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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 cyclingsh encountered many challenges within car
dominated cities in North America. Previous research on the factors that influence cycling have cited
geographyrelated concerns such as weather, elevation changes, and lowuseadensity as main

reasons for notOK22 Ay 3 (2 0O0e0fS o6t dzOKSNJ 9 . dzZSKf SNE HAHM
demographics, particularly the age distribution and physical capacity of residents, may influence the
likelihood to cycle.

Thisthesisdiscusssthe geographic and demagphicanalysis of thesuitability 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 attribatesther

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 exdpaptland 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 thosedties 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 evergqraticularly those for

whom physical or other limitations may present limiting factors.



Acknowledgements
I would like to thank my supervis@r. Jeffey Casello for hisontinued support and guidance throughout
my time at the School of Planningthank him for spending all the time to review my warid listening
to all myworries and challenges in the reseh processAfter the researcling under the guidance of Dr.
Casello, | have become a better researcher and wiliteave also appreciated thresearch insightfrom
my thesisCommittee Member Dr. Clarence Woudsma, and Reader Dr. Jennifer Rieah, helged to
enhance the research.

I would also like to thank my parentwho spend the time and effort to support my needs during the
research proces®lso, thank you to group ofvery supportiveriendswho gave me new insightsabout
my research and spendig the time to listen to ne practicing myresentationd L K2y S& G f &
completedmy thesiswithout their encouragement and support.

O 2 dz



Table of Contents

IS Ao o T =P RUPUPPPPRPRPRRRRRR ¥/ [
[ o) 1=V o[ PP PR POPUPPPRPPRN ix
Chapter L: INtFOAUCTION...........oiiiiee e e e e e e e e e e e e e e e e e e e e e e e e e s e e e s e e e s aaaaans 1
O = T= Tod (o [ (01U 3T F PP P PP POPPPPRPPPP 1
1.1.1 Introduction to the Case StUdY CIlIES.........cuuriiiiiiiiiiie e 2
I o 1 o o) 1 =] 3

1.2 Topic Relevance and Implications for the Planning Field....................c oo, 3
1.3 RESEAICH QUESTIONS. ... .ttt e e e e e e e e e e e e e e e e e e e e e e e e s s e et anee e beeseeeeeeeeeeeees 4
I I 1= TS RIS o (1 = PSSR 4
Chapter2: LItErature REVIEW..........ccoiiii it e e e e e e e e e e e e e e e aeeaaaaaaaaeeaaeasaeaseesssassasannnnnes 5
P20 I [ o1 o To [ Tox 1o o ORI PRRPP 5
2.2 The Impact of Built Environment on the Desirability of Cycling.........cccvvvveeiieeeiiniiiiiinnnnnn.n. 6
2.3 The Impact ofopography on the Desirability of CyCling.............ovvvieiiiiiiiiiiieeieeee e 8
2.4 The Impact of the Bicycle Network to the Desirability of CyCling............occcvviveeeeiiiiiiiiennenn. 8
2.5 The Impact of Climate on the Desirability of CyClNg..........uveveeeieiiiiiiiiieee, 10
2.6 The Impact of Demographics on the Desirability of Cycling.............cccccceieiiiiiiiiiicccn, 10
2.7 The Impact of Planning Policies on the Desirability of Cycling..........ccccceeviiiiiiiiieeeiiiine 11
2.8 SUIMIMAIY. ..ttt e e e et ettt ettt e e e e e e e aeeaeeaeeaeeaaeaasnaaaaaanaannnns 12
Chapter 3: METNOUS. ... .. e e e e e e e e e st e e e e e e e snb e eeeeeeas 13
3.1 INtroduCtion t0 MEENOUS. ... e e e e e e e e e e e e e e enneeeees 13
3.2 Introduction to Multiple Accaut Evaluation (MAE)..........uuueiiiiiiiiiiiiiieeieeeeeeeeee e 13
3.3 QUANTITALIVE ANAIYSIS ... ittt e e e e e s e e e 14
3.3.1 BUilt ENVIFONMENT ACCOUNL ... ..uvviiiiieiieeeiiieeeeeteeeeaeeaaea e e e e e e e s ss s e s s sassssssesnsseneeneeneaerenranenees 14

TG T2 o oToTo =T o] o VAW Yoot o 1 U1 a) 17
3.3.3 Bicycle Network Connectivity and Density ACCOUNL..............cooeviieeeeeiiiiii e, 19
3.3.4 ClIMALE ACCOUNL........ieeiiiiieeeeeieitite e e ettt e e e e s e st e e e e e e e e b eeaeeessnteeeeaaeessasrnneeeeeeaanns 23
3.3.5DEMOQGIaphiCS ACCOUNT. .....ceiiiiiiiiieee e ettt e e e e ettt e e e e e e e e e e r e e e e e e snnbrneeeeeeaanes 24

3.4 QUANTALIVE ANGIYSIS. ..ottt e e e e s e e e s e e e e e e e brr e e e e e aas 25
20t o ] o3 VA o oo 1 U | o | SRR 25

3D SUMIMIAIY. .o oottt ettt e e e e e e et e et et bbb e e e e e e e e e eeeeeenbena e e e aeaas 27
Chapter 4: Quantitative ResSUlts and DiSCUSSIONS........cccccuuuriiiiiiiiiiiiiiiiiieeeereerrereereaseeaaaaaaaaaaaaaees 28
g I 1 o T W Tod 1T o U 28
4.2 Quantitative ANalySiS RESUILS........coo i e e 28



o I = LU T = A/ 0T ] 0 1= | T 28

A W o o 0T | = o] 1Y SRS EESPURERUUR 35
4.2.3 Bicycle Network Connectivity and DENSItY.........cccceiiiiiiiiiieeeeiiiiieee e 47
O O 11 ¢ - (= PSPPSR 58
4.2.5 DEMOQIACS. ....ceviiiiiiiiieeee e a e e et e e e e e e e e e e e aaaaaaaaas 60
4.3 Summarized Comparison with Observed Mode Shares........ccccccvvvviiiviiiic, 61
G T R 4= Y (o0 U AV R = T o al
G T =0T 1= 1 [0 IR 61
LT VY= (] ¢ (o Yo TR ] 62
R Y =T TE=To ] TR A | PR 62
R IS YU 1.0 2 Y25 PPN 63
Chapter 5: Qualitative ReSUItS and DISCUSSIONL. ......ccciiiiiiiiiiieee it e e et e e e e e eenees 64
Lo 700 I 111 70T [T 1T PP 64
B.2 POLICY ANAIYSIS. .. ..ot e e e e et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aa—aaaraara——ae 64
LI BV T 11 A V7= G = 1 64
LT = 1 7= T (o TR = 5 72
SIVZARC A VAY = (=] ¢ (o 1o TR 1 T 78
LI 1Y, = T 11T o TR YA 87
5.3 SUMMAY Of RESUILS:.... .o e e e e e e e e e e e e e e e e e e e e e e e e s e e e s s e s e s aeannnnes a3
(Of =T o] (=] g @Fo] o Tod (1 £y o] o = PPUPPPPRPRRRPIS 94
6.1 SUMMATY Of FINAINGS. ...eeiiiiiiiiiiii e e e e s e e e e e e e 94
The Geographic and Demographic Factors thiiences the Suitability of Cycling.................. 94
The Presence or Absence of Attributes in the Case Study.Cities................cccee i, 95
The Impacts of Planning in Case Study CIlES............ooooiiiii e 97
LI = ToTo ] o 4] 0 T=] o F= L1 T oL SRRSO a8
6.3 LIMItAtioNS OF STUAY. ... ..eeeiiieeiiiiiiii e e e e e e s s e e e e e e e nneees a8
6.4 FUIMNEI RESEAICHL.......iiiiiiiiiiiiiiit et e e e e e e e e e e e e e e e e e e s e s e s s e s e s s s s aeneenssnnenresrrnennnenes 99
S (=T =] 1o L P PEET PRSP 100
QUANItALIVE RESIICES.......ceeeiie e e e e e e e e e e e e e e aaaaaaaaaaaaaaaeeseeaasaaaanns 100
QUANLILALIVE RESOUICES. ... . utiiiieiiiiieeiietieeeeee et e et et et taeaaaaa e e e e e e eeaeess e e s s s aasaaasaaassastaaaesreereesssnseneeees 104
/=T L0 o TR 104
01 = o o TR 105
LAY = 1] [T J PP EEREER 106

W ANCOUVEL ...ttt ettt oo e et e ettt b b e e e e e e e e e ettt e et bbb ae e e e e aeeeeeeabbbb e e e eeeaeeeeeennnennnns 107

Vi



List of Figures

Figure 1- Overview of Case Study Cities 2
Figure 2 Hexagon tiles creating 1knsubdivisions of Vancouver, BC 16
Figure 3 The process of creating an elevation model that has ielihgeographic scope and categorized in a
range of known value 18
Figure 4 The process of adding elevation information into an existing silapef 19
Figure 5 The process of importing shapefiles into the file geodatabase 21
Figure 6 The process creating 1Kmexagon zones and origin and destination points they represent 21
Figure 7- The pocess of creating and OD Cost Matrix solver 21
Figure 8 The process of summarizing the origin and destination pairs 22
Figure 9 The process of combining the summarized data with the hexagon shapefile 22
Figure 10 The process of calculating the length of cycling facilities within a square kilometre 22
Figure 11 The procss of creating a chart for the weather data 24
Figure 12 Proportion of a city containing the value of intersection density 29
Figure 13 Intersection Density of Waterloo 31
Figure 14 Intersection Density of Madison 32
Figure 15 Intersection density of Vancouver 33
Figure 16 Intersection density of Piteind 34
Figure 17 Gradient of Madison 37
Figure 18 Gradient of Véterloo 38
Figure 19 Gradient of Vancouver 39
Figure 20 Gradient of Portland 40
Figure 21 City-by-city comparison of the topographic changes in percent grad 41
Figure 229t S@I GA2y / KIy3dSa 2y alRA&A2YQa 0A1S NPRdziS#:2
Figure23 9t S@I GA2y / KIy3dSa 2y 21 iSNI220a8 06A1S NPdzi 33
Figure249t S@I GA2y [/ KIy3aSa 2y I yO2dz@dSNR& 06A1 S NP dzivsd a
Fgure25-9t S@I GA2y / KIy3aSa 2y t2NIflyRQa 06A1S NPdzi3a
Figure 26: A comparison of the average slopes in each segment of cyclitiidadn each city 46
Figure 27 The connectivity of the bicycle networks in the case study cities 47

Figure28¢ KS / 2yySOiAGAGe 2F al RAazyQa .A0ed0tS bSiag
Figure29-¢ KS / 2y ySOiGAGAGe 2F 2 GSNXI22Qa .A080fS bSug
Figure30¢ KS / 2y ySOiAGAGe 2F £ yO2 dz@3ddedreash 08 Of S b S

Figure3:¢ KS / 2yySOiAGAGe 2F t2NIflyRQa .A080fS bSky
Figure 32 Proportion of hexagon tiles containing a length of cycling routes 52
Figure 33 Dersity of Bicycle Facilities by Length in Kilometers (Madison, WI) 53
Figure 34 Density of Bicycle Facilities by Length in Kilometers (Waterloo, ON) 54
Figure 35 Density of Bicycle Facilities by Length in Kilometers (Vanc@&®kr, 55
Figure 36 Density of Bicycle Facilities by Length in Kilometers (Portland, OR) 56
Figure 37 Annual Percentage of days with Minimum Temperatures 58
Figure 38 Annual Percentage of days with Meum Temperatures 58
Figure 39 Annual Percentage of days with precipitation 59
Fgure 40- Annual Percentage of days with snowfall 59
Figure 41 Bicycle Trip Origins and Destination in Vancouver (City of Vancouver, 1988) 65
Figure 42 Reported Bicycle Accidents by Weather Condition (City of Vamc@088) 66
Figure 43 Age Structure of Cycling Population (City of Vancouver, 1988) 67
Figure 44 Proposed Bicycle Facilities (City of Vancouver, 1999) 68
Figure45v dz yGAGe 2F a/ @0t Ay3 Ay =+l yO2dz@SNE al LJA 5 %%
Figure 46 Cycling Route Priorities (City of Vancouver, 2012) 70

vii

2 NJ
g2 NJ
2 NJ

(@]] (@]]
@ O
[

i N& 6 dzi S


https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908508
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908510
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908511
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908512
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908513
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908514
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908515
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908516
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908517
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908518
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908519
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908520
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908521
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908522
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908523
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908524
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908525
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908526
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908527
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908528
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908529
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908530
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908531
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908532
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908533
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908534
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908535
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908536
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908537
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908538
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908539
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908540
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908541
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908542
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908543
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908544
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908545
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908546
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908547
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908548
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908549
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908550
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908551
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908552

Figure 47 The relationship between the TransportatiSystems Plan (TSP) and other published plans

Figure 48 Cycling and Trail Use Potential (City of Kitchener, 2020)

76
82

Figure 49 Live Work Play Demand Analysis (City of Waterloo, 2021)

Figure 50 Factors that Influence Cycling and Trail Use (City of Kitchener, 2020)

83
83

Figure 51 Cyclist Access to Schools (City of \Nabe 2021)

85

Figure 52 Example of an interconnected street system (City of Madison, 2000)

87

Figure 53 The Bicycle Functional Classification System (City of Madisd), 201

90

Figure 54 Mode Split Summary for the University of Wisconsin (City of Madison, 2015)

90

viii


https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908553
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908554
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908555
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908556
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908557
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908558
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908559
https://uofwaterloo-my.sharepoint.com/personal/j83leung_uwaterloo_ca/Documents/Thesis/Thesis%20Chapters/Thesis-Final(Highlighted%20Changes).docx#_Toc113908560

List of Tables

Table 1- Summary Of LESSONS LEAMEM........uuiiiiiiee e st ier e e e e e s s st re e e e e e e e e s s s s sane e aeeaeeeeaeeeeesananns 12
Table 2- List of data sources used for the Intersecti@m&ty ANalYSIS........cccvveeeriiiiiiiiininiiieere e cccrvereeeees 15
Table 3 Classification of INtErsSeCtioN DENSILY.........c.uuiiiiiiiiiieee it e e e eenes 17
Table 4 Digital Elevation Model Data SOUICES...........coiuuiiiiiiiiiiiie ittt ennnee s 18
Table 5 Atable outlining the relationship between a range of slope and the comfort of cyclists (Matias et al., 2020)
.................................................................................................................................................................... 19
Table 6 List of shapefiles used for bicycle Network analySis...........ceevieeeiiiiiiiiiiiiieieree e 20
Table 7- List of data source®f gathering weather data..............ccooiiiiiiiiiieiiiiiie e 23
Table 8 List of sources for gathering the demographic informatian...........ccccccoeeeiiiiiiiiiiiieee e, 24
Table 9 List of planning dOCUMENLS FEVIEWEM...........uuuiiiiieeeeieie it e e e e s s e e e e e e s s e s s nnnreaneees 26
Table 10 Classification Ranges for Intersection Density ANalYSiS.........ccooviiiiiiiiiiiiireiee e e 28
Table 11- Classification off KS & dzLJLJ2 NI A @Sy Saa G2 OelOf Ay3a NBGSHBSR o0& Ol
Table 12 The relationship betweetie gradient and suitability of cycling (Matias et al., 202Q)..................... 35
Table 13 Summary of topOgraphiC STALISHICS.......ccceiiiuiiiiei e e e e aeee 47
Table 14 Summary of the Bike Network Connectivity and Density attriDute.............cccovvveeeiiiniiien e, 57
Table 15 Summary of Climate attribDULE..........ccooii i 60
Table 16 Youth population and postecondary enrolment in each case study CitiesS...............cceeeevieeenininnnnnd 61
Table 17 Summary of DemographiC attriDULE. ..........uuureriiii e e e e e e e e e e e e e eeeeaaanes 61
Table 18 Summary of Attriite SCores fOr VANCOUVEL.............cvvuiiiiiiiiii i 61
Table 19 Summary of Attribute Scores for Portland...............ovvvviiiiiiiiii e 62
Table 20 Summary of Attribute Scores for Waterlo0. ...........oooiiiiiiiiiiie e 62
Table 21 Summary of Attribute SCOres for MadiSON..........cuuvii i 63
Table 22 Summary of QUANLItAtiVE RESUILS.........ocuiiiiiiii e 63
Table 2% Summary of StrategiesComprehensive Bicle Plan (1988)...........ccooiiiiiiiiiiiiieeeeiiieeee e 67
Table 24 Summary of StrategiesVancouver Bicycle Plan (1999)...........coovviviiiiiiiiiiiiiiie e eee e eeeneaanns 69
Table 25 Summary of StrategiasTransportation 2040 (2012)..........ccoeviveiiieiiiiiiiiiiieee e e e e e e e e e aeeeeeeearenainnn 71
Table 26 Summary of Vancouver Cycling Plans............oooooo oo s e e e e e e e e e e e eeeeeenansnsnn e 2
Table 27¢ Sunmary of Strategieg Portland Bicycle Plan for 2030 (2010).........ccovvviiiiiiimiiiiiiiiiieeieeeeeeeeeeeeen 75
Table 2& Summary of StrategiesPortland 2035Transportation System Plan (2020).............cccovvvvvvvveennnnnnn. 77
Table 29 Portland Cycling Plan SUMIMEEY..........oeiiiiiiiie ettt saebe e e 177
Table 30; Summary of StrategiesRegion of Waterloo Cycling Master Plan (2004)..........ccoccvveeiiiiiiieeennene 79
Table 31:-Summary of StrategiesRegion of Waterloo Active Transportation Master Plan (2014)................. 80
Table 3% Summary of StrategiesArea municipal active transportation and cycling plans (2020/2021).......85
Table 33 Waterloo Cycling Plan SUMIMIALY.......cccieiiiie e s e e e e e e e e e e e e eeee e e e e eeaeaeresannn e 86
Table 34 Summary of StrategiesBicycle Transportan Plan for the Madison Urban Area and Dane County
22000 ) PSPPI 88
Table 3% Bicycle Transportation Plan for the Madison Metropolifara and Dane County (2015)................ 91
Table 36 Madison Cycling Plan SUMMALY...........oooiiiiiiieiicieee st e e e e e e e e e e e e e aaaaaaaead 92
Table 37C SUMMATY Of RESULLS.......ciiiiiiie ittt e e sttt e s s s bb e e e e anbbee e e s annnneeaens 93



Chapter 1: Introduction

1.1Background

The use of bicycles as a mode of transport in urban areas has been increasing in popularity in recent years
due to the many pesonal 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 spendi§. Handy, 2020Societal benefits for mode shift to cycling
include reducing greenhouse gas emissions, improving public health, and developing local ecé¢8omies
Handy, 202Q) Despite having many great personal and societal benefits, promoting cycling has been
difficult, and continues to experience many challenges withirdcaminated North Americanities.

Promoting cycling as a viable transport mode is often most effective in influencing experienced cyclists
because inexperienced riders face barriers posed byhkysicaklements of their cityPhysical elements

that often acts as barriers to stimating interests to cycling include inclement weathendthe physical

effort that is required particularly when traversing steep elevation changes, long travel distances from
places of residence to access essential services, and underdeveloped icttast(Winters et al., 2011)
Although some of the physical elements are natural and not easily changeable by humarddifeate,

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

time scales; from the shortterm (0-3 years) o longer (520 years).cities will need to take range of
actions to overcome th&ebarriers 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
solutionsthat can overcome potential barriers to stimulating cyclinggrestsare 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 respendepending on local conditions. The
development of appropriate infrastructure in many North American cities is also further complicated by
GKS OAGASAQ LXIFYYyAy3a IyR RS@GSt2LIVSyid LINROSaa GKI G
rather than bicyclegNewman et al., 2016Because 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 infrastruc&y 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 hawng fl
topography; mild climate, with few days experiencing extreme temperatures; low precipitgRiocher

et al., 2021)A city withdemographics that@e comprised of cohorts whose ages and incomes are typically
associated with higher rates of cyclings also found tde conducive to cycling as wéflucher et al.,
2021) Therefore, individuals are more likely to cycle when their cities contain one or several attributes
that encourageexperiencectycists to cycle more often andvite new cyclistgo 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 Regidnaterloo 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.



This research then aims to formulate assumptions about the desirability of cycling in cities by
understanding whether they contain thphysical and demographiattributes that are found to be
conducive to cycling. Thehysicahttributes in considerationdr the research include climate, topography,

built environment, bike network connectivity, and demograph{@¥inters 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 cygtirgmnoting features can be compared across similar cities to
determine why they have disparate observed cycling mode shifaresommuting 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 citieargevoities

¢ Vancouver, BC, and Portland, QBnd two smaller citieg 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 atwiof these locations is motivated by similarities among the cities;
for example, Vancouver and Portland share simifancouver and Portland share similar physical,
climatical topographic, and demographicharacteristics as do Madison and Waterlod=igure 1
introduces the case study cities including relevant population, cycling and land use data.

Vancouver, BC Portland, OR Waterloo, ON Madison, WI

Population: Population: Population: Population:
631,486 639,863 535,154 259,860
Cycling Mode Cycling Mode Cycling Mode Cycling Mode
Share: 6.1% Share: 6.4% Share: 1.2% Share: 5.3%
Density: Density: Density: Density:
5,492.6/kn? 1,894.68/kn? 390.9/kn? 1260.5/kn?

Figurel - Overview of Case Study Cities

Whilethree out of the four cities selected for examination as a case saoglgingle tiered municipality
Waterloois the onlycase study cjt thatis considerecht a regional scalélhereason that thehree most
populousand urbanized municipalitiesf Waterloo regionwere selected for this research, instead &f
singlemunicipality, wasbecausehe urban centre of théVaterloo Rgion extends beyonthe boundary
of amunicipality Althoughthe urban centres of both the iof Kitchener and City of Waterloo aie
close proximity with each otheand areconnected with the ION light rail linthe decision toinclude the
City of Cambridge in this reseanshs based on the fact th@ambridgdhassimilar physical charactetics
with Kitchener and WaterlooWith Cambridgebeing the secondmost populous municipalityn the
Waterloo Regionandhavingan extensive network dbicycle infrastructureincluding Cambridge into the
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research can help tbetter understandthe ability forcyclists to travel across this interconnected region.
However,asthe Region of Waterloo aldncludesseveralrural municipalities they were excludedn the
researchbecause the cycling infrastructurés much less densandthe level d cyclingactivitiesis much
lower. Includng the statistics from therural municipalitieswill result in a lesgalanced comparison with
the more urbanized regional centres the other case study cities.

1.1.2 Hypothesis

The hypothesis of this researghthat the propensity to cycle is influenced pyysicalattributes and
planning reactiong will be tested in two parts. The first step in the research is to evaluatphlysical
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 ratefer commuting purposes 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 tigh 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 stimtiating
interestsof new andcurrent cyciststhrough respondingo their physicalattributes. Through gathering

the results, this research will suggest potential reasons of why cycling rates are different between cities
with similarcharacteristicand advie how each city overcame these challenges.

1.2Topic 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 becausehe 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 @Rissher & Buehler, 2021The
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 onwaightiofl the

recent public health restrictions caused by the COlpandemic, 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 citiegDunning & Nurse, 2021Fortunately, as some cities received positive public reactions
from opening more spaces for active transportation users in urban areas, the policy willrékeain
implemented for many cities even after health restrictions(Fischer & Winters, 2021Because of the
increased interest for cycling, further research will help planners decide on the best approaches to
replicate the success as well @sdtimulate and maintain interest for cycling that will guide ldagm

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 congilie 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 diffdgrgsicalattributes that
encourage and discourage bicycle uBersyth & Krizek (2010@)ave demonstrated that solely adding
infrastructure without onsidering other accompanying strategies will not lead to significant increases to
the rate of cycling. Instead, the researchMgudon et al. (2005nakes the case that having streets that

are welcoming to cyclists and a mixturearidl 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 ofphysicalattributes in the city could have in encouraging bicycle use,wnether 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 hew car
oriented North American cities cadentify theirphysicakttributes that promote or dissuade cycling and
through purposeful planning interventions improve the attractiveness of cycling.

1.3Research Questions

This research work is directed by the exploration of the following core ouesst
1 What are the geographic and demographic factors that are known to influence the rate of cycling
¢ positively and negatively in urban areas?
1 To what degree are these attributes present or absent in the case study cities?
1 To what extent does planninand 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 ad how the physicalattributes 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 cyclinépams the basis of comparison between

the cities.

The third research guestion addresses why there is a disparity in cyclingfoatesmmuting purposes
between the case study citi€svancouver, BC and Portland, OR; Waterloo, ON and Madisag&$pie
similarities in their geographic and demographic characteristics. The review phttsicalattributes of

each case study city will be important to determine the difference in policy responses and the awareness
of opportunities and challenges #ncourageboth new andcurrentcycliststo cycle frequently Although

the mode share o€yclingfor commuting purposes North American cities remains low, as compared
with other regions of the world, some cities have been successful in promoting cysérig the recent
decade and lessons from each case is invaluable for future expansion of cycling.

1.4Thesis Structure

This thesis is organized into six chapters. Chapter one, the introduction, presents the background leading
to this research topic andhe 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 improvenigre 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 describe&tS NX & dztf G6a 2F GKS ljdzt yGAGErGABS Fylf&a)
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 tlatlsagéds 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.



Chapter 2Literature Review

This thesis sets out to understand how the physical attributes of cities influence the propensity to cycle

for both new andcurrent cyclists Moreover, the thesis attempts to evaluate how planning processes

have helped to address shortzings in these physical attributes that have ultimately resulted in stronger
than-expected cycling mode shafer commuting activities To inform the methods used in this thesis,

this chapter reviews the literature on the relationships between physieagaphic, climatological and
demographic attributes of cities and the propensity to cyoldboth new andcturrent cyclists The chapter

Ffa2 NBGASga LIXFYyyAyad NBaLRyasSa GKFdG FNB AyiGaSyR:
characteristics.

2.1Introduction

Interest in research on methods that help aaented cities to promote cycling has been growing in
recent decades because of the rise in popularity of cy¢ugher & Buehler, 2017¢ycling has become

an appealing mode of transport for an increasing number of people because of the many great health
(Heath et al., 2006nd environmenta{Chapman et al., 2018nefits that cycling brings to the individual
andsociety. The increased physical activity of individuals, gained through the use of cycling, contributes
to reducing the risk of death from all caudgseath et al., 2006)The replacement of trips facilitated by
driving gaspowered vehicles with cycling also brings environmental benefits through improving air quality
and resolving motor veahle congestio{Chapman et al., 2018As a result, local governments in places
where cycling has not been popular have begun to realize the benefits to cycling and have takéo steps
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 divéfagh, 2021and not all

cities have been successfilesearchers have yet to make conclusions about why.

Previous studies of active transportation have not explicitly examined the reasons why-sigelacities

may generate very different cycling mode shares. The disparity of the rate of cycling cénsdreed

among North American cities where the economies are highly developed and most households own a car
(Buehler & Pucher, 2021Qther possible explanations for a disparate rate of cycling includes the political
determination of local governments to improve cycling experiences and the deterrents to cycling

O2y il AYSR Ay SIFOK OAGe&Qa LIe & gdestdd thal Holithtal WillioBldeal a4 G A O & ¢
authorities to advance cycling infrastructure can have a significant effect on cycling modg Rindine

2021 | 26 SOSNE |jdzSadGA2ya Fo2dzi GKS NRfS 2F Sl OK OA
whether cities can be naturally more desirable for cycling, remain unanswered. Answers to these
guestions, which this literature review begins to do, can help planning practitioners understand whether

some cities possess physical attributes that are adwg@bus 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 gigysicalattributes 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 assumptins of the rates of cycling in each case study city. When differences exist between
the expected and observed cycling rdte commuting activitiesthis research will also examine if the
planning policies play a role in overcoming the challenges to primgatcling. Therefore, the review of



relevant literature will reveal insights about the major factorstifulatingcyclinginterestsand help to
inform how best to expand the use of cycling in North American cities in the future.

2.2 Thelmpact ofBuit Environmenbn 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)efine the built environment as an overarching tethat considers
multiple aspects of space including urban design, lang, asd the physical infrastructuraVhen
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 @paodsn et

al., 2005) For exam[e, 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 no{Moudon et al., 2005)This result demonstrates the importance of having kighsity

and short distances between essential destinations to improve cycling convenience. This conclusion is
also supported by work done Wyteesch et al. (2015yhose research found that having short travel
distances between places afsidence 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 thedrisal 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 resinlg) 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 atteraptsiwer this question is from
Newman et al. (2016)vho discussed theory of urban fabrics and explained the evolution of cities to
support the dominant transportation modes at eattime 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 huilt 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 futuravél 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 matfferts 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 variauefrate
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 cy(@ihgstiansen et al., 2016; Koohsatri 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 acce@&hristiansen et al., 2016; Koohsari et al., 20Z8g examples
presented in the research by bo@hristiansen et al. (201é6pdKoohsari et al. (202@) different contexts
around the world have presented similar outcomes that suggest that high densigdmise 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 ¢femsiter of
residents per unit of area) or employment density (number of jobs per unit of area). However, for
transportation analysis, another commapproach that is used to evaluate the density of urban spaces
is the intersection density, which is calaigd by counting the number aftersectionswithin a given area
Typicallypopulation and employmendlensiiesvary proportionally with intersection densitieswWinters

et al. (2010explainghat places with a high intersectiatensitytend tohave a higher propensity to cycle.

As such, intersection density can be used as a convenient and-ealsiljated metric to estimate the
density of urban development and, by extension, the propensity to cycle in these areas.

Naturally, inersection 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 acbi#isgiof 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 cosigemnestrictions.

As cycling tend to have a low stanp 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 beause users often face different restrictions and costs (such asugiahd

time loss).

Heesch et al. (2015uggest 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 senbeesithin 5
kilometres of each other, the large eariented neighbourhoods surrounding North American cities can
make implementing this ideal very challenging. Because of Beigplini and Le Clercq (2008)ggest
planners use the tools available, including land use zoning andpia@asion 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 thathigh-density, mixeeuse 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
centresg locations where a high concentration of diverse jobs s@vices are locateglcan also increase

the likelihood of cyclingChristiansen et al., 2016With multiple research outputs in different contexts
suggesting that there exists a relationship between building density and diversity etismsdand the
likelihood of cycling, this G O NA 6 dziS A& 2yS GKIG éAftft 0physidah SR
attributes and their influence on cycling.
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2.3The Impact o opographynthe 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 vehgcthe rate of cycling activity becomes difficult to improve if a high

variation of elevation exists, particularly along cycling routdset al., 2012)The impacts for cyclists

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

LX I OS® Ly FTRRAUGAZY G2 GKS STFTFSOla a2t AWKE O0G& O tiKaSi
O2YF2NI 6KSY GKS&@QNB NXBIjdza NBR (jL2etall, RO1Z With camiort & (G S S LI
being a major factor in motivating individuals to cy@éinters et al., 2011)the opportunity to promote

cycling will increase in cities that are predominantly flat and present fewer, steep gfladssal., 2012)

¢KS G2LR2INFYLKE Ff2y3 I OeodtradqQa NeRdziS OlFy ONEBI
sufficient level of physical ability to traverse the slopesytleperience. 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
aAfAGASad !4 adzOKZI (GKS OKFftSy3aS Ay (2L123INILKE Yl
difficult. Winters et al. (2011¢onducted a survey of cyclists about the key factors influencing their choice

to cycle, and the results of the survey reaffirmed that firesence of a steep slope will negatively impact
NEALRYRSY(GaQ RSOAA&AIRefali{i2p12)apdWinge® et bl f (ADHIPndrBUClinedtte (i K

specific metrics o 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.

¢tKS AYONBIF&AS Ay (KS OeodfAadaqQ NI @S togriphicreBandeg NBI O
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
toincreaseifacfcA a1 Qa 22dz2Ny Se& Ay @2 RodBuaz &oal(20EH$EVesédthat (1 S S LI 2
the increase in travel time associated with the local topography significantly reduce the willingness for
LIS2LX S G2 GNI @St o0& o0A1S® 'a Iy AYyONBI mtakery (NI OF
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 agreethah 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 tendto be limited in the types of trip that can be completed by bike due to reduced
comfort and increased travel timggi et al., 2012; Ro@uez & Joo, 2004; Winters et al., 201What
remains unaswered 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 mémtéboth new and current cyclists

2.4The Impact of the Bicycle Netwddkthe Desirability of Cycling

¢tKS OKIFNJ}OGSNRAGAOA 2F || OAledQa o0AO0BOfS ySig2N] |
quality of the infrastructure that cyclists expence on their journey. The types of cycling infrastructure

typically constructed in North American cities includesifeet pathways dedicated for cyclists,-stfeet

multiuse pathways shared between cyclists and pedestriansti@et protected bicycléanes, onrstreet

painted bicycle lanes, and shared traffic between cyclists and motdFatth, 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 ofseparation 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 uskesgtfacilities 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 barriefgurth, 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 temstitu
more than a series of disconnected links, a wekigned 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 gap®xist in the connections between new and existing infrastructure
elements, the results can be a significant reduction in the desirability of cycling for transport. Therefore,
GKS S@FrftdzriAzy 2F o0A0e0ftS ySig2N)]| @ia Wid¥ kdhgd of 2y
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 betweehdir 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 difficuliceh@ontinue on the
AK2NISald LI GK oKSNBE (GKS Oeo0fAradqa O2YTF2NL t S@St
longerthan-minimum distances. While the safety of using the cycling facilities is often the greatest
concern of cyclists, ephasis should also be given to understand the connectivity of the facilities to
maximize the extent of safe cycling routE&allis et al., 2013Especially given that cycling is often in
competition with the convenience of driving in North American cities, |k 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
conrections between origins and destinations to limit route detours to less than 20% of the entire route.
Because cycling is a humpowered mode of transportation, the requirement to travel additional
distances to remain in safe facilities will make the chaitcycling 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 abilitglisteyo 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 faciliadlis et al. (2013pund through

a survey of ke 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 potertialists, 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 theemll bicycle network as a key indicator for the
desirability of cyclingBuehler & Dill, 2016)They also agree that the density of bicycle infrastructure
positively correlates to the decision to cy¢Ruehler & Dill, 2016When 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 factiti€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 petveegensity of

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

indicator to compare decisions of mode choice between driving and cycling. The results of the research
fouy R GKIFIG KIFE@Ay3d KAIK AYGSNARSOGAZ2Y RSyairite Ft2y3a i
cycling(Winters et al., 2010)The authors observed that a high number of intersections leads to an
increased number of possible routes for cyclistswever,a high density oktreetintersections can also

increase the riskor cyclists tobe involved in acollision with automobile(Wei & Lovegrove, 2013)

Therefore, intersection density has been shown to be a methattcan bothnegativelyand positively

correlatedto observedcyclingactivities

2.5Thelmpact ofdimate on theDesirability ofCycling

Since cycling is a mode of transportation that involves trangelin 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 precipitati(frucher et al., 2021B6cker & Thorsson (201discovered 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; increadasarly when the temperature is between 5 and 25 degrees Celsius; and falls
again when the temperature is above 25 degrees Ce{Bidsker & Thorsson, 2014)

Similarly, in the context of North American citi€pencer et al. (2013)iscovered that extreme cold
temperatures in winter may impact the desirability of cycling. In their woekpondents 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, mosbtably 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 pitation. AsBocker & 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 intensifietoaki & Daziano (2013)Iso 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 rehservices to maintain the

road (Spencer et al., 2013Based on these previous findings, the case study cities will be evaluated fo
their climatic trends; temperature and precipitation rateswhen evaluating their suitability for cycling.

2.6 Thelmpact ofDemographicson the Desirabilityof Cycling

Y2 GKSNI {68 FS8HGdNB GKFG +FFFSOGA Fis tieragedpfie of 6 A £ A G i
residents. Previous research identified some demographic attributes that are positively correlated to the
likelihood of cycling. In a survey of cyclists in VancoWiters et al. (2010found that thee 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 othexge groups, cities with a high youth population may have greater
potential to increase cycling activifyinters et al., 2010)Similar trends were also observed Byehler

& Pucher (2021)Their research across multiple countries observed that cycle rates are substantively
higher for those younger than 39 years old. In the United Sta@®saney et al. (2014urveyed 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 giGbpgaeet 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.

2.7The Impact oPlanning Policson the Desirability ofCycling

The above sections identified the key elements of cities that can either be helpful in motivating increases
in cyclingg by attracting new cyclists or expanding the mode shareuofentcyclists. The literature also
suggssts that some cities have natural attributesopography, climate and demography most notagly

that may have negative impacts on cycling. Planning as a discipline and practice intends to achieve socially
desirable outcomes through available tools andheiques. 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 behe most popular mode of transport in North American cities, the level of
FYOAUAR2Y aK2éoy Ay SIFEOK OAleQa LRfAOASAE (2 AyTf dzSy(
can certainly influence the rate of cycling. One example of expanding éiage through policy
interventions can be observed in Portland, Oregon. While Portland was historicalhcentec city, the

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

in the late 1980s to stimate interest in cyclingGeller & Marques, 202® t 2 NIif  yYRQ& RSOA &
substantive action towards building bicycle facilities was fortified as atre$uhe 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, ree to power(Geller & Marques, 2021)n addition, the high density road layout of

t 2NIfFYyR O2yiNAROdzi SR (G2 t 2NIf I idliRGeler & MabdDeS A2621)A Y 0 dzA
5SALIAGS t2NIfFYRQa& KA AG2 NdiéhtedDublart destyy, h&Sdevelapményof A y 3 F
strong active transportatin 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 touefice bicycle us@Pucher et al., 2011 Although the

intentions of citywide policies are to improve the use of cycling in general, different policies are required

to support cyclists who ride for utilitarian and recreational purposessé&lygoups tend to have different

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

L2t AOASa ONBFGSR |faz2 akKz2dzZ R O2yaARSNI GKS RATFTFSN
challenge of attacting more utilitarian cyclists is even more pronounced in suburban areas in North
American cities, given their dispersed land ugkkAndrews 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 evaluditew 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 ofetkey 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 dwelteesiynNorth
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 sunamizes 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 ptettia

Tablel - Summary of Lessons Learned

Attributes Lessons Learneglattributes that motivate increased cycling

9 Short travel distances to essential servi¢elgesch et al., 2015; Moudon et a
Built 2(.)05) : .
Environment 1 Blpy¢e-orlented de&gr(l\!eyvman et al., 2016) _

9 Mixture of land use¢Christiansen et al., 2016; Koohsari et al., 2020)

9 High density of populatiofChristansen et al., 2016; Koohsari et al., 2020)
Topography 9 Low to no slop€Li et al., 2012; Ro@uez & Joo, 2004; Winters et al., 2011)

9 Direct connections between origins and destinati¢isrth, 2021)
Bicycle 9 High connectivity within the cycling netwof8allis et al., 2013)
Network 9 Density of cycling networiBuehler & Dill, 2016)

1 Highly connected streef@Vinters et al., 2010)

1 Low precipitation or snowfal{Bdcker & Thorsson,024; Motoaki & Daziano

Climate 2015; Spencer et al., 2013)

Temperature between 5 to 25 degrees CelgBdcker & Thorsson, 2014)
Presence of college studer(@haney et al., 2014)

High population under 39 years qBuehler & Pucher, 2021)

=

Demographics

= =4
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Chapter 3: Methods

3.1Introduction to Methods

Sclolars 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 cyclif@/inters et al., 2011)determination of features of &igh

quality cycling spacéurth, 2021) and an examination of the policy responses that were proven to be
able to stimulate cycling deman@ucher 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 cyclingTo 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 literatur@floence 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 thleysicakcharacteristics played a role in their
suaess in stimulating interest in cycling.

Because the environmental, geographic, and demographic attributes are often represented in both
gualitative and quantitative forms, using the same metrics to compare between each retrieved variable is
not a suitabé method. Instead, this research ugbs Multiple Account Evaluation (MAER widely used

tool (Region of Waterloo, 2008)r infrastructure assessment that allows for the inclusion and comparison
of qualitative and quantitative resultg to make it possible to determine if cities are naturally more
advantageous in promotingycling.The quantitative and qualitative data results will be compared using
different metrics determined by known values and previous research works.

The method is applied tocities 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 cyclehe MAEevaluation model allows for an effective
comparisorof the impactof eachphysicakharacteristt because appropriate metriesboth quantitative
spatial analysiand quditative policy reviews; can be compared equally and directly in terms of their
impacts on motivation to cycle.

3.2Introductionto 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 projectmay achieve by accommodating cpatisons between quantitative

and qualitative findings(Region of Waterloo, @9) 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 eaclphysicalattribute.

As described in earlier sections, the propensity to cycle has been shown to be influenced by various
physical, cihatic, demographic, and governance attributes. For this research, the six attributes to be
compared using the MAE tool are:

I Built Environment

13



Topography

Bike Network Connectivity and Length
Climate

Demograplcs

Policy Responses

= =4 =4 4 =4

The resultsgenerated by the MAE todielp with the evaluation of howphysicalattributes and policy
NEBalLRRyasSa 2F SIOK OAGe KIF@S 0SSy adzpbyseakiiibuteS 2 F
and their influence on environments that are suitable fgcling 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.

O
o’

3.3 Quantitative Analysis

Many of thephysdcal attributes found to be conducive or dissuasive to cycling are often represented
guantitatively through data extractions. These analyses typically require spatial data; for this work, data

were collected from government open sources and the Univegsity 2 F G SNI 22 Q& RIFGF f AcC
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 Environmemccount

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 @frea, 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 exbégt:landusedensity areas in cities
producea greater number of intersecting roads, whereas llewwd usedensity(e.g.,suburbs and rural
areag contain fewer intersections Thussummarizing the number of intersections within a specified area
helps to diferentiate between areas witlifferent 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 Madisoith&/general appich 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 statistican 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
characterizationg, high density urban cores, medium density urban areas, low density subarieas

and very low density rural areashe distribution of these categoriesthe relative frequencies in each

cityc are comparedto determind ¥ | Y2y 3 (GKS OFasS addzRe OAGASaA |y A
as supportive or limiting in growirgyclinginterests More specific descriptions of the intersection density
calculations are presentdd 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
dlddzRe OAGASaAaQ 20t Asdng dédost feyent vasials 16 endurelatcurdcy TN S &
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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 theie sfuetrieval
are listed in theTable2 below.

Table2 - List of data sources used for the Intersection Density Analysis

City Name of File (YeaPub.) Source
Vancouver, BC | Intercensal Road Network Files (2020) Statistics Canade
Census Boundary Files (2016) Statistics Canade
Portland, OR Streets (2021) PortlandMaps
City Boundaries (2020) PortlandMaps
Willamette/Columbia Rive®rdinary High Watef2019) PortlandMaps
Waterloo, ON Intercensal Road Network Files (2020) Statistics Canade
Census Boundary Files (2016) Statistics Canade
Riverg(2019) Region of
Waterloo Open
Data
Madison, WI Street Centreline and Pavement D#2921) 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 \fiieem

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

have fewer intersections. As sudhge 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 spatiardhe

water features within these cities. For the City of Portland,\tidamette/Columbia River Ordinary High
WaterRI G FAE{SE NBINASOSR FNRBY t2NIflyRQa 2Ly RIGl
g1 GSNI FSI (dzNBa doipal ounglaryt TReNJiaihd Rv& vlich Yudzy/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 interseletimity analysis
dZaAy3d GKS aGa9N)I asSé¢ G22f Ay ! NODL{ 6KAOK aLISOATFASa

Once the road network, municipal boundary, and water feature data files were collected, they were input
into the ArcGIS program for further procesginBefore beginning work with the data, a common
projection ¢ NAD 1983¢ 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 praess 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 completinggtep, 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 studyies, 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 sizezhkagdgptter

fit geographic boundaries. The hexagon tiles were created with the sid&nofusing theGenerate

Tessellation tool in ArcG¥th 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
GKS G/ tALE G22f Ay | NODL{ 2y in&U&theTakebsDdtsid®aiyhé I A Yy A Y
municipal boundary.

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

Heights

17:h ST E
North
Vancouver

i Canieds, P’ HEES S i i AT T

Figure2 - Hexagon tiles creating 1ksubdivisions of Vancouver, BC

However, as demonstrated Figure2 many hexagon tiles on the city edges are not at exddthyin size.

It is therefore necessary calculate densities for those zones based on the actual areas of the hexagon tiles.
Todo so, a field was created that contained the actual areas of all the hexagons; for most the value was
1kn?. But, for those along the municipal boundary, the areas were generated by ArcGIS and the fields
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were populated. Finally, actual intersection derestwere 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 ofhlaxagons 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 interskgtgity in

the list below(Table3) 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 prevaleihcgcbngconducive densities. Because

essential destinations tend to be located close to places of residence in-ddmgity built environment,

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

aed @ ¢KS YSGNROA F2N) 6KS O2YLI NRazy o0SGeSSy GKS Of
RSGSN¥AYSR o0& GKS RFEGFaASGQa adlrdAaadAaolrt RA&GNAOGdz

Table3 - Classification of Intersection Density

# of Intersections Points per unit of area Description

0¢100 Rural

100¢ 200 Suburban
200¢ 300 Medium Density
>300 High Density

3.3.2 Topographgccount

The purpose of the topography analysis is to determine areas of the case cities 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
guantify the relative prevalencef 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 cifibg. motivation for this approach, including the

two scales of asessment, 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; Yemyéhis scale may result in a
resolution that is inconsistent with what a cyclist might experience. The 10 meter squares allow for a
AAYAT I N £t S@SE 2F RAaFIINBIAFGA2Y S o6dzi YIe o0SGOSNI C
measured.A cond 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 Tihlssthird approach
represents the least spatially disaggregate and may be most eigeict capturing prolonged exposures

to grades. This final method also allows for grades to be calculated across different cycling facilities. The
guantitative variables calculated will be compared between each city to determine whether their
topography wil 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 inclwedbsitiht of each equal
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sized cells, either 1 or 10 metre squared, laid across an entire geographidhessources of the DEM
collected for each city is listed Trable4 below.

Table4 - 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 Geospatiahterprise

Office

Waterloo, ON = SouthwesterrOntario Orthophotography = University of Waterloo Spatial Data
Project (SWOOP) (2015) Library

Madison, WI | Digital Elevation Model (DEM)10 Meter = Wisconsin Department of Natural
(2019) Resources

3.3.2.2Data Processing

Thefollowing diagramFigure3, summarizes thepecific steps taken to analyze the patterns of elevation

changes across the entire area of each.clhis process uses multiple spatial analysis tools in ArcGIS to
generate the results. Because the DEMs collected from sources listedbi®4 may contain information

ofl 3823INI LKAO | NBI GKIFG SEGSYR& FTIFIN 6S82yR (KS Y.
ArcGIS is used to truncate the features of interest at the municipal boundary, and to eliminate the
attributes (elevation) at that spatial location. Follogithis action, | used the resulting DEM as the basis

of the calculation of the steepness of slope within each cell across the erirgty S OK O &S & (i dzf
FNBF Ay ! NODL{Qa af2LJS (422t ® ¢KS NI a dAfidd nithe FAE S
range of slopedisted inTable5, which has been established based on the known ranggseviously

discoveredn Chapter 2.

( W‘ —— Extract by Mask —— Portiand_DEM. . |

Slope ! + Portland_slop.. - ——»  Reclassiy | —+ Portland_slop... |
y 4

Figure3 - 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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TheFigured outlines the process of determining tiedevation changealong segmentsf bicycle facilities

using the Add Surface Information tool in ArcGIS. The tool caalire 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 suppbetter understanding of implications on the
OelOftAraitaqQ O2YTF2NId® ¢KAAa Fylfeara dzasSa GKS | @SNI 3¢
consideration of data. The resulting data are reclassified into the known categories litell@b. The

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

cycling facilities within each city.

Add Suriace

bilve_PGihQ) " nformaon . Dke

/
/

Figure4 - The process of adding elevation information into an existing shapefile

3.3.2.3 Data Clasgsiition

The data gathered through the methods described above are compared to a set of known values
determined by(Matias et al., 202Q)s listed iTable5. 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 distribut

are compared across the cities to determine whether the topographic attributes of the case study cities
have reduced the suitability of cycling within them.

Table5 - A table outlining the relationship between a range of slapd the comfort of cyclists (Matias et al., 2020)

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

3.3.3BicycleNetwork Connectivity anbBensityAccount

The quantitative analysis used for the bicycle network account includes two meaicestimate of the

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

this analysis includes an examination of B A A & 2F SI OK OAGASAaQ o0A0&0
between the density and connectivity of bicycle facilities in higmd lowdensity areas of each city.
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Determining the connectivity of cycling facilities is important because the inability aftsytalireach 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 impactfujaps 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 therettuencing 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 dection
The analysis of bicycle network connectivity and density uses the following data collected from publicly
available sources.

Table6 - List of shapefiles used for bicycle network analysis

City Name of File Source (Website)
Vancouver, BC Bikewayg2021) City of Vancouver Open Data
Boundary File§2016) Statistics Canada
Portland, OR Bicycle Network2020) PortlandMaps
City Boundarie$2021) PortlandMaps
Waterloo, ON  Active Transportatiof2021) City ofKitchener
Bikeway Network2020) The City of Cambridge
Major Active Transportation Routes City of Waterloo
(2018)
Trails and Pathway2021) City of Waterloo
Cycling (2020) Region of Waterloo
Boundary File§2016) Statistics Canada
Madison, WI Bike LT&021) Cityof Madison
Bike Path§2021) Cityof Madison
City Limit(2017) Cityof Madison

3.3.3.2 Data Processing

3.3.3.2.1 Bicycle Network Connectivity

The analysis of cycling network connectivity involves mulppbeesses 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 geodatalfeigeré5). The spatial
representation of bicycle facilities forms the network dataset for each city and the city boundaries form
the basis of laying out 1khihexagon zones across the casady cities to generate a set of origin and
destination points Figure6). Because the line segments of cycling facility in the data file may contain
inaccuracies whemtersections are physically near each other but are not registered as connected, an

AYLRNIFYy(G aGSL) YdaadG oS Gl 1Sy G2 NBaz2t@dS GKS LINROT

line segments connect with each other when they physically ietgrs
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Figure5 - The process of importing shapefiles into the file geodatabase
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Tesseliation | g
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> van_boundary -, Saltcz Layer By | » van_hex_tkm.., — — » Copy Festures > van_hex A » Feature To Point > van_hex_point
ocation —

Figure6 - The process creating 1Rmexagon zones and origin and destination points they represent

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) initsheTbe 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 connectios. 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 connechbegi 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 heagon zones to visualize the range of connections available within a city.
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Figure7 - The process of creatiramd OD Cogd¥latrix solver
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Figure8 - The process of summarizing the origin and destination pairs

The last process of this analysis is the combining of the existing shapefilexdfidxagon zones and the

table containing information of how well connected they are with each other by bike. However, because
GKS KSElF32y ftlé&z2dzi O2yidlAya I NBla 2dziaARS 2F GKS
to limit the data tothe scope of this study. The detailed process of combining and formatting the data
involves the steps outlined in the followikggure9. The result of this process isvgual representation

for each hexagon of its relative strength of connectivity.

wan_hex {2) o Fracadaky
\ \J
> van_bike_conn > Join Fieid > wan_hex *  Calculste Fieid > san_hes (3) > Clip > van_hax_830..

Figure9 - The process of combining the summarized data with the hexagon shapefile

3.3.3.22 BicycleNetworkDensity

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

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

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

G2 SadAYIFIGS GKS NIXy3aS 27F fA1StAySataadedicatédicyglinge Of A &
route.

' van_citylimit
v
Tessellation Tess.. — —» Clip > van_hexagon (2)
~
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/ >
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4 N
/ \
/ X
/ N
van_bikeways Output Grouped

Table

FigurelO- The process of calculating the length of cycling facilities within a square kilometr:
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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 comif@rtealuation 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 infrastcture 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.

3.3.4Climate 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 precipitationtend 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 citiesazignce 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.

Table7 - List of data sources for gathering weather data

City Name of File Source (Website)
Vancouver, BC Canadian Climate Normals (192010) Environment and Climate Chang
Canada
Portland, OR | National Oceanic andAtmospheric National Oceanic and
Administration (NOAADnNIine Weather Datg = AtmosphericAdministration
Portland, ORNVeather Forecast Office (NOAA) National Weather Servic
Waterloo, ON = Canadian Climate Normals (192010) Environment and Climate Chang
Canada
Madison, WI | National Ocearic andAtmospheric National Oceanic and
Administration (NOAADnNIine Weather Datg = AtmosphericAdministration
Milwaukee/Sullivan, WNVeather Forecast (NOAA) National Weather Servic
Office

23



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.

Build Chart

wHorizontal: Temperature or
Precipitation
wVertical: Percent of year

Copy data to Excel Establish bins

wLayed out in categories found
wlincludes temperature and
precipitation data

range of temperature or
precipitation to happen

wSummarize annual probability for th

Figurell- The process of creating a chart for the weather data

3.3.43 Data Classification

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

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

range, identified byBocker and Thorsson (20129 between 5 to 25 degrees Celsius.

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

a positive attribute, and annual days without snowfall.

3.3.5Demograjpics 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 grqWisters et al., 2010)Based on this
observation, this research seeks to quantify thaat population in each city belonging to these
demographic cohort§Chaney et al., 2014Based on available data, the quantitative variable used for the
demographics account are the number of individuaisolled in postsecondary institutions in each case

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

SIOK LRLJzZ FGA2y 3ANRAzZLIE (GKS NBaSIHNDOK

potential in promoting cycling.

gAtt

3.3.5.1 Data Collection

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

FKSy

in the following table,Table8. The data collected through these sources are consistent with the most

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

Table8 - List of sources for gatheg the demographic information

Case Study Data Type Source File Name

City

Vancouver, = Youth Population = Canadian Census 2016 Census Profile, 2016 Census

BC Vancouver, City [Census subdivision
PostSec. British Columbia Data | FulHime Equivalent Enrolments at
Enrolment Catalogue B.C. Public PoSecondary Institutions

Portland, Youth Population = United States Census = American Community Survey

OR Bureau Estimates 2019
PostSec. United States Census | American Community Survey
Enrolment Bureau Estimates 2019
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Waterloo, Youth Population Canadian Census 2016 Census Profile, 2016 Cengus

ON Kitchenerg Cambridge; Waterloo
[Census metropolitan area]
PostSec. Region of Waterloo YearEnd 2016 Population and
Enrolment HouseholdEstimates for Waterloo
Region
Madison, Youth Population = United States Census = American Community Survey
Wi Bureau Estimates 2019
PostSec. United States Census = American Community Survey
Enrolment Bureau 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 te@dnveniently 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 possecondary enrolment. The columns of the table will be the case study cities amgl list
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 of3%, 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 syclist
(Wintersetal.,2010) (G KS S@Ffdzr A2y LINROS&aa O2dzZ R dz&aS (KAA
to popularize cycling. Therefore, the evaluation process would involve comparing the proportion of youth
population and the proportion of populath enrolled in a possecondary 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 PolicAccount

Recall that the hypotheses being tested in this thesis include the ideatyaicalattributes will either
position a city well for cycling or create impediments to significant cycling mode stosresmmtting
purposes The thesis work is also motivdtby the observation that some cities exceed the performance
expected based only on thehysical 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 modéosiamamuting
purposes the appro&h 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 msgful and meaningful approaches

G2 0dzAt R dzLJ2 phydicab@rbuted &nd adtdess theindggti@hysicakattributes.
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The qualitative variables used for the policy analysis account include the effectiveness of the bicycle plans
and policies phlished for each case study city. The active transportation plans and policies often outline

the longterm vision for future development of the active transportation services in cities. The plans and
policies also function to set a direction of how newrastructure is to be developed and describing

metrics for success. As infrastructure development and mode shift programming are dependent on local
RSOA&aA2ya YR LIfAOe 3FdZARFIYOSs (GKS S@lfdzZ GAaAz2y 27
to realize increased cyclingherefore, 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 Documentl&zion

The selection process of the planning policies to be included in this research is based on the relevancy to
the research topicSince the research aims to determine policy responses to challenges to cycling in the
case study cities, theelection 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 thateggdall 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 documentsvolves visiting the websites of the related government
organizations, examining the relationship between the current and previous documents, and locating the
documents for downloading. Théollowing table, Table 9, lists the transportation planning policy
documents that are in the scope of this research.

Table9 - List of planninglocuments reviewed

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

Vancouver, BC Comprehensive Bicycle PI&rD88) City of Vancouver
Vancouver Bicycle Plan: Reviewing the Past, Planning the = City of Vancouver
Future(1999)
Transportation 204¢2012) City of Vancouver
Portland, OR | Bicycle Master Plag1996) City of Portland
Portland Bicycle Plan for 2082010) City of Portland
Portland 2035 Transportation System Plan (2020 City of Portland
Waterloo, ON  Region oWaterloo Cycling Master Plan (2004) Region of
Waterloo
Region of Waterloo Active Transportation Master R20il4) | Region of
Waterloo
City of Kitchener Cycling and Trails Master P2820) City of Kitchener
City of Cambridge Cycling Master P(2620) City of Cambridge
City of Waterloo Transportation Master PIE020) City of Waterloo

Madison, Wi Bicycle Transportation Plan for the Madison Metropolitan A City of Madison
and Dane Count{2000)
Bicycle Transportation Plan for tivadison Metropolitan Aree City of Madison
and Dane Count{2015)
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3.4.1.2 Process of Determining Key Policy Interventions to Overcome Barriers to Cycling

¢CKS LINRPOSaa 2F dzyRSNRGIFIYRAY3a GKS OAGASEAQ FdGSYLI:
involves a citypy-city, chronological review of active transportation plans and policies. Thdoitity

evaluation involves categorizing the candidateesitby their size and geography and evaluating the
robustness of their published plans to address their physical challenges. For that reason, the most recent

LX Fy F2NJ £ yO02dz@SN) gAff 06S O2YLINBR GAGK t 2NILT I
comlJ) NBR ¢gAGK GK2&aS FTNRBY alRA&A2Yy 2Aa02yairyQaod ¢KSa
OAliASaQ aAal Sa IyR RSyairidraSao

The policies were also analyzed chronologically by their publication year to understand the changes
suggested from each polieypdate 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 pfla A y &4 SN £ 2 F S|
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 needbave 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 ditwe specitially 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 takenthis research will be to reisit 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,liBereed 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 peopjcling 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-chapih

review2 ¥ Sl OK Ol &aS aiddzRé OAiGeQa 1S& 3AS23INILKAO FSIHad
bicycle network connectivity, climate, is necessary to accurately evaluate the overall suitability of cycling

in each city. These physical attributes are ctenpented 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
challengesRSLISYRa RANBOGf & 2y K2g OAGAS& I RRNBRaa akKz2NI
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 Ameritids 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.

27



Chapter 4: Quantitative Results and Discussions

4.1Introduction

This chaper introduces the gantitative results of the evaluation gshysicaland demographic attributes

of each case study citiffhe results of the quantitative evaluation inform whether these attributes are
conducive (or dissuasive) to cycling in each case gtiftglyThe quantitative data analysisesspecific
attributes (e.g., Built Environment, Topography, Bicycle Network Connectivity and D@tisitste and
Demographicsas metrics of suitabilitfor cyclingas described in the previous chapter

The compason of results from the quantitative analysis with the most recent observed cyclote
share for commuting activitiesvill follow to determine if the cycling rate supports or refutes the
assumptions made about a city's suitability for cyclithoughthe commuting mode share variabtioes

not represent all cycling activities that takes place in a thfg is the mostaccessiblenetric torepresent

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., includingwook utilitarian and
recreational trips). However, vinen a discrepancy ariségtween theassessment afutability and the
20aSNISR 0Oeé Of Apbity rdsboinsesieevafbiated i aneRoit BXPIAin these differences

It is important toreview bothelementsc the physical G G NA 6 dzi S& GKIF G LINRY2GS OA G/
andthestrengtte ¥ G KS OA (A S &@gethdtd grabice theBrbdt I yipiefensive viewaf
OA (& Qa &l and cukenticytlists T 2 NJ

4.2 Quantitative Analysis Results

4.2.1Built Environment

Moudon et al. (2005)lescribed the idal 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 intersestead, 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 citylTo allow for an appropriate comparison, the results are shown here as the
proportion of all analysis areas (1kaones) that have densities belonging to a density category.

Because the existing literature does not establish a standardized scale dematirgjationship 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 followingTablel0 presents details of classification range used by this research.

Tablel0- Classification Ranges for Intersection Density Analysis

Intersections per Kilometre Square Assciated Built Form

0 Rural Areas
0¢ 100 Low Density Suburban Areas
100¢ 200 Mid Density Areas
200¢ 300 High Density Areas
300 + Very High Dense Areas

28



The analysis of road intersection density reveals that a small proportion of zowegénloo and Madison

contain a high density of intersectionSigurel12). In fact, 62% of Waterloo zones and 56% of Madison
zones belong to the lowest category of theate, between @ 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 reachost 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 intersEdjined5

and Figurel6, demonstrate that both much of Vancouver and Portland are areas with medium to high

urban density Figurel2 also show that Portland and Vancouver have equal distribution of intersection
RSyaArideszr odzi = yO2dz0SNRA odzAft G Sy dANRasYeweflow A& RSy
density zones. However, with 56.7% and 44.4% of Vancouver and Portland respectively belonging in the

high or very urban density categofyigurel?), as corpared to 5.27% in Waterloo and 5.15%, both cities

are considered highliavourable tocyclinguse 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.

Intersection Density

100
90
80
70
60
50
40
30

20 I
L []

0-100 100 - 200 200 - 300 300+
# of Intersections per KK

% of Area

m Vancouver | Portland Waterloo Madison

Figurel2 - Proportion of a city containing the value of intersection density

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 conigans 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 followahdel1 describes the
associated rankings for each case study cities.
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Tablel1 - Classification of the supportiveness to cycling revealed by case@tidyA S&Q o6dzAt &G Sy @ANBYYSyd i

Account Vancouver, BC Portland, OR Waterloo, ON Madison, WI
Built Environment n n r r

Legend:

Supportive for Cyclingx
Supports Cycling Partialty:
Not Supportive for Cycling:
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Waterloo, ON Intersection Density
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Madison, WI Intersection Density

Data Sources:
City of Madisaen - Open Data

L City Limit (2017)
- Street Centerline and Pavement Data (2021

meiffert Ra

Ashtan
Corrers

Morey Alrport |

Pheasant
Branch

Ml‘ddlelon

“Agagede”
e-og
&,

RRIT1

Pleasant Views L
Golf Course

1231 ft

W Mingra! paine po

L

ffer

Wl> o ‘ disen

[&328)
5 )
3
C
By
@
Cherokee (1-:3
Marsh-North ‘,—2-’

Unit

w
iy

TS

'jinn( Rd
X -
2
™

eminary

oke
ndara

\anara
ourse

pilal Springs

Riley
Legend
3 = State Park
Density R
| Rural 3 5
1 Suburban E tsyRd  Fitchburg o
v
Medium Dense Verona s e | :‘
. - 3 Egh, ASA. NES, USGS. FEMA, County of Dang, Esit Canada. Ssri, HERE Garmin, Sa’elraph. METIS =
HighDense 515 3 3 s L WASH, USGS, P8, NPS, USDA %
Very High Dense|{mm—wmr— Kilometergf's" #« Whalenga ¥ %

Figurel4 - Intersection Density of Madison

32



Vancouver, BC Intersection Density
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Portland, OR Intersection Density
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4.2.2 Topography

¢KS G(G2L323INILIKAO OKFy3aSa Ffz2y3a GKS NRdziS 2F 0&0Of Aa
transportation options because the presence of vertical changes requires significant physical exertion by

the cyclists. To determine the extentof §& OKIF y3SaQ LR IGSYGAlf AYLI OGa 2y
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 gsgilg auggested by

Matias et al. (2020)isted inTable12. The table of classification outlines the relationship between the

gradient and the level of suitability for cycling necessary to determine if the topography of thetadge

cities is conducive to cycling.

Tablel2- The relationship between the gradient and suitability of cycling (Matias et al., 2020)

Gradient Description SIEIY

0-3% Level Good for cycling

3-5% Gentle Slope Suitable forcycling up to medium distances
5-8% Moderate Slope Inappropriate for long and medium distances
8-10% Steep Slope Acceptable for very short distance

The elevation changes of cities are analyzed in two parts. The first part is thedgtyopography analysis
where the slopes of subdivided areas across the entirety of the case study cities were calculated. The
second is the analysis of elevation chamgéng cycling routes, which allows for an understanding of how
the existing cycling facilities are impacted by topography.

4.2.2.1 Citywide Topography

The result of the cityvide topographical analysis demonstrates that the topography of Madison may
coyalAlddziS I 6FNNASNI (12 OelOftAydad 2A0K pm>r 2F (GKS
produces physical challenges to cyclifgrel7?), the results suggest that ciwide cycling may be
challenging for most users. Howevé&igurel? reveals that many of the steep areas are in fact in the
suburban areas ouide of the city centre, as identified Figurel4. Given this observation, topography

may become more problematic in Madison for those cyclists who wish to trateklea 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 thee 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 suggéMsatias et al., 2020are not suitable for cycling

or are suitable for only a shodistance; thus, flat and gentle slopes comprise about-thiods of both

cities, which makes cycling comfortabfegqurel8, Figurel9). 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 natuadl/antage 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 activitiefrigure 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 expege very challenging slopes, which could
lead to a greater number of easily completed trips for cyclists.
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When one correlates the areas within Portland to the intersection density analysis, as demonstrated in
Figure20, the areas with steep slopes are located away from the city centre and most inhabited areas
(seeFigurel6). The &ct 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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Madison Elevation Displacement
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Waterloo Region Elevation Displacement Cycling Suitability
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Vancouver Elevation Displacement and Cycling Suitability

UBC
UBC Hospital

Smith Park

Data Sources:

City of Vancouver Open Data

- Digital elevation model (2015)
Statistics Canada

- Boundary Files (2016)

Iona Beach
Regional Park

| egend

Value

Good for cycling

Suitable for cycling up to medium distances
Inappropriate for long and medium distances
Acceptable for very short distance

Vancouyer sti, NASA,
Internationa

25 4 Airport
w1 Kilometers

Inappropriate for cycling

wiicchell
Island

NGA, USGS, Esri Canada, Esri, HERE, Garmjn, SafeGraph, METI/
NASA, BJSGSe BRAT NPS, USDA, @RCan, Parks Canada

he)
4

o

>

Q-

Figurel9- Gradient of Vancouver

39



Portland Elevation Displacement and Suitability of Cycling
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The following graphRijgure21) summarizes the citwide topographic changes for each case study city
according to the gradient ranges outlinedTiable12. 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%) containid® a@dient range,

which is the is most desirable for cycling. This rate demonstrates that if a cyclistovieawel 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-8% gradient range, suitable for cycling medium distances, Vancouver and
Waterloo have higher proportion dbonging to this category than Portland and Madison. When
considering the combination of the®% and 3% gradient range into the suitability analysis, the results

show that Portland, Waterloo, and Vancouver, are cities that are most suitable for dyetiagse a high

proportion of their city areas, with 64.3%, 53.2%, 40.5%, being spaces that are suitable for cycling.
alRAaz2yQa (2L 3IAINFLKE LINRP@Sa (2 o0S (GKS Y2aid OKIftfSy
are suitable or moderately suitde for cycling. The topography of Madison is especially difficult for cyclists
GKSY ntody: 2F (KS OAileQa FNBIF Aa 20SNI mE: Ay af 2L
cyclists travelling in disparate sections of Madison will likelglire a segment with a very steep slope.

Topographic Changes

% of Area
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Figure21 - City-by-city comparison of the topographic changes in percent gr
4.2.2.2Bicycle Network Elevation Changes
2 KAES (GKS LINBQGA2dza |yLrfeara SEFYAYSR &t GKS Iyl
assessing the elevation changes that exist along designated cycling paths. This assessment is shown here.

The analysis of the bicycle network eleeatichanges follows the categories set outTiable12 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 Figure26), thereby creating barriers for stimulatingémest for cyclingAlthoughit is more common

to find places with a gentle slope Hortland the cycling routesare in fact locatedn places with a high
elevation displacemengimilarlyMadison haa significantly high proportion of steep slopes albigycle

facility segmentsKigure22, Figure25), whichsuggest cyclists mdye deterred from cycling.
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Madison Average Elevation Displacement and Suitability of Cycling
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Waterloo Region Cycling Routes Average EIevatlon Dlsplacement and Cycling Suitability
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Vancouver Cycling Routes Average Elevation Displacement and Cycling Suitability
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Portland Averae Elevation Displacement and Suitability of Cyclln
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On the other hand, the topographies along cycling routes in Vancouver and Waterloo pfesent

barriers to cycling in these citidsigure23 and Figure24 show mapf 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% & =+ y O2 dzOSNJ | Y R pnghetwdri coritainingSitild & @oQlape,O0& Of A
the cycling networks of both cities will certainly be comfortable for cyclists The high percentage of their
cycling networks belonging to this category demonstrates thath Vancouver and Waterlotave
concentrated their investments in cycling facilities to plasdere the topographydoes notpose as a

barrier for cycliig.

The following char{Figure26) summarizes the average slope of bicycle route segments for each case
study cities according to the cajeries set out ifTablel2. The results from the category representing
surfaces containing slopes that are the most suitable for cycl#8§ @radient, shows that theycling
networks in Vancouver and Waterloo are likely to be most conducive to cycling, with 49% and 37.1% of
their respective networks containing® slopes. However, the cycling networks of Portland and Madison
are less ideal for cyclists because 21%0NXi £ YR YR mMd@: 2F al RRA&A2y Qa o0A S
FNB dzy ¥l @2dzNF 6t S F2N) OeOft Ay3dr gKSNBlFA 2yfe& HDy: |
not suitable for cycling.
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Figure26 - A comparison of the average slopes in each segmerytatihg facilities in each cit

4.2.2.3 Summary

The followingrablel3- Summary of topographic statistiiarther summarizes the findings of topographic
analysis in each case study city. While the-witye 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 cyclisbut some sectionsf the bikenetwork may still involvesteep
slopesthat presents challenges to cyclene bpographies 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 signifieanrs 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 gears to induce significant negative impact towards cycling. Because
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the placement of cycling routes has also been significantly impacted and calleagésa for cyclists.

Tablel3- Summary of topographic statistics

Account Vancouver, BC Portland, OR Waterloo, ON Madison, Wi
n n r r
p n p r
Legend:
Supportive for Cyclingx
Supports CyclinBartiallyp
Not Supportive for Cycling:

4.2.3Bicycle Network Connectivity and Density

4.2.3.1 Bicycle Network Connectivity

CKS Fylfteara 2F GKS O2yySOiAgAate 2F GUKS o0A0&0tS vy
' YR t 2 NI felnefnR®Rsiare tha rAodt ©dnnected. Although cycling is a mode of transport that may

allow for flexibility in route choice via a designated cycle path or on a route without such a fagititys

decision is normally thought to depend on confidence ofisig: 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 haaéacces
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.
Figure27 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
Vancaiver 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 ahar proportion of the city, which can make cycling
difficult.

Bike Network Connectivity
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Figure27 - The connectivity of the bicycle networks in the case study cities
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Madison Bicycle Network Connectivity
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Watgrloo Bicycle Network Connectivity
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Vancouver Bicycle Network Connectivity
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Portland Biq,/cle Network Connectivity
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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 inFigure32 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 dmnected with cycling facilities, which may hinder the

desirability of cycling.
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Figure32 - Proportion of hexagon tiles containing a length of cycling routes
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Figure33- Density of Bicycle Facilities by Length in Kilometers (Madison, WI)
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