilities to places where the topography does not pose as a 

barrier for cycling.  

The following chart (Figure 26) summarizes the average slope of bicycle route segments for each case 

study cities according to the categories set out in Table 12. The results from the category representing 

surfaces containing slopes that are the most suitable for cycling, 0-3% gradient, shows that the cycling 

networks in Vancouver and Waterloo are likely to be most conducive to cycling, with 49% and 37.1% of 

their respective networks containing 0-3% slopes. However, the cycling networks of Portland and Madison 

are less ideal for cyclists because 21% of PƻǊǘƭŀƴŘ ŀƴŘ мф҈ ƻŦ aŀŘƛǎƻƴΩǎ ōƛƪŜ ƴŜǘǿƻǊƪǎ Ŏƻƴǘŀƛƴ ǎƭƻǇŜǎ ǘƘŀǘ 

ŀǊŜ ǳƴŦŀǾƻǳǊŀōƭŜ ŦƻǊ ŎȅŎƭƛƴƎΣ ǿƘŜǊŜŀǎ ƻƴƭȅ нΦу҈ ŀƴŘ н҈ ƻŦ ±ŀƴŎƻǳǾŜǊ ŀƴŘ ²ŀǘŜǊƭƻƻΩǎ ŎȅŎƭƛƴƎ ŦŀŎƛƭƛǘƛŜǎ ŀǊŜ 

not suitable for cycling.  

4.2.2.3 Summary 

The following Table 13 - Summary of topographic statistics further summarizes the findings of topographic 

analysis in each case study city. While the city-wide and bicycle network topographic analysis generated 

some apparently contradictory results, the following table attempts to present a synthesized conclusion 

to allow for the comparison between the cities. The results present that Portland contains a topography 

that offers the most comfort for cyclist, but some sections of the bike network may still involve steep 

slopes that presents challenges to cycle. The topographies of Vancouver and Waterloo can be assumed to 

have produced some impact towards the desirability of cycling in their cities. Because Vancouver has most 

of its cycling network contained in the flat area, the topography does not create significant barriers to 

cycling. The result from Waterloo also demonstrates that most of their cycling networks are in areas with 

little to no slopes, which makes it possible for more individuals with different abilities to cycle. However, 

the topography of Madison appears to induce significant negative impact towards cycling. Because 
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aŀŘƛǎƻƴΩǎ ǘƻǇƻƎǊŀǇƘȅ ƛƴǾƻƭǾŜǎ ƘƛƎƘ ǊŀǘŜǎ ƻŦ ǾŜǊǘƛŎŀƭ ŘƛǎǇƭŀŎŜƳŜƴǘ ƛƴ Ƴŀƴȅ ǇƭŀŎŜǎ ǿƛǘƘƛƴ ǘƘŜ Ŏƛǘȅ ƭƛƳƛǘǎΣ 

the placement of cycling routes has also been significantly impacted and cause challenges for cyclists.  

Table 13 - Summary of topographic statistics 

Account Vancouver, BC Portland, OR Waterloo, ON Madison, WI 

Built Environment n n r r 

Topography p n p r 

Legend: 

Supportive for Cycling: n 

Supports Cycling Partially:p 

Not Supportive for Cycling: r 

 

4.2.3 Bicycle Network Connectivity and Density 

4.2.3.1 Bicycle Network Connectivity 

¢ƘŜ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ŎƻƴƴŜŎǘƛǾƛǘȅ ƻŦ ǘƘŜ ōƛŎȅŎƭŜ ƴŜǘǿƻǊƪǎ ƛƴ ǘƘŜ ŎŀǎŜ ǎǘǳŘȅ ŎƛǘƛŜǎ ǊŜǾŜŀƭŜŘ ǘƘŀǘ ±ŀƴŎƻǳǾŜǊΩǎ 

ŀƴŘ tƻǊǘƭŀƴŘΩǎ ōƛŎȅŎƭe networks are the most connected. Although cycling is a mode of transport that may 

allow for flexibility in route choice ς via a designated cycle path or on a route without such a facility ς this 

decision is normally thought to depend on confidence of cyclists. Cyclists with a high confidence are often 

regular cyclists who tend to choose the most direct path between origin and destination. Cyclists with less 

confidence are usually less experienced cyclists who may elect to choose longer paths to have access to 

designated facilities which offer better perceived and actual safety. 

With the aim of this research being to examine the suitability of cycling in cities for all ages and abilities, 

it will certainly be important to consider how far cyclists can travel without exiting the cycling network. 

Figure 27 shows the numbers of origins and destinations zones that can be accessed within each city 

through direct connections on a cycling path.  The results demonstrate that more than 89% areas in 

Vancouver and 42% of areas in Portland are directly connected by the bicycle network.  This strong relative 

connectivity suggests a high level of comfort to cycle across those cities. In contrast, the cycling network 

in Waterloo and Madison connect to a much smaller proportion of the city, which can make cycling 

difficult.  
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Figure 27 - The connectivity of the bicycle networks in the case study cities 
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Figure 28 - ¢ƘŜ /ƻƴƴŜŎǘƛǾƛǘȅ ƻŦ aŀŘƛǎƻƴΩǎ .ƛŎȅŎƭŜ bŜǘǿƻǊƪ ōȅ tŜǊŎŜƴǘ ƻŦ !ŎŎŜǎǎƛōƭŜ !ǊŜŀǎ 
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Figure 29 - The /ƻƴƴŜŎǘƛǾƛǘȅ ƻŦ ²ŀǘŜǊƭƻƻΩǎ .ƛŎȅŎƭŜ bŜǘǿƻǊƪ ōȅ tŜǊŎŜƴǘ ƻŦ !ŎŎŜǎǎƛōƭŜ !ǊŜŀǎ 
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Figure 30 - ¢ƘŜ /ƻƴƴŜŎǘƛǾƛǘȅ ƻŦ ±ŀƴŎƻǳǾŜǊΩǎ .ƛŎȅŎƭŜ bŜǘǿƻǊƪ ōȅ tŜǊŎŜƴǘ ƻŦ !ŎŎŜǎǎƛōƭŜ !ǊŜŀǎ 
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Figure 31 - The Connectivity of PoǊǘƭŀƴŘΩǎ .ƛŎȅŎƭŜ bŜǘǿƻǊƪ ōȅ tŜǊŎŜƴǘ ƻŦ !ŎŎŜǎǎƛōƭŜ !ǊŜŀǎ 
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4.2.3.2 Bicycle Network Density 

A second analysis used to assess the prevalence of bike facilities is to measure distribution of the lengths 

of cycling routes within disaggregated spatial areas in the case cities.  The results from this analysis,  

presented in Figure 32 demonstrate that the bicycle networks in Vancouver, Waterloo, and Madison are 

conducive to cycling by providing widespread connectivity along dedicated networks. Since very few of 

the areas within Vancouver, Waterloo, and Madison contain no cycling facilities, it demonstrates that 

most people in the cities could access cycling facilities within a kilometre from their origin or destination. 

However, large areas in Portland remain to be connected with cycling facilities, which may hinder the 

desirability of cycling.   
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Figure 32 - Proportion of hexagon tiles containing a length of cycling routes 
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Figure 33 - Density of Bicycle Facilities by Length in Kilometers (Madison, WI) 














































































































