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Abstract

In an evetincreasingly urbanized world, planning policies bring direct and indirect societal and
environmental impacts affecting quality of life for millions of people. Policy decisions are often
complex, involving trad®ffs between competing interests drigh degrees of uncertainties.
Quantitative methods have been used to underst@odmplexity of urban dynamics, to evaluate the
alternative future scenarios and ultimately to help make more informed decisions. Despite the
advantages these methods qffbey have been criticized for beinglaolc, complicated and sensitive
to the arbitrary choice of the indicators and the spatial scales of analysis.

In particular, tansportation analysis and modeling often rely orgetestructures of Traffic (or
Transmrtation) Analysis Zones (TAZs) to conceptualize geographic space as it relates to urban
activities and transportation flows. Theory suggests that appropriately created spatial structures for
transportation analysis should represent areas with homogesterasteristics in terms of land uses
and activitiesReviewing literature indicatdbat conventional TAZs do not necessarily provide
satisfactory levels of homogeneity due primarily to the insufficiency of density as the primary
measure to create thesenesand thearbitrary use of roadways in breaking the zones boundaes
we move towards an era in which new mobilitpdesemergeandmoderndata sourcespen upgreat
opportunitiesit is necessary to rethink the way we conceptualize spitici land use and
transportation system interactiofidJTI) studies.

This researchsimotivated by the idea that land use diversity is equally important as eke(&itd
other attributes) to define the spatial unit of analy®i®e researchimsto advance uretstanding of
the impacts caused by the choice of analysis zones on the travel behavior and land use development
analysis outcomehis dissertatiordevelops an enhanced measure of heteroger{egy,land use
diversity) andapplies this measure to cresd dynamic zonal structurtarough an iterativepatial
aggregation method his algorithm combinetheinput disaggregateones that have similar diversity
levels but also assembled from similar disaggregate land uses that make up their diversity.

The developed spatianodelsare examinednd validatedising a set oflisaggregatéand use,
travel behavior and the building permits data fiaterloo Region in southern Ontario, Canada.
This research examia¢he effects of land use heterogeneity and access to rapid transit on an ongoing
urban dynamic irthis fastgrowing mid-size metropolitamegion

The firstset ofanalygs explorathe suitability ofthe proposedonal structuré called Dynamic
Activity Cluster Zones (DACZs) compared t@ commonly used prdefinedTAZ systemanda
graphbased spatiallusteringmodel The resulténdicatetheadvantages of thBACZ modelin

terms ofconcurrentlycreatingmorehomogeneous zonegth balanced size distriltion. A sensitivity
Vv



analysis ighenperformed to evaluate the robustnesthe DACZ modelin producingreliablezonal
structurs as a function of three parameters including aggregation heterogeneity threshold, levels of
adjacency, and the origin@hput) spatial disaggregatioifhe resultshowthat the model is effective

in generating zones for which the size is defiasd function of homogenejtgs a result, these zones
will generate more predictable outcomes in travel behavior modeling ahgian

Thesecondwvork investigates the regional daily travel behavior data aggregatkdomparetbr
both the DACZand a conventional TAZ structuused in the regional plannirglled PLUM(an
acronym forPopulation and Land Use ModleThe comparisosirevealthat the impacts of built
environment homogeneity on travel behavior are more pronounced within DACZs, where the
dynamic zones effectively capture variations of the active transportation and public transit mode
sharesThis analysisalso uncoveravarying patterrof mode share and the average travel times
acrosghe built environmentategoriesdentified based on the populatidensity andand use
diversitylevels by increasing the levels of population density and land use diversity more trips are
shown to banadeby nonauto modesThisoutcome suppaostthe LUTI theories which contend that
areas with diverse land uses and high population density are more condwgitige transportation
and public transit trips.

The thirdinvestigationseeks to understand how the introduction of proposed and eagbical
transit investments arelated tdand usedevelopmentrends In atemporal analysis, the historical
building permit datadrom 2000 to 201%re analyzedfbcusingontwo periods before and afttdre
LRT project funding announcement (262011) Theadjustedoermits construction valuese
calculatecand comparedcross multiple scales including the study area,tei ve t o t he Regi on
Central Transit Corridor (CTC) and within different heterogeneous built environment categbees.
resultsidentify areas that have disproportionately attracted mordnayhetr valuedievelopments,
especially after announcement o ttRT project funding. The outcomes alsonfirm the role of
higher levels of land use diversity and access to rapid transit on attracting greater scale of land use
developments, while the density is found to have minimal association with this trend.

In summary, his study advancetheresearch otand use and transportation system interactoyns
(i) articulatinga novelspatial unit of angsisthrough developingndapplyingan enhanced
homogeneity indeanda spatialaggregation modg(ii) examiningthe associationsetweertravel
behavior pattermandheterogeneousuilt environment characteristig@i) providing insights orthe
development trends across Waterloo Region at mukjpdéiattemporalscales that can be used in
ongoing regionapolicy and planning evaluati@n(iv) moregenerallyfacilitating theland use and
transportation integration in planning and policy developrtreoughassessment artiissemination
of a set ofrigorousspatial modeling methods
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Chapter 1: |l ntroducti on

1.1 Context

As we enter the third decade ofZEntury,cities areincreasinglyconfrontedwith challengeghat
drasticallyimpact millions of theiinhabitants. sparities in access jobs, affordable housing,
educatiorandhealthservices are frequently observed in citiasidwide. These ever widening soeio
economic inequalitiesn addition to thedverse consequences of climate chargkextreme events

have necessitated and brought the notion of sustainable development to the forefront of urban planning
agendasMore specifically the United NationgSustainable Development Go#sgetedequitable

access to urban servicasdsustainale transport systems ainiversatesolutiors to be achieved by
2030(United Nations, 2015)he concept of sustainable development entails objectives of

environmental protection, social equity and economic prosg&aynpell, 2016)In addition tatheir

explicit implications in planning practices, these objectives are often conceptualized through two

major strategies: Sustainable Urban Form and Sustainable Mobility.

Strategies to ensure sustainable urban fawe their rootsin substantive theorgf planning where
appropriateshape and scale of developmentsextensivelydiscussedThetheoly suggest that
people and firms benefit from agglomeration and proximity advantages that citiedandystems
inherently provideHistorically, social nteractions and businesansactiongould only become
possible when different actors meeid interactocally. This was the driver for concentration of
activities in densely developed form of historic cifiesn antiquity until the World War 1l era
However, while the concentratiaf activitiesbenefits people and businesses, it comes with costs of
land capitalization and higher land values in central and more accessible places (Harvey, 1985).
Inspired by the historicahstances o€ompact citiesto amplify their benefits and to curb their costs,
sustainablairban form models advocate strategies to intensify developrardtiversify activities

within a network of connectetbmmunities



Sustainable mobilitysimilarly, promotes integration of lownpact transportation modesvalking,
cycling and public transit that aim to betteinnect those compact and diversified communities. It also
provides measures to stimulate travel behavior changes towards lower degrees of car dependency
(Banister, 2011a)The associated strategies often address major ec@nakenergy use and
greenhouse gas emissidnBigher land use densities and associateditopact travel have been
demonstrated to require lower energy uses per dgpgarel-1) i aswell as infrastructure operation
and maintenance cogstsenworthy, 2007; Kenworthy et al., 200®rovision and upgrading of public
transitinfrastructure as the backbone of sustainable mobility have been widely credited for

encouraging social justice and better public he@thrtens, 2016)
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Figure 1-1 - Rapid declinein car use per capita with increasing urban densityKenworthy et al.,
2000

Since sustainable mobility and urban form are interconnectedhieve sustainable and

economically viable urban development requires better integratithesé two approachéeghis is
2



often referred to as integratkohd wse and transporian planning, which has been articulated under

three broad concepts of New Urbanism, Smart Growth and Transit Oriented Development (TOD).

While integrated planning approachesve gainedhterest worldwide, the complex intertwined
nature of land use andatisportation system interactiofidJTI) need to be further investigated.
Classical theories suggest that transportation network expansion in general, and transit infrastructure
in particular, impact land use changes through two major mechanisms: rederangliged

transportation costs, and altering relative accessibility §@igiano, 2004)

Both these factors significantly influence the location choicégwiurban actorgarticularly
these influences are felt iyouseholds and the people who live in them; firms who locate in
metropolitan areas and hire employees; developers who supply space for activities in the area; and

governments who influence the behavior ofi$eholds, firms and developers.

The dynamics of interegt this researchre land use and transportation systeangleshattake
place in a complex urban context, in association with other established structures including political,

economic, and planning systems and social norms.

Conventionally governments are most often responsible for the supply and operatien of
transportation system. The compositiothe mix of modes availableas well as the system
performance and costs are all directly controlledheyn Local governmentalso hae an active role

in establishing land use regulations andneenicincentiveghat influence development

While both transportation interventions and land regpilationsareideally to be implemented
simultaneously, in practice, land use policy instruments are more widely adopted and zoning by far is
the most common empyed instruments among &Dian, 2010)Land usenstruments have more
spatially concentrated impacts rathemthkesirable distributed effects. contrast, transportation
interventions potentially have wider and more socially inclusive and fair im@lactas, 2012)In
fact, temporal variance and the transportation changes precedtamgives an opportunity to

planners and policy makersleveragdranspmrtation interventions as a guiding force to shape desired

3



land use related changétowever, when these changes materialized, they start to impact travel

decisions and hence functionality of transportation sys(Eigure1-2).

Among many characteristics of land ugepulation and employment densities tpically
consideredhe most significantharacteristics that influence travel patterns at different spatial scales
Looking through the lens a@fitegrated planningas led many municipalitide trying andachieve
land use intensification, increasing the density and diversity of land uses such that more household
activities can be accomplished with less (in distance and &ntk)ess expensiveavel High levels
of land use diversity provide multiple adgtivdestinations within an easy access area which makes
norrmotorized transportation feasibloreover, higher levels of densities are necegsesypport
efficient public transit performancintensification also tends to promote the linkingrafitiple
individual trips into a trip chaithat againmreduce per capita vehicle travel and energy consumption

(Banister, 2011hb)

Given this relationdp, it is logical to try to embed a measure of the homogeneity (or heterogeneity)
in studies of land use and transportation interactidesce, thdocus of this research work is to
consider another critical, but less well studied characteristicitifenvironment fotand use and

transportation system interactiomsalysis land usdliversity.
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Er?g.tcee"/ ChOIGe(\Deshnatlon
ch0|ce
Link
Ioads / Trlp
decision
Travel times/ §ar
d|stancesfcosts » i l——
Transport
Accessmndy 5 Activities
Land use
Attractiveness » Moves
Location _ /
decisions Iaocat|on
of investors ecisions
/‘ of users
Construction

Figure 1-2 - The land use and transporation systeminteractions feedback cycle (Wegener, 2004)
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1.1.1 Problem Statement and Motivation

Land use and transportation system interacoasomplexTheabsence o& unifying theory,
coupled with ascarcity ofconsistent spatitemporaldataand limitations of analytical modefave

createcchallengedor understandig the extent and characteristics afg interactions.

In practice planners have attempted to reverse a trend of providing transportation systems (often
roadway expansions) in response to growing land use activity and now are trying to introduce high
cgoacity, low impact modes in city centers to attract high density, high diversity land use development
Such strategies have been effective in splaees but not in the othets.generalpublic transit
systems are considered to be development catalydtheliterature offers evidence of land use
impacts driven by transportation interventig@ervero & Duncan, 2002However,more recent
studies have shown thatleverageheinterrelationships between transportation system and land use
developmenthe context is decisivigliggins, Ferguson, & Kanaroglp2014) Often the primary
drivers for new land use developments or transportation systems interventions are external factors
such asapiddemographic changes¢onomic cyclesemergence of new technologiesdshifts in
social and environmental polés.Saturation inurbanization and transportatiagcessibilityevels
also impactand use and transportation system interacti@y®nd what intuitive theories offer
(Kasraian, Maat, Stead, & van Wee, 20H)rthermoreempirical studieghathave exanied the

subjecthave often ended up with heterogeneous outcghliggins & Kanaroglou, 2016)

Relevant to this researchmulti-decade longitudinadtudyon coevolution of theransportation
networksand landusein the Greater Torontblamilton Area(GTHA) has found that the initial
impacts of the transportation accessibility on urban developnaeeincreasingly decreadever
time, while proximity to built up areas hasdmore lasting impacts on the land use development

(Kasraian, Raghaw Miller, 2020).

Current technologies and data availability make possible more robust studies of the interactions

between land use and transportatidfore specifically emergingmoderndata acquisition and



processindechniquesilong withrapid advanements of Geographic Information Systems (GIg8)

High PerformanceComputing(HPC) offer the potential t@vercome the barriers for understanding
land use and transportation system interactidusordingly, this studwtilizes datadriven spatial
modelingmethods to explore characteristicsluéseinteractionsn afast growing metropolitan region
in Ontario,Canadaln this interesting urban dynamic case, the Region of Waterloo, is employing an
integrated (land use and transportation) approadhite sustainable urban development in a
dispersed metropolitan area. While the region is experiesangficantpopulationandemployment
growth, new land use controls are incenting intensification araurevly constructetight Rail

Transit (LRT) sgtem.Collectively, theintroduction of LRT and expansion of the higloeder bus
system, aim to transform mobility pattern across the region. The growth in the Region of Waterloo,
and the related land use and transportation changes, provide a uniqueretutdyevaluate land use

and transportation system interactions in the presence of contemporary information sources.

Fromananalytical perspectivehis researclalsoinvestigates a longstanding practice applied in
transportation analysisthe creatiorof a spatial (zonal) structure that is the basisrfany evaluation
tools, but more prominentlystimates of trip activityT raditional methods of creating zones attempt to
generate analysis areas with relatively consistent total activities such aatjoopoit employment
Areas with higher densities are often represented with smaller zones, whereas lower density areas may
be spatially largeiWhile this approach allows for consistency in important land use characteristics, it
fails to consider the divsity of land uses contained in a proposed zone and, as a result, the zones

created may not actually be homogeneous in the behaviors observed.

Thisissue of inadequate homogeneity of common transportation analysiscpomggsed withthe
arbitrary use ofgadways in breaking thenalysiszones boundaries are commordgognizedssues
in transportation analysis. More specifically, zonal structures canoematic creating
disproportionatly negativeimpacs ontherepresentation of neauto mode tripsrad trips with

purposes other than hort@work. As we move towards an era in which active transportation options



increases and new mobility modes emerge, it is necessary to rethink the way we conceptualize space

within land use and transportation systetgiiactions studies.

1.2 Research Objectives and Research Questions

There are two overarching objectives for this research. The first objective is to develakradea

set of spatial models to examine the impact of data aggregation scale in land use and travel behavior
interactions analysighe second objective is to investigate the effects of land use heterogeneity and
access to rapid transit on travel behasginddevelopment&n metropolitan aread.his research aims

to provideevidencebased informatioand analysiso answer the following questions:

1. What is the appropriate spatial scale to analyze land use and transportation system interactions
and their impactsn travel behvior in a midsize metropolitan regigthased on observations
from Waterloo RegionWhat are the benefits of using dynamically defined zones in travel

behavior analysis?

2. How do built environment characteristiesd.,density and diversity)ral access to rapid
transit i nfl uenc e amidsizededgion, kaded dn eldsearvations froma c r 0 s s

Waterloo Region?

3. How do proxinity to LRT corridorand land use diversity levels impact the development

dynamics acrosa midsized region, basesh observations frotaterlooRegion?

The responses to these questions provide not only methodological contributions to the literature.
Theanswes generated through this reseaoam help inform planningrocesses improving the way
in which critical irfrastructure investments are conceived, designed, evaluated and teriéfore, m
tandem withconductinghe case studgnalysesa set of relatableesults areselected anthterpreted

to convey the planning implicatiorssd knowledge¢hat can arise &m this research.

Nearly all planning tasks include a consideration of land uses; as aitésuf,high importance to

be able to conduct these analyses appropriatedgffectivelyusing robust method€ne overarching



contribution this researahnakes to planning is to asséssv incorporating the diversity of land uses

can create different outcomes compared to simply looking at density measures, and how that might
influence the planning processes, particularly in transportation plafifiegvorkdone in this study

is inherently linked to applied planning practices and outcomes from the Regional Municipality of

Waterloo.

First, we present an example from the ,Regionods
which the Regional Municipalityds implemented a set of quantitative indicatorsvimuatethe
official developmengoals ofmoving people more efficientiydbuilding thriving communitiedn
our analysisve assess the applicability our proposed land use diversity measungeidomm a

planning assessmetaisk similar to the worlconducted byhe Region

Second, we look into a recent major transportation project irethen to demonstrate the strength
of theconcept ofdynamic zone delineation in planning practice. Wevaluaé the work that was
done on alignment selection for the recently developed regional LRT systersing ora section
that currently serves the University of Waterloo Camp\is demonstrate how our proposed method
might have influenced the planning outcaiielignment selectiomnvere donaisingtheenhanced
diversity measuremeint conjunctionwith dynamiczore delineation. We argue thaur methocdcould
moreconvincinglyidentify areaswith land useshatmight be more supportive oh&RT system This
analysismayhave pointed towards a different alignment in certain sections compared to the currently

developedetwork

Broadly,we propose andevelop a set afpatial models anadhetrics to simultaneously synthesize
heterogeneity of land use amdvel behavior patternandcontendthatour methodsan help to
effectivelyidentify thedevelopmengaps and potentiakt the intersection dénd use and
transportatiorsystens, atavery fine spatial scalé hese abilitiescanenable planners teverage
existingpotentials andprioritize interventions wherdor instance, the land use context is conducive
for expansion of active transportation infrastructive. conclude thatheflexible dynamic zone

delineation promissa methodological enhancenteand a range of applications that aften not
8



fulfilled in planningpractice due to the limitationsiposel by the conventional analysis zones such as
the pre-definedTAZ structuresWe elaborate on the new knowledge and original contribution of this

dissertatiorunder the Discussion and Contribution Sections.

1.3 The Conceptual Framework of Research

As theories suggests, travel behavior and location decisions dveothr@jorfoci that dictatdand use

and transportation system interactioRigy(ire1-2). Empirical data gathered on both of these activities
provide measurable outcomes that reflect dynamic choices and preferences of urbaactgstem
Figure1-3 contains a graphical representation of how this study approaches the problem of land use
and transportation system interactiofige left side of te diagram presents three critical areas of

focus for which data have been gathered and relationships andlfeedght side of the diagram
concentrates on the appropriate spatial scale of analysis, comih@rimgmposedonal structure

(shown in red boxto those generated loyodern stat@f-the-art (graphbased) method as well as
conventionaknalysis zonesCommon to both sides of the diagram is the concepétafrogeneityin

terms oftravel behavior as it relates to the built environment featurdiaarsity ofurban activities

that should guide the creation of analysis areas

Land Use and Tranportation System

Significant Measurablé Spatial Scale of
Variables AGEWATS
' J L
Built Environment Travel Behavior Transportation Novel Analysis Conventional Traffic
Elements Elements System Elementd Zones Analysis Zones
l_“_l I_I_l |—|—| T I 1 | I_l

. Dynamic Graphbased
Density Letrol Use mifp | Tra&’e' Travel Travel Activity Cluster Optimized N el
Diversity Purpose Modes Time Distance. Zones (DACZs) Clusters Zones Zones

Figure 1-3 - The conceptual framework of research
Travel behavior andrban activitiegland use) data in their simplest form consist of sets of

Interactions (LUTI) Analysis

attributes associated with some geocoded points in $¢parehouseholds locatiptrips origins and

destinationy The first step in any land use and transportation system interactions aisalysis
9



aggregate these poibased data into a kind of arbased zonal system. This process involves

constructing a spatial abstractittrat inherently introducesncertaintyin estimationgKwan, 2012)

Looking through thdéens ofheterogeneity evaluation, this study develops a novel method to identify

homogeneous zones and to minimize the uncertaintydeel behavioaggregatiorand built

environment metriceneasurementhe proposed methdd implemented in a case study where sét

Dynamic Activity Cluster Zone@DACZs) arecreated fothecities of Waterloo and Kitchener. The

DACZ system is then compared to fre-definedconventional traffic analysis zones (TAZ) system

The research alsmplementsa method that produc@sproved(i.e., minimum heterogeneitgpatial

zonesapplying agraphbasedspatialclustering methodalso known as SKATERIgorithn). This

comparison aims to examine performance of these zone systpnoglirting more homogeneous

zones in terms of land usasd variability of the zones sizes

To answer the second questioagional travel behavior datierived from a regularfgonducted,

widespread travel diary survaye aggregated at the DACZs levetlanontrasted with thpre-defined

conventionallTAZ calledPLUM i used bythe RegionalMunicipality of Waterloofor population, land

use and transportation forecagZ®mbining the land use data and the travel behavior data algws t

study to synthesizeuilit environment and travel behavior metrics in a crsesdionaknalysisas laid

out inTablel-1.

Trip Purposes

Travel Modes

Land Use and
Population Density

High-High High-Low Low-High

Heterogeneity Distribution

Low-Low

Each table cell represents statistical

number of trips across travel time or distance bin

distribution g

Auto

Public transit

Active modes
é

NEVE IR 0@ Homebased
Heterogeneity work
Distribution
Homebased
norrwork
é

Auto

Public transit

Active modes
é

Table 1-1 - Conceptual framework of built environment and travel behavior metrics synthesis
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In response to the third research questions, a spetigloral analysis performedo explain
dynamics of landlevelopment in Waterloo Regialuring a 26year timesparfrom a decade before
announcement of the LRT project funding approval until a decade afteftiietnulti-level analysis
aims to test the hypothesis tlragestmentm the regional light rail rapid transit has stimulated more
new developmentstotike gi on 6 s C €arridor €CITC) Histamically,ithie CTC used to
accommaodate higher levels of population and jobs densities and is comprised of elyelatarse
urban environmemn In recent years, areas within the CTC have also enjoyed access to high frequency

transit andoetter active transportation connectivity compared to the rest of the region.

The historical records diuilding permitsareused ¢ assess whethéneareas within the CTC have
disproportionatehattracted more and or larger developments (i.e., higher construction values per
issued permit) compared to the rest of study area. Further, the analysis investigates the likely impacts

of land useheterogeneityand population density levels on development activities trend.

1.4 The Analytical F ramework of Research

Theanalyticalframework ofthis researcltomprises a series of assessmantalidate the
developed spatial modeEndexamine theesearclgyuestions in a castudy in Waterloo Region
These analyses conducted to respond each question are organized underssiieedton within the

Methods Chaptethatlogically linked to a subsectiamithin the Results Chapter.

Thework presented irsections 3.5 and 4&ms to respond to the first research questitare, we
first develop an enhanced measure of entropy andtassticalmetrics of variance to compaoer
measuravith the conventionaéntropyindex We thenapplythe entropy measure tdevelopthe
Dynamic Activity Cluster Zones (DACZnd evaluat¢ghe DACZ modefor its robustnessind
effectivenessUsing a systematic sensitivity analysige assess the impacts of a range of
heterogeneity thresholds and two levels gaegincy on the modelutcome We alsoprovide detailed
comparisos of the DACZstructureagainsthe conventional TTS TAZs and thmphbased spatial

clusters in terms aheoverall homogeneity distribution and thene sizébalance.
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Section 3.6 (and 4.3resents the analysts ' Conducted Comparisons for
the Developed Models

answeing the second research question thaestigats Against Baseline Measures

specific instances of the general LUTI problétere

Enhanced Land
use Diversity
Index

we compare what we learned framio different zonal
structure on travel behaviorWe primarily look at the

travel behaviodistributions(mode share and Conventional

. . . Entropy Index
proportions otrip purpose) within the DACZ and

PLUM structures, for all zones and subset of classifie DACZ
%% (Performance comparison in
creafing more
homogenous zones)

zones. Wehenexplore the travel time distributiomfsr

all zones within the DACZ syste _
Conventional TTS

TAZ
In Section 3.7 (and 4.4), our work addresses the thi

. . . . . Graph-based
research question on investigating the likeffiects of Spatial Clusters

land use heterogeneity and access to rapid transit on
historical trajectory of the land use developments acr@EZZIRETERETEsEvS

the region. In this temporal analg we compare and

Set of heterogeneity

interpret two metrics aheaverage adjusted throcholde

construction values (AACVandthetotal adjusted :
Set of spatial

construction valuesTACV) for subset of zones within DXRCHNCY eMRmeior

the DACZ system and in an aggregate level. DACZ

Sededede (Performance comparnison in
presenting homogenous
travel behavior)

Conventional PLUM
ones

DACZ

(Built environment
categories identiied based

on density and diversity)

Fekdkdk

Figure 1-4 - Schematic diagram of theanalytical
framework of the research including thedeveloped
models and conducted evaluations

Central Transit
Comdor Geography
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1.5 Thesis Outline

This thesis is divided into five chapteasd ncludesa bibliography and appendicé&mainder of the
thesis is organized as followGhapter 2 reviews the literatunae theland use and transportation
system interactions (LUT,and presentsnplications of quantitative methods in LUTI analysis
provides thecontextuabackground fortie research probleemdsets outa theoretical framework for

this research.

Chapter Jresents thenethods usednd developeth thisstudy: It begins by outlining the research
data sources and introducing the Region of Waterloo and its planning casitbetcase study area.
Thechapterthen portrays the proposed spatial heterogeneity measurement method (Enhanced Land
Use Diversity Index) and describes the details ofiheslopedspatial aggregatiomethodthat creates
theDynamic Activity Cluster Zonge(DACZ), andtheimplementedyraphbasedegionalization

model

Theresearchiesultsare presented in Chapter 4. Thisludesthe outcomef theimplemented
spatial modelsthe sensitivity analysiandthe complementary statisticahalysesesults The
theoretical, methodological and planning implications derived from this studysadiscussedtthe
end of this chapteFinally, Chapter Summarizeshe research findingsutlines the contributions of

this study and concludewith recommendation®r future research
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Chapter2:Li terature Review

2.1 Overview

Land use and transportation system interacijobd’1) areone ofthekey conceptgo understand
complex urban dynamicExtensive research has been condutdatescribehe majorcomponents of
these inteactionsmanifested througtocation decisionandtravel behaviarFurthermorea variety of
methods has been develogedjuantify built environment characteristics dodneasure
transportatioraccessibilityas drivers ofocation decisionandtravelbehavior The focus bthis
research is oguantifying heterogeneityf the built environment, in terms of diversitylahd uses

andurban activities

This studyexaminesapplicationof built environmenheterogeneityneasureso delineatalynamic
analyss zoneghat is a novel approadéh LUTI studies The need for better conceptualization of built
emironment within land use and transportatamalysis and modeling has been frequently discussed

in the literatureand defining appropriate zonal strucsremains an active area of research

This review begins with a historical overviewtbéevolution of contemporarymetropolitan
regions in North America to illustrate trajectoried ofTI dynamics hat have f or med
understanding and representation of urban structBeesinal theories that explain geinteractions
arethensynthesizedandempirical studies that have examined cases fonh Americaare
explored Next,implications of lad use and transportatiort@gration for planning policy are

discussed

Finally, the role of quantitative methodad new data sourcesLUTI| analysisare reviewed and
thesignificance of spatial representation and scalgwasdal components afuantitativeL UTI
modelingmethodsare discussed he chapter concludes bgflectingon implications of heterogeneity
measurement faheanalysis zones delineaticendpresentinga set of conventional methods that are

used in urban and transportat@amlysis and modeling

14
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2.2 Historical Background

Over the second half of the ®6entury, extensive suburbanization of population and employiment
the movement of households and jobs to areas outside of traditional urbai ltasdeminantly
shapedmetropolitan landscapes across North America. Steady population and economic growth
during the two decades after World War |l stimulated great demand for housing develdpment
prevalence of anfiirban policies, and the availability of inexpensive ladng with rapid expansion
of transportation networks and auto ownership, resulted in unprecedented outward metropolitan

expansiongSouthworth& Owens, 1993)

Through redistribution of population and jobs, this process profoundly changed the structure of
metropolitan regions in North America, as conventional monocentric cities were replaced by a
polycentricconstructgCervero & Wu, 1997; Small & Son#994) This outward movement also led
to pervasive central city and downtown decline in North American metropolitan(&itas,

Hoernig, Bunting, & Sands, 2004)

Inspired by Borchert1967) and Bunting and Filiof2010)this section is organized into tiaree
subsections to descrilokstinct eras of metropolitan evolutiamNorth Americanincluding: rapid
postwar expansion (1950 to 1975), deindustrialization (1975 to 1990), anéhgastrialization

(1990 to the presenperiods

2.2.1 From 1950 to 1975: Rapid Post-war Expansion

In the United States, where regional transportation investments had been historically perceived and
promoted as generators of economic gro@@thas, Arnott, & Small, 1998)argescale government
investmentsveredirected to expressway network expansion, while public transit had been receiving
minimal proportions of investmengBilion, Bunting, McSpurren, & Tse, 2004)hus, by the end of

1960s, US interand intrametropolitan highways became extremely vegdl/eloped, cosring entire

states (including remote areas). These investments facilitated efficient transportation of resources and
goods at regional and national scales, and provided better and more even access to labor markets and
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job opportunities across metropoliteggions(Kasarda, 1980)n this period, central areas in

American urban centers began to decline.

In Canada, however, public investmemtade in transportation infrastructure development were
divided more evenly between metropolitan public transit development and expressway expansions
(although highways and roads, as in the US, received more funding). In turn, Canadian expressways
were costructed and expanded on a much smaller scale as compared to the US, so jobs and urban
activity continued to be concentrated in downtowns and other central urban areas with little

perturbationFilion, Bunting, et al., 2004; Hodge & Gordon, 2008)

Transporation network expansions in pasar North America provided an opportunity to reduce
the importance of physical distance in the equilibrium of distance versus traveMuolts, 2004)
Designated for higlspeedraffic, expressways allowed longer distances to be traveled within a certain
time budget compared to other conventional transportation modes of the timsti@egcars and
railways). The popularity and affordability of private car ownerskip a repesentation of consumer
culture- occurred in tandem with these expressway network expansions, which soon allowed people
to realize this potentigBunting & Filion, 2010; Muller, 2004)The advent of lovcost transportation
options diminished the conventional mobility barriers that historically had constrained the size and
form of cities to public transit service areas and walking dis&iN®@wvman & Kenworthy, 1996)
Now, residents were enabled to commute longer distances while maintaining similar levels of access
to traditional urban core€oncurrently greater access to broader labor markets and customer bases
allowed firms to relocate from downtowns (with the higheban land prices) to more inexpensive
land on the urban peripheffilion & Bunting, 2010) As larger middleclass populations came to
reside in suburbs, retail and commercial actigifeund their way into urban peripheries. By 1970 in
major US metropolitan regions, suburbs hosted more jobs than traditional urbalacksen,
1987)In both countriesthe provsion of functional road hierarchies, the separation of land uses, and
the utilization of new building technologies characterized the planning objectives of ttiisseraan,

1987) Thus,favorable political and institutional conditions encouraged developers to take advantage
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of improved automobile accessibility at the metropolitan scale. Development of unprecedented large
scale suburban finew townso ( iamd®énMds north ofW@antd)ous L e
are the outcomes of these conditigHarris, 2004; Muller, 2004)These trends continued throughout
thepostwar period and led to the widespraadlizationof caroriented, lowdensity, singlaise

suburbs now referred to as subam spraw{Newman & Kenworthy, 196).

Al t hough initial attempts to Auniversalize subu
i ndustry fb o@®9andaMulleF20G1 ) sungest, it was the sitaneous occurrence of
favorable economic and political conditions, and conformity of interests among key actors (including
all levels of governments and planning institutions, miades citizens and entrepreneurs) that

helped massive peripheral devaimnts to be realized in the pagar period.

2.2.2 From 1975 to 1990: Deindustrialization

In 1970s and 1980s, a series of significant changes in economic, political and social spheres marked a
critical transition from the prior booming decadestperiod ofe@ n o mi ¢  (Fishmannip&Y)

This erawasmarked bytwo major crises in North Americéirst, a long period of combined economic
stagnation and inflation (known a sisediBunitimgégf | ati ono
Filion, 2010) Second, national economies deindustrialized, and many jobs moved tdeswith

lower wage levels du different structuraéconomic conitions (Bunting & Filion, 2010) In the

context of metropolitan development, the energy crises of 1970s profoundly impacted millions of

suburban commuters, revealing the vanlbility of dominant cadependent development to oil price

shocks(Hodge & Gordon, 2008; Kenworthy, 2007)

This was a pgod when conservative leaddrsld federabffice in the US (Reagan), UK (Thatcher)
and Canada (MulroneyJ he prevalentpolitical conservatisngoincidng with the consequences of
aforementionedrises fueled support for the political ideology of neoliberalism, which aimed to
restrict government @ahderegulate economic activitibg the end of this eréBunting & Filion, 2010)

By limiting the mandate and capacity of public investment, this transformation had lagtiacts on
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governmentSrole in metropolitan dynamics, and heightened the role of the private sector in return
(Grant & Filion, 2010) This also resulted in the advent of a new relationship eetgevernment and
enterprises, which further formulated in form of pulgitvate partnership initiatives and widely
influenced urban transportation infrastructimeestments in both Canada and the United States

afterwardqHodge & Gordon, 2008; Siemiatycki, @8).

Despite the overall convergence, differences between the structure of local government in Canada
and the United States had considerable impacts on metropolitan development trajectories in the two
countries during this period. In the US, a more d&redized political system had left a great degree of
autonomy and fiscal independence to metropolitan municipaliiésorth, 2009) in Canada,
institutional arrangements were less vallted to implementing expliometropolitanbased policies
(Donald, 2005)This encouraged the US metropolitan authorities to leverage the capacity of suburban

land incentives to subsidize their regional growth to a larger extent than in Gaoads, 1991)

In the US by the mid1970s, the spatial structure of metropolitan regions had been mostly &#aped
the dispersed form thi observed todayet major dynamics @retaking place withirc i t doaabk 6
and economic structur€Bilion, Bunting, et al., 2004Reducedr deferrednvestmers in
infrastructure and social services Hed todeteriorating quality of life in inner cities, where social
conditionswere furtherstressed by highate of crime and unemploymeih turn, larger groups of
middle-class households were leaving inneiesito settle down in growing and so@oonomically
homogeneous suburbs. By the mi@l70s, achieving the critical mass of population and jobs in
peripheries, reinforcing decentralization dynamics have beenreigigie most metropolitan areas
(Jackson, 1987)Concentration of disadvantaged residents in inner cities, along with decaying
physical conditions pushed agrieatemumber of retaiestablishmentdirms and businesses to
relocate in suburban malls, and office parks, where new clusters of activities were favitsfnorn

& Muller, 1989)

This relocation of residents and firms incrementally shapeessdiiicientsubcenters of outlying

areas, and polycentric metropolitan structures emerged. Studies of CihtzAgmnald, 1987;
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McMillen & McDonald, 1998) ClevelandBogart & Ferry, 1999)Los AngelegGiuliano, Redfearn,
Agarwal, Li, & Zhuamy, 2007; Giuliano & Small, 1991, 1993; Small & Song, 19%8n Francisco
(Cervero & Wu, 1997; McMillen, 2001 Houston(Craig & Ng, 2001; McMillen, 2001)and the
metropolitan areas of Dallas, New OrledleMillen, 2001) Atlanta, BaltimoréWashington, Boston,
New York and PhiladelphigCasello, 2007; McMillen, 20033 entified the widespread emergence of
suburlan employment centers and polycentricity across the US metropolitan regions by the end of
1980s.However, despitencreasingsuburbanizatioilCanadian cities hawgot showrsignificant

subcenter formatio(Bunting, Filion, & Priston, 2002; Burns & Marcy, 1979)

In Canada, however, metropolitan dynamics were somewhat different. Althouggicaessible
suburban communities budfter 1945 attracted a large proportion of mietlbss residents and
increasing number of activiti€blodge & Gordon, 2008}he rapid arrival of immigrants with strong
preferences for public transit access and cheaper housing in older Canadian urban neighborhoods

helped to maintain the livability of inner citi€Grant & Filion, 2010)

Planning for urban renewal and public housing projects also played a critical role in the
coordination of transportation infrastructure investments towards a more concentrated land use pattern
in Canada. In larger metropolitan regions, these investments mainly consisted of road widening and
public transit expansions. However, as suburban commuters began to outnumber inner city dwellers,
demand for auto access to downtowns increased as well. Demolitexisting neighborhoods for
hi ghway expansions along with excessive parking
response to this dynamic, albeit to a greater degree in the United States than inBam#uta &
Filion, 2010; Yeates, 1990)

Nevertheless, Canadian downtowns evolved in response to these trends as well. Theé&@nsfor
landscapesf central business districts (CBDs) in major Canadian cities, highlighted by the
construction of iconic office towef8unting & Filion, 2010)ndicated thafirms and businesses were
beginning to take advantage of improved accessibility and infrastructure renewal attempts in core

areas. Despitdowntown improvements, in relative terms, suburban jobs scattered in peripheral
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locations with proper highway acceassreasingly represented larger proportarmetropolitan

employmentgHartshorn & Muller, 1989)

Although Canadian metropolitan regions did not grow as large as their US countgipdgs &
Gordon, 2008)the morphology of development patterns shows the uniformity amorgitde
suburbs built in this periofFilion, Bunting, et al., 2004)These developments can mainly be
characterized as low population density peripheries that encsegbéower order employment and
activity subcenters. Despite the overall similarity, Canadian metropolitandideastyet evolve

towardspolycentricityto acomparable extent in the subsequent peiBmlirne, 1989; Griffith, 1981)

In summary, tté wasa period of urban decay, as North American economies deindustrialized in the
faced stagfl ation and ener gy c wrbssueledthe eMegspreadirgr , f i r ms

sprawl and shaped ngwlycentric metropolitan structuras we observe today.

2.2.3 From 1990 to Present: Post -industrialization

While 19751990 was marked by economic difficulties and a significant spatial reorganization of

urban structures and actors, the period from the 1990s to the present has changed metropolitan regions
even more drasticallyhis period has been marked lmgrieasing socieeconomic and environmental

chall enges associated wi t h.Thwoevdution, domsed wittha 6 s gl obal
neoliberal political climate that emerged in the previous penmtithegrowing awarenesd the

adverse consequenagfsincreasing suburbanization, all brought critiques ofdependent

development strategigEhe result has been that thetion of sustainable developmédras risero the

forefront of urban studies and the planning agdBaarne, 1996; Campbell, 1996)

Beginning in the early 1990s, a paradigm shift towards sustainable development took place. In light
of that, main objectives of environmental protection, social equity, and economic prosperity have been
widel y adopted within Nort hKriegee& GibbsaZ@3)Thougi, | i ¢ pol i cy
critiqueshave been articulatetiat the early adoptions of sustainable development idea to a large
extent were mixed of superia or symbolic use of the concept rather than genuine integi@earke
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& Conroy, 2000) However, many metropolitan regions have made efforts to reverse their long
standing decentralization trend througkurbanization strategies of land use intensification and
reduced car dependen(ilion & Kramer, 2012) hence, great investments made in sustainable

mobility provision in Canada and the BaumSnow, Kahn, & Voith, 2005)

In terms of the urban structuirethis periodthe elements of monocentricity, polycentricity and
dispersiorhaveemergedcrosamajor Camdianregionswhile the job centers plagadominat
structural role in larger regiorssich asvontreal, Toronto, and Vancouver metropolitan a(Sageet,

Bullivant, & Kanaroglou, 2017)

2.2.4 Summary

Cities havehistorically emerged in central locations and benefited #oonomic advantages of
agglomeation and proximity of activities. As cities expand and their populations grow, they
increasingly rely on transportation systems to facilitate their functions in providing more diverse and

complex social and economic opporities.

Spatialstructure of citiesin North Americaare mainly the legacy of rapid expansion el
movement of households and jobs to areas outside of traditional urbaafterdse Second World
War period. We reviewed this history of metropolitanlation to portray the role dfansportation
infrastructure investmenta theemergence of metropolitan polycentricit{yeemphasizé on the
impacts of atomobile technologin shaping disperskurban structure, the trend has profoundly

formed a pattern of catependent travel behavior across metropolitan areas as we observe today.

We tracel the roots of extensive suburbanizatihich has causedowntown decline andrban
decay of the late 20century. We provide this review to contextualize the investigation we have done
in Waterloo Region, as a mgizemetropolitan area with representativecaatiented characteristics.
This study provides future research with a baseline expectation frogiregppur developed models
on analyzinggomparablease studies, where the confluence of factors is needed to be considered to
interpret the quantitative outcomes.
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2.3 Integrated Land Use and Transportation Systems

This sectiorbegins withanoverview ofsemindtheories that explaifand use and transportation
system interactiondt thenexplores enpirical researchthathave examingcase studies from Canada
andthe United Stategndfinally discusses the implications of land use and transportatiegration

for planning policy.

2.3.1 Theor etical Constructs

A number of contemporary planning theoniepresentities as complex syster{Batty, 2008a)

where human and ingtitional actors continually interact within relatively stable structures, and steer
dynamics of cities at various spatial and temporal s¢®egener, 2014)This concept helps to

explain metropolitan evolution througheinvestigationo f k ey a c tamdinsdmne instaocast i o n

traveldecisions.

The key actors and their behaviors relevant to this study are households and the people who live in
them; firms who locate in metropolitan areas and hire employees; developers who sugpfgrspac
activities in the area; and governments who influence the behaviousétmalds, firms and
developersThe dynamics of interest this researclre land use and transportation system changes
thattake place in a complex urban context, in associatith other established structures including

political, economic, and planning systems and social norms.

Households and residents make their location choices based on many factors, including the
composition of the household, income, transportation casstslocations of jobs, goods and services.
Firmschoose to locate where there are a diverse workforce and a suitable customer base. Naturally,

there is codependence betweendbeisionmaking of these acto(®agliara & Wilson, 2010)

Developers also react to (and sometimes lead) movements in markets that influence location choices

for households and firms. All of these actors havecemns about the transportation system that is

avail able to them. Specifically, transportation

A

actual expenses) directly impact hou@eCam| dso6é6 budg
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1998) These dynamics make certain locations more (and less) attractive to households aAd &rms.
higher scale, governments are most often responsible for the supply and operatdnamisiiortation
system. The compositidnthe mix of modes availabieas well as the system performance and costs

are all directly controlled by them. Local governments also have an active role in establishing land use

regulations and economic incentiy@emelmansvidec, Rist, & Vedung, 1998)

Classical economic theories suggest that transportation network expansion in general, and transit
infrastructure in particular, impact land usenges through two major mechanisms: reducing
generalized transportation costs, and altering relative accessibility (&elieno, 2004) Both these

factors significantly influence the location choices of residents and fA&mas et al., 1998)

By reducing generalized cost (eigavel time and monetary costs), residents are able to commute
longer distances given their budget constraints. Hence, they can trade housing size and commuting
distance, and likely reside farther from central a(elandy, 2005)On the other hand, altering
relative accessibility levels changes the utility of different locations for different actifttassen,

1959) This potentially enhances the appeal of development close to transitréaoply, 2005)

Firmsd | oc at icansiderddetachimere compkexgiaen the diversity ofactors involved
in the firmsé product i onssioputsaneoutputsttieeir sponsester y (i
accessibility changes are vary among different industries. While manufacturing firms choose to locate
farther in peripheries, retailing, commercial and service firms may tend to relocate in more central

placegAnas et al., 1998)

These conflicting effects of the transportation system on relocation choices have generated
diverging forces encouraging decentralization in some ways and acting as a counterforce in others
(Handy, 2005)This bringsthe urbantheory full circle people and firms benefit from agglomeration
and proximity advantages that cities and urbastesns inherently provide (Filion & Bunting, 2010)
which, in turnsdrivesconcentration of activities in densely developed fdAmwever, while the

concentration of activities benefits peqdiems andbusinesses, it comes withe costs of land
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capitalization and higher land values in more accessible piacsiing developmergfurther away

from centralplaces and stimulatingmergingnewgrowth centergAlonso, 1964; Harvey, 1985).

Ultimately, from a planning perspective, it is useful to be ablpredict, generally, the behaviors of
actors in these complex systems, particularly in terms of how they may react to changes in system
inputs Obviously, the problem is difficultn an increasingly diversified society, the stakeholders may
be too dierse to be conceivably categorized ititethree groupgCampbell, 2016)esidents, firms
and developergssessed her@n additional way of trying to understand urban dynamics moves from

the theoretical to appliédincluding tre conduct of empirical studies.

2.3.2 Empirical Studies

As discussedtheoiies offer someinsights that helpto draw conclusionen land use and transportation
system interactiong o complement that work,\ariety ofempiricalcase studies have been
conducted to untangle these interactjgesticularly providig evidenceonthelocation decisions of
key urban actotsThis reviews mpirical studiegshathave examingLUTI dynamics from cases in the

US and Canada.

Knight and Trygg1977)conducted an early review of the built environment impacts of transit
system investments in North America. They concludedithidite presence of ubiquitous roads and
expressways in contemporary metropolitan areas, the accessibility improvements driven by rapid
transit investment tend to have marginal impacts on land use developments. The authors suggested
that to induce and sush desired land use developments, transit investments need to be accompanied
by prodevelopment municipal policies. Moreover, a positive steady regional development trend and
the availability of developable land and favorable physical site charactegistiosquired for the

success of transdriven development.

While investment in light rail transit (LRT) systems was gaining momentum in the 1980s, Cervero
(1984)explored motivation$or and land use impacts of 12 planned or in operation LRT systems
across North America. He concluded that LRT systems (which featuredixgunent, permanent
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infrastructure) have inherent potential to trigger land use changes, promote compact dexglopme

result in property value growth, and stimulate redevelopment. The study indicated, however, that these
potential land use effects can be realized only if other factors are already in place. A growing regional
economy, supportive development policieg{(@ppropriate zoning and tax incentives), automobile
discouragement strategies (eparking restrictions), suitable physi@ainditions and the availability

of land adjacent to station areas were all identified as important factors to triggerdasithnges in

the presence of LRT. He also suggested the potential land use effects of LRT are most likely to be

realized in downtownand central areas

Studying the Bay Area Rapid Transit (BART) system, one of the very firsiygostirban rail mega
projects, Cervero and Landi$997) evaluated land use impacts of the system against the project
objectives. While the project magnteredsetttementy at i on
pat t(€aervero & Landis, 1997, p. 30%e authors stated that 20 years of system operation had
produced only a moderate desirable impact on residential development in the area. In terms of
redistributing employment, the system had encouragetbgmpnt growth in downtown San
FranciscoHowever, with the exception of a few suburban stations, major growth took place within

800m from regional highway access points.

In a comprehensive reviewduang(1996)reported that rail transit planning in North America in
many casesccurred without concurretdnd use planningheseinvestments do not necessarily
generatéand use changes. Rathmfrastructure is planned to serve current populations, and their

benefits may be limited to farebox reveaaad property taxes.

I n contrast to HQeaverg&®Duncé{200Xrépprted thanpdhlictrgnsit,
systems are generally consideredéadevelopment catalysts, and their impacts are associated with
increasing land values and higher rent premiums. Studying commercial properties in Santa Clara
County, California, the authors reported a capitalization premium of 120% above the average region
property value growth rate for parcels in commercial business districts. These parcels were located

within walking distance (800m) from commuter rail stations with upgraded express service. The
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authors also examined property values in the vicinity of bRT stations and observed a modest yet

significant increase of property value increases over 20% above the average regional growth rate.

Analyzing the trend of vacant land value changes in proximity to planned LRT stafinaapet
al. (2001)reported significant land value growth in Washington Co(iRtyrtland) Oregon. Similarly,
studying land use impacts of LRT development in Minneapdlisst and West2014)observed
significant land use and detiss changes, and positive real estate market trend within the new LRT
corridor, during six years of the system operatigre and SengP017)analyzdthe land use impacts
of LRT development in Houstdna metropolitan city without zoninigand founda spike in
commercial development within new LRT corridors (800m bufiehereasonly small changes were

reported in higkdensity residential development near LRT stations.

Given the potential implications of property value changes in miegsmpacts of transportation
infrastructure investmentyiggins and Kanaroglo(2016)conducted an intensive review on four
decades of land value uplift (LVU) studies in North Americal eeported a significant heterogeneity

in the studieSoutcomes.

In a more recent studg, multidecade longitudinal study on-ewolution of the transportation
networks and land use in the Greater Tord#émilton Area (GTHA) has found that the initial
impacts of the transportation accessibility on urban development have increasingly decreased over
time, while proximity to built up areas has had more lasting impacts on the land use development
(Kasraian et al., 2020fFurthermore, ssnew mobility modes emergéudies have been done to
forecast potential impacts of new mobility options for the LUTI dynanfibs.results indicate that
ridesharingand AutomatedVehicles (AVs) at the forefront of changa® likelyto increasevehicle
miles traveled/MT and to redue public trang modes shateThe land use impacts of these new
modesareexpected to be significant as well. These impacts are liddad to more dispersed urban
growth patterain well-connected distant suburbs and rgettlementg§Soteropoulos, Berger, &

Ciari, 2019) Importantly, adoption of thehared mobility servicesver timehas shown to bmore

influencedby demographidactois rather tlanthe spatial land use patterf®veet & Scott, 2021)
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2.3.3 Planning and Policy Implications

An increasing number gflanningpoliciesdraw on the interrelated nature of land use and

transportation systems. These policies aim to achigstaisableirbanform andsustainablamobility
throughbetter integration dfand tse and transportation planning. This approach is often referred to as
integrated planning, which has been articulated under three broad concepts of New Urbanism, Smart

Growth and Transit Oriented Development (TOD).

New Urbanism is primarily concerned with design elements and aesthetic improvements of
neighborhoods, thoughsiultimate goal is to recreate communities around convenient public transit
and to mitigate urban sprag@andy, 2005)Similarly, Smart Growtlas a governmesdriven strategy
aims to direct growth into existing urban areas, and to improve the viability of public transit. Smart
Growth promotes compact and vibrant urban environments that are served by sustainable

transportation modes includirgive and public transit option®uany, Speck, & Lydor2010)

In line with Smart Growth principles, Transit Oriented Development (TOD) suggests that urban
developments be concentrated around higinéer (higher capacity, greater infrastructure investment)
public transit nodes (e.g., BRT, LRT or Metro &tas). This strategy helps to achieve improved levels
of accessibility by encouraging higher densities and diverse choice of activities within a walkable and
bike-friendly area. TOD promises to upgrade the quality of urban environments, and to utilize urba
land and infrastructure in a more efficient manfi@arans Pratt, Stryker, & Kuzmyak, 2007)ransit
induced densificatiohas been shown to improve economic productivity as (@klhtman & Noland,

2013; Graham, 2007However, studiesuggest thatigherdensitydevelopmentnay notsignificanty
influence travebehavioraunlessthe levelof-serviceof theroads is reducedandparking requirements

are eliminatedBoarnet, 2011; Chatman, 2008)

Depending on the political and institutional contegifferent levels ofjovernments may use a
range of measures to imepentintegrated planning policies includipglicy instruments and public

investmentPolicy instruments themselves comprise regulatory and economic me@amesdmans
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Videc et al., 1998)Table2-1 summarizes the potential policy measures that are used to support
integration ofland wse and transportation planning, with distinction of their implications for either

land use or transportation.

Instrument type Land use related Transportation related
Zoning Mobilization of collective agency
(Stull, 1974) (Addie, 2013)
Urbangrowth boundariescontainment Paking bylaws
policieg
Regulatory (Dawkins & Nelson, 2002)
measures . "
Greenbelts andreironmentallysensitive
areasboundaries
(Ding, Knaap, & Hopkins, 1999)
Policy
instruments Tax incentives Fuel pricing
(Reese, Larnell, & Sands, 2009) Public transit pricing
Development charges
Economic Transfer of @évelopment rights (TDR)
(Shahab, Clinch, @6 Nei | | ,
measures . . .
Nonfinancial compensation schemes
(van der Veen, Spaans, & Janssansen,
2010)
Affordable housinglevelopment Road network development
Social service provision Public transit development
Public investmerst Public land acquisition (Cervero & Duncan, 2002)
(Bengston, Fletcher, & Nelson, 2004) Light Rail Transit Development
(Cervero, 1984)

Table 2-1- Policy instruments and public interventions overview (Source: author)

While both transportation interventions and land regpilationsareideally to be implemented
simultaneously, in practice, land use policy instruments are digese andvidely adoptedranging
from zoning and development charges to greenbeltsidoanh growth boundariestrumentsuch as
nortfinancialcompensatiomandtransfer of development rights (TDR)e often applied in practice to a
lesser extent due sophisticated regulatory requireme(ianssetdansen, Spaans, & van der Veen,
2009) On the other handpning by far is the most common employed instruments amof(@iaH,

2010) Theland usanstruments have more spatially concentrated impacts rathedésarable
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distributed effectsin contrast, @nsportation interventions potentially have wider and more socially
inclusive and fair impactd_ucas, 2012)In fact, temporal variance and the transportation changes
precedenceftengives an opportunity to planners and policy maketewerageransportation

interventions as a guiding force to shape desired land use related changes

2.3.4 Summary

As discussed inalier sections,dnd use and transportation system interactimasomplex antb
understandheir roots andconsequences it is necessary to attain multidimensional insighige
approach our research questiome,conducte@ series of reviews to providieis study withthe
required understandings the broad context dfUTI problems We explored a continuum abpects

from theoreticalperspectiveso empiricalfindings,andresearch methodologies

Land use and transportati systemnteractionsare often analyzed usirggonomic theoriesThis
ranges from more aggregate classical location choice theories to more recent behavioral approaches.
Although, theseheoiiesoffer someinsightsthat help LUTI studies, these interacts are more
complex and difficult to understand purely theoretically. Therefore, varietynpfricalcase studies
have been conducted to untangle these interactions, proeditgnceon thetravel behavior and

location decisions of key urban actargdtheir potential relationships.

However,reviewingempiricalstudieswe found that a very feimstancesvere able to
comprehensively analyze the land use and transportation systems elegnentsentlyand with the
balanced representatioMdost studieshadfocusedon only one or a few land use typégoreover
while the auto angyublic transitmodeshave received the most attentiorLUTI studies other
transportation modes (e,@ctive anchonmotorized modes) were oftewerlooked As our review
identified theseissueswhile prevalent, are potentially remedialincethe need for more robust
guantitative indicatorand spatial model®r improvedLUTI analysisis evident through this review
we posiioned our study to respond this needhrough development of novel spatial modeling

solutions
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2.4 Quantitative Model s to Support Land Use and Transportation System

Interactions Analysis

Land use and transport system interaction (LUTI) modeling framework has historically provided a
broad methodologid¢dasis to understarttie complex evolution of metropolitan areas at various
spatial and temporal scal@d/egener, 1998)/Vhile thisframework has been mainly informed by
theories and quantitative methods from economics and geographgent dayst hasincreasingly
adgted morenterdisciplinary approaches such as complex sys(Baity, 2008b; Wegener, 2004)
microsimulationand activitybased metho@Acheampong & Silva, 2015; Miller, Douglas Hun

Abraham, & Salvini, 2004)

To date numerous operational LUTI models have been developed and employed in planning
research and practi¢goomen & Borsboonvan Beurden, 2011Hence, in the pasiiree decadesan
increasing number of research and review papers have been published to address theoretical and
methodological advamenents and challenges of these mo@etheampong & Silva, 2015; Hunt,
Kriger, & Miller, 2005; lacono, Levinson, & Ebeneidy, 2008; Nourian, Alipour, & Ache, 2021;

Wegener, 1994, 2014)

LUTI modeling approacheare diversen their conceptubization of spatial dimension, and on
treatment of the key urbaattorsinteracting within the dynamic urban environmddépending on the
model®construct and abstraction lesghese models randeom those thatreatthe spatial
dimension and kewyrban actorémplicitly (such asstatistical modelsto explicity (such asgent
basednodel3 (Wegener, 2014)This review includes thogeajor LUTI modeling approaches trae
built upon spatial conceptualization aiadte into accout the key urbamctorsexplicitly. According to
thesecriteria statistical regression models, deterministic cellular automata (CA) and stochastic Markov
chain models, as well as artificial neural networks (ANN) models that lack such explicit
conceptualizaons (van Schragnstein Lantman, Verburg, Bregt, & Geertman, 20#&fjain outside

the scope of this study.
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The review starts withnintroduction of early economic location models, followedaby
explomation ofthe progress made through incorporation of spatial irtieracomplex systems and
random utility theories. Theagentbased and microsimulation models are discussed as disaggregated

alternatives.

2.4.1 Location Choice and Spatial Interaction Models

Within the LUTI modeling framework, economic, and spatitédraction models were the first
generation of quantitative methods built upon static location thetbaésimed to describe the land
use and activity locations in respect to transportation q@¥tesjener, 2014)Although, these models
couldnot capture the land use and transportation system interaitithreir full depth they have
contributed to better understandingloé behavior of key actors (i.e., residents and firms) involved in
those ineractiongPagliara & Wilson, 2010)The most influential examples of these models include
the work of von Thune(iL826)on optimal allocation of production activities based on transportation
costs, and Weber{8929)least cost model of industrial lation. Inthe 1960s, Alonsq1964)
introducedaresicential location model constructed based on bid rent th&bry modelevolved to
further incorporatenoreprogressive residential location modénas, 1982; Mills, 1967; Muth,

1969) The successor variants of these models such as DRAM and EMPAL are still in use for policy

analysis purposes at US metropiitegiongPutman, 2010)

Two seminal discoveries helped link transportation and land use in quantitative .rrodeisas
the introduction of transportation accessibilityaasepresentation of thetensityandopportunities for
interaction(Hansen, 1959Next were the concepts gfavity and entropy maximization to estimate
spatial flows according to the distance arm ge.g., population) of given origins and destinations
(Wilson, 1971) Together, theseiere major theoretical improvements that facilitated conceptualization
of Iand use and transportati on(194)ModetohMargpalia mi cs a

was the first operational LUTI model of a kind, and initiated iagtf comprehensive models. This
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type of models has been further expanded upamncluderandom utility theory and discrete choice

models these techniquesre still usedoday(Engelberg, He, Le, & Zegrag021)

The introduction of theepresentation of actors aslity maximizing agents modeledhrough
random utility theory, opened up new opportunities to conceptualize fine scale decisions such as
residential location choicdMcFadden, 1978)and transportation med:hoicegBenAkiva &

Lerman, 1985)These innovationkelped later modeling approaches better formulate theinadter

dynamics(lacono et al., 2008)

2.4.2 Complex Systems Theory and System Dynamics Models

Parallel to deglopment of economic based approachethetate 1960s, Forrestét969)suggested

that growth and evolution of cities can be better analyzed and understood thigagmdynamics

approach compared to the static view of the mathelhadbeendeveloped byhattime. A system
dynamicsapproactessentiallyaimsta nder st and t he compl ex and nonl i ne
time (e.g, land use change), through the actions of feedback loops and accumulations of stocks (e.g.

population), considering the rate of flows (e.g., housing relocation or migratioiifatedster, 1969)

According to this perspective, land useldransportation systems are the two major subsystems of
a city that continuously interact over a spectrum of spatial and temporal scales. The built environment
and transportation networks experietiveslowest interactions and have the lowest rate ahghs
while economic and demographic changes inclugy@gples 8 nd f i r mso6 r el ocations t .
intermediate speeds. Ultimatdtye movements of people and goods (mobility) take place in a quick
and flexible manner, whictend to produce rapidnpactson other urban subsysterfi/egener, Gnad,

& Vannahne, 1986)

The methodological simplicity and structural modularity of System Dynamics modéilsated
their applicatiorto study dynamic urban phenomdfdsawah et al., 20t Haghani, Lee, & Byun,

2003) The Metropolitan Activity Relocation Simulator (MARSYr examplejs one the latest SD
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modelsthathas been developed to assist kbegn land use and transportation policy analysis in

metropolitan areagPfaffenbichler, Emberger, & Shepherd, 2010)

2.4.3 Agent -Based Models (ABM )

In response to structural limitations of theory based models, Apesed Modeling (ABM) was
introduced asnexploratory method to explicitly simulate individual decision making processes
(Benenson & Torrens, 20Q4)his was a significant shift from a structural perspective to a behavioral
representation of real world phenomena, that enabled researchers to replicate behaviors of complex
and nonlinear systems (e.g., land use change) through boptgmocesse@Batty, Crooks, See, &
Heppenstall, 2012)

ABMsobabilitiesto represent urban stakeholders and their decis@king processes at fine spatial
and temporal scales offer unique advantages for modeling complex land use and &t@msport
dynamics, through efficient simulation of travel behaviors, relocation choices, as well as land
development decisions against various posicgnariogMiller et al., 2004) However, it is a common
challenge for ABMs to integrate feedback operations across various spatial scaddso angroperly
aggregate the fragmented outcomes of the model prod@ss&sr, Berger, & Manson, 2001;

Stanilov, 2012a)To alleviate these issues, coupling and integrating ABM with other modeling

approaches, along with exploiting spatial dimension as a mediator to capturscalesieedbacks

have been suggested as a methodological sol(Fitatova, VerburgParker, & Stannard, 2013Jhe

integration of ABMs in microsimulation models has already shown great potentials for land use and
transportation system interaction studighller et al., 2004; Wegener, 2014)hough, due to
inconsistency of t he tatoeseartherslagrdeyon suitabilityoftsucls c al es, n

integration(Batty, Crooks, et al., 2012)

2.4.4 Microsimulation models

As Miller (2003)argues, microsimulation is more of a modeling approach rather than a model per se.

Urban microsimulation modeldtamptto integrate various disaggregate snbdels to benefit from
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their specific advantages in capturing processes at different spatial and temporéMsueites

SpiekermannSchirmann, & Wegener, 2003)

State of the art microsimulation LUTI models such as ILUTE and UrbanSim, feature explicit
representatiagiof key stakeholders including households, firms and developers that interact in housing
and real estate marleFirms 6 economi c acti vity, as wel | as indiwv

associated travel behaviors aimultaneouslynodeledMiller et al., 2004; Waddell et aR003)

However, despite their great potential, there are theoretical and methodological challenges
associated with urban microsimulation models Haateyet to be addressed. Most importanthg
applicability of random utility theory as the core diah making concept for simulating major

decisions such as residents af{TinmdrmansnX@) r el ocati on

Moreover, though the reciprocal nature of land use and transportation system interactions,
operational models often treat the transportation system (in terms of both physéasiiiefure and
mobility options) as fixed andnexogenous factor to the mod#iller, 2014). This restrictghe
abilities of the models to reflect emerging trenfibr exampleshared and edemand mobility services
in an increasingly multimodal transportation landscape. Similarly, decisions (behaviors) of local
governmerg and publicagenciesre usually considered as the given input to the model rather than the
modetdriven behaviorgMiller, 2004). Comprehensive microsimulation models have been also

criticized for their high level focomplexity, and extensive data requiremedBiskin & Wu, 2012)

Despite these issues, to date microsimulation models have provided reasonably accurate estimates
of urban land use and transportation system dynamics, and the aproaafspromisng asaviable

solution to informmajor policy making processéBirkin & Wu, 2012; lacono et al., 2008)

2.4.5 Data Collection Methods to Support  Spatial LUTI Modeling

The development of quantitative urban models as selective representationswbrigasystems and
processes, involves a high degree of abstraction and general{@atrgr& Stolk, 2004) These

models need to adequately represent the urban demographic processes, the built environment, and
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functional urban infrastructurgystemshat carry flows of people ogds, and informatio(Batty,

2008b) They should also be able to consistently reproduce behaviors of the urban subsystems and
actors within the scope of model applicabiliBatty, 2012) Although theories play a major role to

build a valid model, empirical data are essential to ensure the consisteheyraidels with reality as

well (Voinov, 2008)

As Miller (2004)suggests, historical data from multiple time periods are essential elements for the
purpose of LUTI model estimatidndetermining the model parameters statisticallg well as for the
model validation confirming confomity of the model outcomes versus the observedwedd
phenomenon. He stresses that having a set of data gathered at three points in time with comparable
specifications is hecessary in this regard. The data from two time periods are used to establish th

model construct (model estimation), and the third one for validation purpose.

Given the inherently broad scope of LUTI models, they often incorporate numerous variables from
a range of domains. A generic LUTI model data inventory includes built envértremd land use
data, transportation network and travel diaries, demographic and employment records, market
information and prices indicators from certain secfbi@ase & Schwarz, 2009; Waddell, Ulfarsson,
Franklin, & Lobb, 2007)LUTI models are also deiaped at various scales. The scale in this context
is defined not only in terms of the spatial and temporal dimensions, but also in respect to attributes of
the modeled system, its associated agents and processes. Accordingly, the required data tteesupport

modeling practice need to be collected with adequate granularity and specifibélien 2004).

For aggregate LUTI models, given their coarse spatial and temporal scales, the conwgtt&onal
collection scheme could potentially support modelling efforts, if adequate historical data were
available(lacono et al., 2008)n suchascheme, aggregated population and employment data were
collected through surveys or census every 5 or 10 years. Similarly, transportation activities were
largely chronicled using the Census journey to wor@rimftion or specifically designed Origins
Destination surveys. Further, built environment, and land use data were often provided by municipal

authorities, and might be updated in annual basis.
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However, Waddel(2011)argues that urban data setsédaftenbeenincomplete and subject to
error. He estimates that roughly 75% of the efforttime involved in LUTI model developmeate
still spent on data preparation and resolving data integration igdtlesugh these issues may partly
be solved througtheadoption ofcrowdsourcingandopen datanitiatives, theirdata accuracyet to

be adiressedBatty, Axhausen, et al., 2012)

For models designed with disaggregate approa@hgs agenbased and microsimulation)
conventional data collection practiggose more significant challenges to satisfy the médials
requirements. Thus, in the past decade, large efforts have been made to collect andesynthesi

appropriate disaggrate data, especially on demographic and travel behavior agigidtes, 2014).

While dsaggegate models tend to explicitly represent households or individuals and their
heterogeneity of preferences, yheeed to be provided with demographic dataratcro scalgMiller,
2004) Howewr,thec ensus often doesndt provide data at such
To address this challenggystematic population synthesis methods such as Iterative Proportional
Fitting (IPF), and Combinatorial Optimization (CO) have been deeedltp generate sets of model
agents that are statistically consistent with the observed demographiEritateard & Miller, 2012;
Ryan, Maoh, & Kanaroglou, 2009)

In terms of transportation system and travel behavior gatsive dataollection method$or
automobile systems are well established and widely. fedransit systems, modern data collection
methods includ®luetoothdetectors, along witAutomatic Vehicle Location and Automatic
Passenger Counting (AVL/APC) technologi€kese approachémve far improved macro level
transit performance data collecti(Bachmann, Roorda, Abdulhai, & Moshiri, 201Bjiller (2014)
emphasizes that wunbiased estimates of travelerso
informed by disaggregate dattheindividual trip maker scale. While collecting such data at large
scale was technically infeasible before, rapid advancements of mobile devices and embedded sensors

has diminished barriers to obtain those individual level (Ba#ty, Axhausen, et al., 2012)
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Theapplication of GPS loggers has shown great potential to identify travelswaodi trip purposes
in complex urban environment€hen, Gong, Lawson, & Bialostozky, 2010)e widespread
adoptionof smartphones with embedded GPSsimas advanced the data collection capabilities.
Hence, a wide range of methods have been developed to extract more sophisticated travel behavior
featureqWu, Yang, & Jing, 2016)These methods improved data collection opportuniéescularly
for sustainable transportation mod&his ranges from detection of transit trip@our, Hellinga, &
Casello,2016)andidentifying transit route choic€ahabi & Patterson, 2016p tracing cycling
activity and path choicg€asello & Usyukov, 20143nd @pturingpedestriartours(Xu, Casello, &
Fard, 2021)However Miller (2014)suggestshat as long as the planning and policy analysis needs

to have better and more disaggregate modelsmiand for more disaggregate data tends to continue.

2.4.6 Spatial Representation in Quantitative Urban Models

Aggregate gatial modeling practices use either regular grid tessellation or irregular zonal
representatiogito conceptualize the space within their constildistorically, ransportatioranalysis

and modelingely onpre-defined spatial zones to convey variablest fare being analyzed. This zonal
representation helge conceptualize geographic space as it relatdgetouilt environment, on the
ground activities and transportation flaw® define these zones, one can think obatinuumof

spatial scales rangg from land parcels to city blocks, further to postal code boundaries and census

tracts, up until the electoral districts and census divigdraf, Knaap, & Rey, 2019)

However depending on the scale and concept of space abstrésitjoine 2-1), both grid
tessellation and aggregated zonal representatilize the smallest unit of space (cell or zone) to
portray only the dominant or aggregated characters of annareal world gegraphic spacée.g,
majorland usaype). Therefore these types of representation overlook actual differenceattamliate

heterogeneities at various lev@f®omen & Borsboorvan Beurden, 2011)

Moreover, the required spatial aggregation disaggregation operations to transfesrimition

between spatial scal@sevitably involve information losgFigure2-1c. versusd.), whichincrease
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uncertainty and may result random errors as well as

systematic inconsistenciesgpatialmodeling practice
(JacobsCrisioni, Rietveld, & Koomen, 2014; Jarv, Tenkanen

& Toivonen, 2017)

Thereforeboth conceptare subject to indrent issues a) Geographic Space b) Aggregated Zonal
Representation

from theuncertain geographic contgxtoblem(UGCoP
(Kwan, 2012)andthe modifiable areal unit problem (MAUP)

(Openshaw, 1984)o boundary pixel and supixel issues

(Fisher, 1997)spatial scale effessue(Kok & Veldkamp,

2001) andaggregation bias or ecological falla@grigley, c) Grid Tessellation d) Grid Tessellation

with higher resolution  with lower resolution
Holt, Steel, & Tranmer, 1996)

Figure 2-1 - Different approaches forspatial

2.4.7 Summary abstractions of geographic space

In recent yearghe planning community worldwideas made efforts to reverse tthallenges
associated witlkardependent developmestrategiesThey initiatel numerous solutions including-
urbanizatiorandTOD policies,which increasingly rely on public participation and evidehased
assessment of the development scendeigs, Whatlf analysis) Thefinal part oftheliterature review
is focused omstudyingquantitativeapproaches thatreusedto inform planning and policy decisions,
especially in the controversial aredarfge scalgublicinfrastructure investmenstuchas the

Ha mi | revivedBRST projector the reducd Hurontario LRTplan, bothlocated withinthe GTHA.

Quantitative models are used as atied) toolsto help evaluatenvisioneddevelopment scenaso
andofteninvolve simulatingkey actors interacting within dynamic urban environm@inese
approaches are diverse in their cortaafization of spee, and on treatment of the actors interacting

within themodels This ranges from highly implicit to highly explicit alternatives.

Appropriate empirical data are central to support the modeling practices, in terms of both model
construction and validation, as well as their forecasting applicattmmethodological advancements
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tend to make models more disaggregate, this helps thestter represent the reabrld actorsand
their decisioamaking processe$loreover, spatial representation and scale are crucial elements for

reliablequantitativeLUTI analysis

To date, limitations of conventional data collection methods have ne@mgamajor modeling
challenges, thus further advancement of urban modeling especially in the context of land use and
transport system interaction, is tied to progress of disaggregate data colactispatial modeling
methods. The recent decades haveegsed rapid advancements in digital sensors, and their
integration with smartphones. While this trend has opened up opportunities for inexpensigedigge

urban data collection, the methods to efficiently analyze these data yet to be developed.

Thisresearchs a step towards better articulatisgatial unit of analysis in LUTdtudiesby
addressingnd mitigatingsome of the significamhethodologicathallengesncludingspatial scale

effectissueand modifiable areal unit problem (MAUP)

2.5 Implication s of H eterogeneity Measurement for Analysis Zones Delineation

The need for better conceptualizatiortiad built environment within transportation analysis and
modeling has been frequently discussed iditeeature related ttand use and transportatiegistem
interactiors. Although he appropriatéelineationof zonalboundariestill remairs a major challenge
in spatialanalysigGarreton & Sanchez, 2016; Wei, Rey, & Knaap, 20&1thods are available to
guantify thecorrespondin@ffectsanduncertainties(S-I. Lee, Lee, Chun, & Griffith, 2019pand he
adverse impacts of arbitsachoice ofanalysis zoneandinappropriate spatial scaten thederived
policy recommendationsave been documentedpreviousurban studiegGehrke & Clifton, 2016)
However, addressing themsuedhas been largely overlooked in transportatemmalysis fieldPereira,

Schwanen, & Banister, 2017)

Thesummary of practice, the knovissuesand their potential solutions have been reviewedtien
works of Shgleton and Cliftor{2013) Gehrke and Cliftoif2016)andNowosad and Stepinsk2018)

Ewing and Cerver{2010)have alsoofferedacomprehensivéramework constructed of seven
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dimensions whereby transportation and the built environment may infEhese dimensiwsi that
ref er r @060t include snordagreed upon factors of densliyersity, and desigriurther
extendedy destination accessibilifgistance to transjdemand managemeamddemographics
However the extent to whicleach é thesefactors contributes to the overall LUTI dynamics, and the
potential collinearity among tlevariableshave shown to be caspecific and dependent on the

contextuakenvironmen{Handy, 2018)

Despite differences in the reviewed studiesprporatingand use diversity, enhancing spatial
model constructalong with better aggregation methods have been centta soggested solutions
for appropriate LUTI investigatioooking through the lens of actividyased analysis, land use
diversity along with residential and employment densities are the mosicsigt aspects ahebuilt
environment that i nf | Asa mrsule wetoftea obeereentrastingraved d e c hoi c e
patternsacrosdifferent spatial scalg&Ewing & Cervero, 2001; Gehrke & Cidn, 2014) This
observation has led to many municipalities trying to achieve land use intensification, increasing the
density and diversity of land uses such that more household activities can be accomplished with less
(in distance and time) travé¥oreover, intensification also tends to promote the linkingnokiple
individual trips into a trip chaithat againmreduce per capita vehicle travel and energy consumption
(Banister, 2011b)Given this relationship, it is logical to try to embed a measure of the homogeneity

(or heterogeneity) in the decision making when creating zonal structures.

One such measudd heterogeneitys anEntropy ndex a wellestablisheaneango quantify
diversity as we perceive it within natural landscasshida & Tanaka, 2005T his indexwas
originally introduced in the context of information theory and widely adopted in scientific practices
including urban and transportation model{Batty, 1974) We employ the concept of Entropy as it

reveals heterogeneity levels and helps to create better transportation analysis zones.

In common practice, Traffic (or Transportation)alysis Zones (TAZs) are devised to partition
geographic space into contiguous fawerlapping polygons that cover the area of study. These

polygons then are usednepresent the attributes of these areas usiggired variableatan
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aggregate level. Tensure validity of the TAZs in representing the built environment and on the
ground activities, there are common criteria to be considered. These include spatial contiguity and
compactness of the zones, their alignment with other established bounddrias sumicipal and
political districts, and overall homogeneity of characteristics within the created zonal str(tures

NedoRuidi I, & Kim, 1997, 1998)

As Gehrke and CliftofiGehrke & Clifton, 2014and Clifton et al(Clifton, Singleton, Muhs, &
Schneider, 201&uggest, it is crucial to find a right balance between tendencies of using more
disaggregate scales versus simplifications that operational transportation models require. This leads to
a practical question of what set of criteria should be used to determine the size and number of Traffic
Analysis Zones. While in urban transportatitedses there are motivations to identfysmaller
number of larger areas that are homogeneous, it is of the same importance to recognize highly
heterogeneous spaces where multiple activities take place within a small spatias ane@xample
of the impications of inappropriate spatial scales, failing to consider higiigrogeneousreas may
overlookareas that accommodat¢arge number of pedestrian tours,igi) while importantare often

not included irtransportation modeling practicéSlifton et al., 2016)

Historically, classic urn models that built upon the concept of Central Business District (CBD)
use employment density as the primary criterion to define their functional spatial dAstesn,
1964; Mills, 1967) A next generation of studies that developed based on residential location models
extendstheir criteria by incorporating population density along with employment dengines,
1982; Muth, 1969)As computational powedrasrisen, more recent works tend to employ iterative

aggregation methods to identify analysis zones using more sophisticated parameters.

This study is inspired by the methedggestedby Giuliano and Small1991) andenhancedy
Casello and SmitfR2006)to construct urban activity centérshe zones thgiotentiallyproduce and
attract regionally significant number of trips. We also adopt an iterative spatial aggregation method
developed by Caselland Fard2017) and incorporate the land use diversity measurement method

proposed byfoshidaand Tanak#2005)to assess homogeneity of the aggregjatenes.
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2.6 Alternative Spatial Regionalization Methods to Define An alysis Zones

Recall that due to the spatial nature of land use and transportation system interactions, conceptualizing
geographic space in form of zonal structurestegen always a criticahsk in LUTI studies. In

response, a range of solutions from théhad to more mathematical optimization approaches have

been developed and used in urban stu@idédf et al., 2019) An overview of conventional aldoc

methods was presentadprevious sectionThis section describes a set of maorathematical

approaches that are used in the analysis zone definition psdctmen as spatial regionalizan

methodsfir egi ond i n t hi s homaganeceiandspatiattydniigeosge@graghiet o f
objects(Wei et al., 2021)In generalthese solutions are classified under the quantitative clustering

techniques with explicit or implicit spatial elements.

Spatial clustering technigs pertaining to this study are the ones that explieitsure thepatial
contiguity objectiveknown as spatially constrained clustering algorithms. These methods include
graphbased spatial partitioningethod(also known as SKATERan acronym for Sgai al 6 K&l ust er
Analysis by Tree Edge Remoy#Assuncgéo, Neves, Camara, & da Costa Freitas, 20@8nax-p-
region methodDuque, Anselin, & Rey, 2012jhe Automatic Zoning Procedui@®ZP) (Openshaw,
1977)andthe Evoutionary Multiobjective Optimization (EMO) methdoberts, Hall, & Calamai,
2011) These methods basically aim for aggregating neighboring spatial objects (that are smaller in
size) as the input ta model to create larger iegs. These models asebject to one or more
optimization criteria such as maintaining spatial contiguity, maximizing-agral homogeneity (i.e.,
similarity of some attributegndmaximizinginter-zonaldissimilarity, maintaining a desirable

compactness, and achieving a-gefined number of cluste(®uque et al., 2012; Wei et al., 2021)

Asthe number of these critetiatare applied in a certain analygisreasesthe complexity of the
optimization methoslincrease considerab{guo, 2008) Here, considerations needietaken into
account to ensurthe computationdeasibility of the optimization processes. For the methods that use
rigorousmathematical optimizatn, thesize ofsolution spacéo search for the optimal solutids

exponentially scaled with respect to the degrees of adjacencwantzbr of input anes.Moreover,
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depending on theelectedptimizationstrategy, there is a potential outcome in whighihodel may
get trapped intthe suboptimd solutionandfail to identifythe global optimk(i.e., best solution)
(Aydin, Janikas, Assuncéo, & Lee, 202E)r the methods with pre-defined number of clusters,
determiningthis exacthnumberis a subjectivechoice that can potentially impact reliability of the
results Accordingly, such algorithms are usually applied iteratively anedequirel to perform a
large set otrial-anderrorsolutionsbefore achieving satisfactory results. Hence, these clustering
algorithms are oftenompuationally intensive and demand processing resouregsndwhat

ordinary workstation computers off@Nei et al., 2021)

In recent yearsspatial clusteringand regionalizatiomethods have been increasingly adopted in
urbanstudies. These methods have sheffactivenesin a range of agjzations from travel behavior
analysigGuo, Zhu, Jin, Gao, & Andris, 2012; Kim & Yoon, 202&)land marketesearchi{Helbich,
Brunauer, Hagenauer, & Leitner, 20E3)d land use and transportation systems interaciioalysis
(Casello & Fard, 2017; Zhang, Song, van Nes, He, & Yin, 2019; Zhong et al., 2815
approached our research questions, we reviginaesalternativespatial clusteringnethods that could
potentially provide a baseline to assess our proposed mWddlrther implemented the graplased
partitioningmethod and compared its outcomes with the refwliis our dynamic zone creation

mode using the comparable input paramdfgesentedn detailin Sections 3.5.3 and 4.2.3

2.7 Literature Review Summary

This chapter reviewed the literature on different aspects of land use and transportation system
interactions (LUTI). To date extensive research has been conducted to describeéeasidn the

major components of these interactions manifested through location decisions and travel behavior.
Given the complex and intertwined nature of the LUTI and its elements, apardpective approach
was used to review the growing body of retatesearch from historical, theoretical, empirical and
policy perspectives. Thisork was then complemented with an overviewraf quantitative methods

that have beefrequentlyused in LUTI researgtandplanning and policglevelopment
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We started with &istorical overview of the contemporary evolution of metropolitan regions in
North America to reveal the roots of extensive suburbanizatifwldedafter the Second World War
period.Ourwork portrayed the role of transportation infrastructure in thegenee of metropolitan
polycentricity, and highlighted the impacts of automobile technology on rapid suburban exgansion
prevalent central city decline, and dispersed metropolitan form as we observd-tiltaying the
historical overview, seminal thees that explain land use and transportation system interactions were
synthesizegwhichfeaturedthe importance of economic theori&®m aggregate classical location
choicetheoryto more recent behavioral approacheshaping our understanding of urliymamics
and physical structure of metropolitan regioRse outcome indicated that although toerent
theories offer valuable insights on LUTI dynamics, these interactions are more complex and

ambiguougo understand purely theoretically.

While the theretical review revealed the lack of a unifying theory, our review of empirical studies
suggested that evidence on the contributing factors, the direction and magnitugienpfcts within
LUTI dynamics are mixed as well. This observation was furthefaoried, when we explored the
implicationsof these interactionf®r planning analysis and policy makirf@ur reviewpresented
integrakdland use and transportation plannganceptsuch asransit Oriented Development
(TOD), and identified apectrum oplanning measurde shape desired integrated policy outcomes

which, zoning by farturned out to béhe most commdy employed instruments

This literature review concluded by presenting the role of quantitative methods and data sources in
LUTI analysis andshowedhe significance of spatial representation and scdieramental
elements of thanalyticalmethodsMore elaborate description of the methods that are used to respond
to ourresearch questions is presented in the Methods Setliesereviews collectively highlighted
the need fodevelopingmore robust quantitative indicators and spatial mowetsprove LUTI
analysisand better inform planning practice and polithis reviewalso helped teontextualize our
investigation of the ongng urban dynamic in a fagrowing and capriented metropolitan area in

Waterloo Region, Canadaith respect to the dominantbandevelopment pattern in North America.
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Chapter3:Met hods

3.1 Overview

Reviewing he literatureand empirical studies on land use araghsportatiorsystem interactions

(LUTI) indicates a trend towards wider adoption of more disaggregate spatial models and analytical
approaches in studies. In the LUTI field, whtre theoy offersonly limited insight to draw definite
conclusionsandthe empirical evidencés mixed, disaggregate data sources and analytical methods
may hold promise for better understandafigverincreasing urban dynamidecall thathe key

research questiornikat will be addressed in this study:are

1 What is theappropriate spatial scale to analyze land use and transportation system interactions
and their impacts on travel behavior in a reide metropolitan region?
What are the benefits of using dynamically defined zones in travel behavior analysis?
How do builtenvironment characteristics (e.density and diversity) and access to rapid
transit influence travelersé behavior across
1 How do proximity to LRTcorridorand land use diversity levels impdanhd usedevelopment
dynamics across the &terloo Region?
An interpretation of the research questiforsthe Methods section described in this overview
New data sources have maideividual leveltravel information and property level land use records
accessible for large metropolitan areast tierechallenging to obtaibefore Although these fine

scale data sets offer wider choices of scale for LUTI studies, they simultaneously raise important

guestions that need to be answered prior to the intended analysis:

1 Is it methodologicallyfeasibleto take a disaggregate approach for an analysis?
i If aggregation isiecessarwhat is the appropriate spatial scale to analyze land use and
transportation system interactionsa certain urban area?
While disaggregate methods are acknowledged in thetliterfor their accuracy and transparency,
they arecomputationally resource intensigadsuffer from scalability issuéa larger study areas. It

is often more difficult talraw policy sensitive conclusiofi®m the disaggregate analyses, and-non
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expert aidiences are more likely to get overwhelmed with the level of details and heterogeneity of
their results. Hence, everpositive answer to the first question is saofficientto warrant taking a

disaggregate approach.

Aggregate approaches have beeeof-the-practiceand used in urban studies for a long time
(Paez & Scott, 2004)ecause these methods have many positive attridntdge context of LUTI
analysis, the results from the aggregate methods are easier to communicate atchigbti@rward
to compare over timandacros study locations. Moreover, when the available data sets are
heterogeneous in their scalesimilarto the case ithis studyi aggregation helps to bridge between

multiple spatial scalefvan Delden, van Vliet, Rutledge, & Kirkby, 2011)

Given the motivation to aggregate, we can now return to the second question asked above and
attempt to create methods that help determine the appropriate scale of aggrébatarswer to the
second questiodepends on the size and extent of the stueg and the urban dynamics taking place
within that region Pragmatically, if an aggregate scale is chosen then the subsequent questions must

be answered to determine the aggregation level:

What are the variables of interest to investigate a certain resagpolicy question?
What is the scalat whichthe required primary data were collected?
How well do the aggregate analysis zones represent the required variables?
0 Are the zones adequately homogeneous with minimal variation in their attributes?
o0 Does thezonal structurefficiently capture spatial heterogeneitgesoss the study
area?
91 Does the change in scale of analysis significantly impact the results and their policy
implications?
1 Are there advantages dynamically defining th@nalysiszonal structug compared to using

pre-defined conventional analysis zofles
This research aims to examine the preceding questions in a castostudstigatespecific

instances of the general LUTI problelore specifically, the research presented in this thesis

examnes and interpretde effects of land use heterogeneity and access to rapid transit on travel
46



behaviorin Waterloo RegionThe chapter starts witmintroductionto the Region of Waterloo as the
broad study area and pr e sTenireseaictiata soReegdrdbta 6 s pl ann
specificationsare discussed. This is followed by a description of the concepts and the meiimats

in this study.

The datadriven framework of this research comprias majorelementsand their sub

componentss follows:

1. Motivated by the idea that diversity is equally important as de(esitd other attributes) to
the analysis of land use and transportation interactions, this research develops and
implementsa land use measurement method to quantify diveasiiyis perceived within
the urbartransportatiorplanning, research and policy analy3ibkis includeghe
development of menhanceéntropymeasuremerrhodel that efficienthcompute
heterogeneity scores for a large numbespatial zones, consistirgf any number of land
use typesThe utility of this model is twofold: to consistentlyeasue land use diversity as
a built environment characteristic that is central to the hypothesis testing in this research;
and as aimtegralpart of the iterative siial aggregation model evaluate anénsure
homogeneity of the derivetiynamic analysis zones based on a cehaiarogeneityevel

threshold(cap).

2. Based on the diversity metric created in step 1, the research dexettmsaluaesa novel
spatialmethod to delineate analysis abstructure foland use and transportation system
interactionsstudies.

A set of two distinct spatial regionalization models are implemented and exaifiieed.
first is apurposedevelopedspatial aggregation model thagesanentropybased
heterogeneitgcore along with an adjacency measure as the aggregation criteria and
generates dynamic zonal structucaied Dynamic Activity Cluster Zones (DACZ#
sensitivity analysis is then conducted to evaluate how this rpediekrmsagainst variation

in the major input parameters including heterogertbitysholdand the DACZs area size
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cap.The second is graphbased spatial partitioningodel that is built upon graph theory.
This method uses a spatial optimization approadtietatify a predetermined number of

homogeneous cluster of zones based on similarity oféhelpsedand uses.

TheDACZ method to create zonal structures developed in the prestepss then applied

to a metropolitan case studyea to assess its efiicy in generating more homogenous

zones in terms of travel behavior. A specific DACZ structure created in step 2 along with a
conventional zonal structure (i.e., PLUM zones) are used to classify the study area into a set
of built environment categorieslsasl on t he zonesd heterogeneity
population density. A hierarchical aggregation model is then applied to summarize the

travel behavior metricdistributions at a range of spatial scales ranging from disaggregate
(i.e., the zone level}o intermediate (i.e., the built environment categories) and aggregate
(i.e., the entire study area) levels.

These hierarchicahodel outcomeprovide the statistical basis for synthesizing and

evaluating the likely impacts of heterogonous built envitent characteristics on travel

behavior patterns for different travel purposes.

This research examines the historical trend of development in a metropolitan region to
assessvhetherproximity tohigh quality transit corridor and the built environment

heteongeneitymight influenceland usedevelopment

Based on the DACZ zonal structure developed in step 2, a set of temporal analyses are

performed at three spatial scales including intermediate (i.e., the built environment
categoriesdentified in step 3), seiraggregate (i.e., the areas within or outside of the

Regions6 Central Transit Corridor), and aggre
These analyses aggregate and summarize the building permit records bianmeatial

the areas that might hadésproportionately attracted more and or larger land use

developments (i.e., higher construction values per issued building permits), potentially due

to the benefits ofieterogeneousuilt environmentind access to rapid transit.
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It is important to note tit the termdand use diversity, land use heterogeneity emgopy scoreare
used interchangeably throughout tkisdy. Where a specific quantitative measure is expected, often

the normalizeantropyscore is calculated and presented.

3.2 Study Area

3.2.1 Introduction

TheRegion of Waterloo is fastgrowing metropolitan region isouthern Ontario, Canada. The
region is an anchor of the Highech ToronteWaterloo Corridor, exterdg for about 100 kilometers
between the Region of Waterloo atheé City of Toronto to the east. It is also part of the Greater
Golden Horseshoe (GGH), an economic growth region officially designated und®adies to Grow
Act (Government of Ontario, 201®Mathas been a major contributor to the national economic
growth. The GGH hasa population of more than eight million and is estimatedttacitan additional

four and a half million residents and two million nls within two decadgdMMAH, 2017).

The urbanized ared the region consists of thredies of Waterloo, Kitchener and Cambridge
With rapid demographic dynamics apdpulationgrowth projected from 53®00in 2016 to 78,000
by 2031(RMOW, 2015)and 835,000 at 204Government of Ontario, 201, AheRegionhas been
one of thdastest growing communitiest only in the province of Ontario, busa nationally across
Canada. This growth is expected to bring more employment and consequently higher levels of travel
demand to a predominantly earented metropolitan area. In response, the Regional Municipality of
Waterloo has been employing integ@iand use and transportatiomolsi both policy and
infrastructure investmenisto drive more sustainable urban development and targeted higher levels of

public transit and active transportation mode shares.

Historically, the region has been identifiasl a dispresed metropolitan area with polycentric urban
structure. The multifunctional activity centers across the region consist of historical business districs
of the Cities of Kitchener and Waterloo, nhamely Downtown Kitchener and Uptown Waterloo. In

addition, at the northern and the southern corners of the region, two regfmpgling malls and their
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surrounding employment and commercial districts have been major destinations for shopping,
entertainment and servicde University of Waterloo aniVilfrid Laurier Universitywith
approximately 70,006tudeants, faculty and stafire also among the major acivity destinations within
the region that generatensiderabl@umber of daily trips. A map of these activity centers along the

Regi on 6 s anSit€arrdor €CITC) iB depicted iRigure3-11.

Toronto

L & ) [ Central Transit Corridor (CTC)

- {‘T i lﬁiﬂesmg?‘ € [ Uptown Waterloo
e 7 .
i"w‘b Na gy ot N bR :, [ Downtown Kitchener
BN S5 ! % .~ Unibreity,.| Laurier oy : @ Activity Centres
- Mn& Y e of Waterlo University.- % : S
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. : - Waterloo  pyvntown

- Kitchener

Region of Waterloo. B LS
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Figure 3-1 - Relative location of Region of Waterloo, the LRT alignment, the region's urban
activity centers and the Central Transit Corridor (CTC)

In recent years the Region hiasesedin multiple major transit system upgrades including a set of
higher ordeexpressbus transit routeBrandeda s i i Xamdthe sosstruction of 1Rilometersof

Light Rail Transit (LRT)system known .a® Opelr@lleed as part of the Reg

1 This map depicts an approximate representation of the CTC, delineated based on the boundaries of the Census
Dissemination Blocks located within 800 meters omdi@utes walking distance from the ION LRT stations.
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systemi Grand River Transit (GRTi) ION was planned as a twahase pr@ct and received funding

commitment from thé€rovincial and Federal governmeirt2010. Construction of phasme LRT

between Conestoga Mall in Waterloo, and Fairview Park Mall in Kitchener began in 2014 and ended

in 2018. ION passenger servicesstartediJune, 2019. This LRT segment
conventional activity centers and has beenproppbsed act as a catalyst for th
Transit Corridor (CTC) intensification along with creation of Transit OrieBgelopment (TOD)

communites.

Phasetwo of the projecturrently features an adapted Bus Rapid Transit (BRat)extends the
LRT system in the nortto the Ainslie Street transit terminalthe Cambridge business district. This
17 kilometer segment will eventually be converted RT. The other pivotal point of theystem is the
forthcoming multimodal hub called Central Station, located midway between Downtown Kitchener
and Uptown Waterloo. Central Station integsd@N LRT with local GRT and intecity buses, as
well as the pssenger train servigacluding GO Railregional to the Greater Toronto Areajd VIA
Rail( Canadads nat i oThia $tation will Heakey nodestlyasbridgen petween the
growing regional and interegional tripsand provides interchangbstween altransportatioormodes

(the ION system map is provided in Appendix A)

3.2.2 Planning Context of Region of Waterloo

In theearly 2000s, the regional government consolidageplanning policies im guiding
development vision known as the Regional@roManagement Strategy (RGMS). This high level
strategy aimed for regional-ter bani zati on by #ABuil ding Vibrant Ur
Greater Transportation GRMOWc2003) Themtoategy emphasized i X ma |
the role of public transit systesas a major measure to steer the future regional growth, and
spedfically supportedhe development oé Light Rail Transit (LRT) system withintfiRe gi on 6 s
Central TransiCorridor (CTC). Italso consistefn ew | and use controls inclu

countryside Iine to | imit wur bantheCpQtashifitbetrandd enc o
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oft h e R eogtwad groveghFollowing the adoptionof this vision the Region approved a new
Regional Offigal Plan (ROP) in 2015 and an updatsdl ransportation Master Plan (TMP) called

iMoving Forwardo in 2018.

The ROP with a 20 year horizon elaborates on the RGM@amnization agenda and introduces a
set of policies grounded in principles of Transitédted Development (TOD). The highlights from
the ROP include supporting mixease development with medium to high density, encouraging
compact urban form, improvinge built environmentvith street designs that promateilti-modal
transportation, conceiatiing pwlic servicesaandinstitutionalinvestments within comfortable walking
distance from major transit stops, and more importantly directing new developments towards built up

areas of the region.

The Moving Forward planpdates the previous TMP from 2 It reflects on the addition of new
transit infrastructure in the region and sets out policies on emerging technologies and evolving travel
behavior patterndn 2011, private car travel accounted for almost 90% of the trips within the region
The new fan puts forward an ambitioutarget for modal shares: shifting away 12% of the car mode
share by 2041 with plans to accommodate those trips by public transit and active transportation modes.

The TMP aims to achieve its goals through five strategies:
A @ Transportation Network that Supports all Modes of Travel
A Promote a Heal t hy walkngmand cyclingyetwolky i mpr ovi ng
A Develop a Frequent Transit Network
A E n h a nRegiondl @ohneations

A Position the Network for New Mobility
In addition to these regional plans, multiple higher order provincial policies and regulations along with

lower-tier municipality plans fon the planning context in the Waterloo Region.
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Planning in the Province of Ontario is structured in a ntajter schera corresponding to the
Provincialand local levels of governmenthe Planning Act defines and governs the structanel
necessitesan interdependence of official plangh local levels of government (i,&ingle, uppet,
and lowettier municipalities). Within this hierarchyRegion of Waterloo must conform to provincial
policies and objectives ands an uppetier municipality potentiallydirectsthe lowertier municipal

plans.

Pertaining to this study, there are a number of plans and policies that provide directions on land use
and transportation development in the region. The two magmiationswith direct implications for
theRegion are the Provincial Policy Statement (P28)14) under the Planning A@Government of
Ontario,1990) and the Growth Plan for the Greater Golden Horseshoe (2017) under thet®laces

Grow Act(Government of Ontario, 2017)

The PPS lays out th@imarypolicy foundation for land use planning and development across the
province. The Region of Waterloo land use regulations reflectéd ROP must conform to thePS
ABuil ding Strong and HFEhask policieporaymighdavel goalssos 6 pol i ci
economic development, land use management, housing, employment, infrastructure, energy

conservation and climate chan@&vernment of Ontario, 2014)

The Growth Plan, on the other hand, identifies moreipebjectives for the GGH region. It
provides guidance ahe intended land use patterns and urban fgonsitizing transit corridors and
station areas. According to this pJafl municipalities withinthe GGH region must achieve a
minimum of 40% inénsification within the existing built up areas by 2041. Downtown Kitchener,
and Uptown Waterloare designateds urban growth centeasd, as a resyltnust achiever go
beyondtarget gross densitgvelsof 200 residents and jobs per hectémeaddtion, the tansit station
areas that are served N LRT or bus rapid trans{BRT) are alsa@onsiderecasMajor Transit

Station Areas (MTSA)andrequiredto maintain160 residents and jobs per hecteoenbined
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Althoughnot within the direct mandat# the Greater Toronto and Hamilton Area (GTHA),
Waterloo Region also aligns its planning with 2821 Regional Transportation PIERTP)for the
Greater Toronto and Hamilton Area (201The RTP has identified the importancals economic
connectiondetween the region and the GTHA and thus aimsrémgtherthis interregional
engagement. The RTP main initiatives to this end are improving the (regional) GO Train frequencies
and upgrading the (intercity) GO Bus services for additional edgstinatio pairs. Widening the
provincial highways and development of tHiggh-Occupancy Vehicle (HOV) lands relieve the
frequently congested sections of the Highways 401 are among the other objectives of this plan

(RMOW, 2018)

Ultimately, in recent years across Ontario metropolitan regions, there has been increasing interest in
development and expansion of light rail transit systems as a reliable transit mode. Waterlod® Region
ION LRT, along with the under constructi@glinton Crosstown LRTh Toronto, theHurontario LRT
in Peel Region and the revived plantbd mi | t o n 6 stardsRriie ofthe sycomssful examples

that have been able to secure investment from Federal, Provincial and local governments.

Asthe official planning practicehave increasinglyrecognizeahe need for more robust quantitative
assessmenta their procelures the planning framework for the Region provides a rich environment
for this study For example, following the announcementtaf LRT project, th&kegional
Municipality of Waterloo haitiateda monitoring projectta s sess t he Regi onds prog
the goals of the LRT project: higher density of development; increased transportation choice; greater
utilization of sustainable transport modéhisresearcthas contributed tthe development of the
baselinemetricsfor the monitoring repor{Parkin et al., 2016 Moreover, by answering the proposed
research questionthis study furtheraddresss the needfor improved analysis and modeling methods,
and expands our understanding of the regional landn¢ransportation systems interactiahs

very disaggregate level.
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3.3 Data

This researcheliesuponmultiple ses of (predominantlyspatial dataollected from secondary data
sources. These items range frpablicly availabledata available on open pailg, to institutionally
administered data acquired through access agreements. This studyetiages valuable data sharing
collaborations establishdxbtween University of Waterloo atige Municipal Property Assessment
Corporation (MPAQ' the corporatia tasked by the Province of Ontario to estimate and maintain a
database of property values for all parcels in the Proyaswvell as the University of Toronto (where
a research group administers travel surveys and forecasting for the Greatertzokimhoe)
Development of these collaborationasessential for accessing the fiseale land use and travel

behavior data.

The inventory of collected research inputs inclddmographis, land uses, transportation
networls, transit routes and travel tzetior information. Integrating these thematically diverse data
sets from multiple datsources involve issues of data typaconsistenies and conflicting geographic
projection.To ensureconsistencyandaccuracy ofinalyes, appropriatedata preprocessimethods

wereutilized to address and resolve these errors.

Data processing, statistical analysis and visualizations generated for thitostudyge extenwvere
conducted using open source software and platforms including R programming languageéthlong
the Tidyverse data processing library. Network related data processing and travel time computations
were done using ESRI ArcGIS platform. The following section elaborates on the different data sets

and their specifications utilized in this study.

3.3.1 Property Level Land Use and Parcel Fabric Data 2

Recall that one of the goals of this research is to develop and evaluate the value of alternative zonal

structures that explicitly consider land use heterogenaityrder to develophesevery disaggregate

2 Due toconfidentialityterms ofthe resarch data accesgreementpnly aggregate level land use information is
presented in this thesis.
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estmatesit was required to incorporate parcel level land use data into the proposed model. The
propertylevelland use data were available to this study for year 2019. This data set was provided by
theMunicipal Property Assessment Corporation (MPAGYering an approximately 3km buffer

around the LRT alignment within the cities of Waterloo and Kitchener. The MPAC land use dataset

contains detailed land use classes, categoftradxation and property assessment purposes.

MPACGs | and u s eappliedaas Hrovincialedulatom(©ntado. Reg. 282/98) for
the purpose of assessment and taxdt@gmwvernment of Ontario, 2020fhere are some peculiarities in
theseRegulationswhich can lead to differences between how properties end up being classified and
general understanding of their land siSEhe simplest example is vacant land, which defaults to a
commercial cl assi fi cadi(oaan uwnn deefanotiiepdsdesate m)a | fl o/
these irregularities, the dataset proves to be exceptionally useful to uncover diverse activities that take

place within the urbanized area of the region.

This dataset consists of 150 land use classes within the cities of Watetlk@aener. Using the
unigue Assessment Roll Numbers (ARN), land use records were integrated with the regional parcel
fabric for the year 2018. The parcel fabric layer was made available for this resedrel3mospatial
Centre at University of Waterldabrary; the data were originally obtained from #wvince of
Ontario Land Registry Information System (POLARIBPLARISis administered by Teranet

Companyi the exclusive provider of land registry data in Province of Ontario.

The extensive classifidan system administered by MPAC consists of more than 300 land use
classes and offers great detail on characteristics of a property (i.e., land gsthely are important
for the financial institutions and municipalities for their propaggessment drtaxationoperations.
At the aggregate level, each property is categorized into one of the eight broad general categories of:
Vacant, Farm, Residential, Commercial, Industrial, Institutional, Sp&a@akmptand Government.
These maj or i a degigndted bydviPAlredlectdhe nature of activities in a land parcel
given its economic function. In the disaggregate level, however, taking into account more specific

business types, building structures and tenure types, each property is clasdgiedngnof the
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potential 300 predetermined classes. For instance, two similar properties that are classified as
Residential at the aggregate level, are further spedifiedrding to theidifferentownership

structuréa  wi t h ¢ o mp | dreehddosnhguseadawihausemare than two units in a row
with separate ownershipp r oper t y ¢ drdvehosiagdwith threertossix dinits under single
ownershipipr oper ty (MPAGC 2020B8VBhldedhis level of disaggregation may be useful for
MPAC, for this research purposear-segmentation ofind use would likely introduce unwanted
complexities and biases into homogeneity measurernmethiis instance, we assume that these similar
residential classifications are likely to produce similar travel behaviors (stiGh generatiopand, as

such,can be aggregated without loss of fidelity.

More generally, to measure land use heterogeneity from a transportation planning perspective, the
excessively complex MPAC classification system was remapped by assigning the observed land uses
in the region inb a more manageable set of clas$&e process that was undertaken was to compare
potentially similar MPAC classifications for possible aggregation based on the similarity of their
travel behavior propertie$o do so, MPAC classifications were comparaddd on their trip
generation and attraction characteristics according to the ITE Trip Generation Masiitaite of
Transportation Enginee(§TE), 2017) Since 1960s, the ITE Trip Generation Manual has been the
industrystandard handbook for estimating trip generation potentials for different land developments
across North Americador thepurpose of thisesearcha lookup table was developed to lieéch of
theMPAC land use class identified withinthe study area to aomparableeclassifiedand use class
provided bythelTE Manual. The objective of this process was to reduce redundancies in a large set of

land use categories without losing essential details needed for land use heterogeneity measurement.

This reclassification wagispiredby the proposal for adjustment of the ITE Manual and a series of
subsequent empirical studigdlifton, Currans, & Muhs, 2015; Currans & Clifta@015, 2018) These
studies suggest to consider a combination of characteristics for potential aggregation of land use
categories for transportati@nalysis. The highlighted characteristics incltedeporal similarity of the

activity relatedtravek, dependence of trignaker associated witheactivity, size ofthedevelopment,
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product base and institutional fornwdtthe activity and ultimatelysocial and recreational dimensions

of activity located in a land parcel

Historically, the provided methodsr trip estimation rates in this Manual tend to over emphasize
automobile trips andnderrepresent nemotorized travel (Singleton and Clift@®13).This issue has
been recognized by ITE and in recent years efforts have been made to utilize expaetsdrirays
to better account for muithodal anchon-automobiletrips. As a result, an updat&dipplement to the
ITE Trip GeneratiorManualwasreleased in 202@ith significantly expandeanulti-modal
information incorporated. In thigudy,the 10th edibn of the Manual was used thabvides

information for176 specific land use classgsderl0 major categories

As noted earlier, there are eight gen®&AC property code<Of them the 400 series @he
commercial propertieBadthe highest number abservedlasseswith 47 observed instances in the
region. The original classes inckaivarious commercial, office, retail and entertainment ubese
MPAC classificationsvere mapped to 17 new reclassified catego8asilarly, the 300 series
(resicential propertieshad34 subclasses within the data, sehichwere reclassified intsix
categories from the ITE Manuigicluding (1) SingleFamily Detached and Lowise Multifamily
Housing (combined), (2Multifamily Mid and HighRise Housing (combined]3) Mid and HighRise
Residetial with Commercialcombined), (4) OffCampus Student Apartment, Gpngregate Care
Facility, (6) Recreational HomeBor industrial propertiesl9 classesverereduced tqust three new
classes. The 800 series or governtakproperties had minimal presence within the study area with
only four identified classes that were combined into one category. One additional class was preserved

to addresshemissing land use records and inapplicable conversions.

The results of tls aggregation include less complexity in land uses that will facilitate more
straightforward zonal constructs while not generating significant loss in the representation of these

land uses for transportation analysis
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3.3.2 Travel Behavior Data

One research obgtiveof this study igo determine if zones created through the proposed méethod
identifying and merging areas with similar densities and heterogeneity of lanid peekices
distinctly different transportation behaviors than zones established usstigggrmethodsTo this

end, a data set containing disaggregate travel behavior was merged with the disparate spatial

representations and metrics of travel propensities were calculated.

TheTransportatioomorrow Survey{TTS) isa household travel survehat is conducted by the
Universityof Toronté s Dat a Management Group Mihidltes The TTS
with significant economic interconnectioimsSouthern Ontario, includinidpe Region of Waterloand
the Greater Toronto and Hamilton ArgaTHA). Although TTS collectsletailed geocodetip
origins and destinations data, those data were not accadsibte confidentialityolicies in place to
ensure respondentsd privacy. The DMG normally pr
scale known agraffic ZoneSystem(TTS TZS). These zones are conventionally defined to provide
computational efficiency for transportationodeling and often represent relatively large districts
within urban areas. The current TZS zones were last updated in 2006; the study area of this research is

represented in the TZS as 192 zones.

However, this study aimetd analyze the travel behavidistributions at multiple spatial scales that
were different from the conventional TAZs. Hence, it was required to process and aggregate the
detailed geocodetip origins and destinations ddtam theoriginal survey. DMG helped with this

data aggregatiostep as well as demographic data assignment based on the provided zonal structures.

The first incorporated structure was a set of modified Thas is used by the Region in their
Population and Land Use Mod@LUM). The second structure wtee novel Dynamic Activity

Cluster ZonesIACZs) generated through homogeneligisedaggregatiorprocess.
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For each zonal structure, a set of travel flow matrices were derived that included data columns
corresponding to the trips origin and destinatiorfQunique pne IDs, total number of trips that

share the same attributes, travel mode and purpose of trips.

3.3.3 Transportation Network and Transit Routes

To extend our travel behavior analysis further than the mode share comparisons, we proposed to
conduct additional asssments on the distribution bEttravel times for the trips within the regjon
given thér travel mode As we are interested to explore the built environment impeactsps
characteristicswe focused only on those triisat have their origins idefigd within the dynamic

zones, for whiclare able to quantifthelevels ofheterogeneity andopulationdensity.

Despite the great insight the TTS data provide on travel behavior characteristics, its aggregated
nature precludes the inclusion of explicith or mat i on on i ndividual tripso
perform further travel behavior pattesinalysis it was necessary to explicitly estimate ttavel time

and distancebased on the-D pairs spatial information.

Travel time and distana@stimdion often relies on computation of a netwdirdsed shortest path
using modespecific routing algorithms. In recent years, an increasing number-of-tlut-box
(online) services have started to provide such estimates for trip planning and researaspurpos
Google'sDistanceMatrix APl andESRI StreetMap Premiuare among the weknown examples of
such servicesA recent review otheseoptionsindicates that given thdifferenttechnologésand
technical considerations, the results of computed travel times using different toolsets often differ
considerably for the san@-D pair (Higgins, 2019)Moreover, due to the very large number eDO
pairs and multiple number of modes that pertain to this studyg osline services could be a costly
and less efficient choice compared to the development oflaouse tansportatiometworkmodel
and travel query system. Hencsingthe Network Analyst module from the ESRI ArcGIS platform, a

digital network modelas implemented and a flexible travel time and distance estimation toolbox was
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developed to perform distance and duration estimates for the transportation modes present in this

study.

Basically, an appropriateansportatiometworkmodelin a GIS formatrequires spatial features that
resembleghe geometry of the network linear elements and their connection points, along with the
essential attributes such as traffic direction and the likalkipitions associated with the

transportation mode that is beingpdeled (e.gprohibition of cyclingon highways).

In this study, the basic geometric transportation network data and the required tabular attributes for
developing walking, cycling and autaodesnetworkwere obtained from Ontario Open Data Portal,
for theyear 203. Taking into account the potential data errors, the network spatial laydirsvas
topol ogically Acleaned upd6 and the | inear featur
logical connectionsvereconverted inta Network Datasei an industry standard format to store and
retrieve transportation network datathe absence of explicit cycling infrastructure amtkwalk
networkdata, all the road segments except the designated highways were incorporated into the

walking andcycling network.

Then, to increase the accuracy of the shortest path estimatiamdéomodethe availablgabular
attributes including traffic direction, traffiestrictions speed limit, and the pavement type were

joined to the geometric elements ofid segments aradided to the modebuting algorithm

As the completed Network Dataset consists of hundreds of thousands road segments and the number
of the potential @ pair queries could be close to a million instantesasnecessaryo improve the
routing computatioal efficiencyby preventing potential redundant path searchbs was done
through spatiaindexng of the road segmentcording to theifunctional hierarchy. Given the
complexity of the road networks a metropolitan are@ combnation of the official road
designations, speed limit and number of lanaswgedto classify each road segments and then the

spatial index of roads hierarchy implemented to the network niod@faterloo Region
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Having the first transportation networkplemented with the capability of modeling walking
routes, it became possible to develop an integrated-matial network supporting the combined
walking and public transit modes queri€glire3-2). In this multtmodal network, routehoices are
determineddy theability of pedestrians to reach transit stops considering the availability of transit
service within a time window. The transit routes, sersidgedules anftequenciedor both the GRT
bus network and the ION LRT were extracted from@esmeral Transit Feed Specification (GTFS)
data. This data set was provided by the Region of Waterloo Open Data PortHlertdd the latest,

redesigned GRT network struoctuand the operating LRT service as of Fall 2019.

Road Network with Sidewalk

Transit Network (abstract graph)

Transit Stop to Sidewalk Connection

Figure 3-2 - Topological model of the multtmodal network for walking and transit
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3.4 Analysis Zones Delineation for Land use and Transportation Studies

The presetstructure of zonethat are commonly used in transportation studiesfesred to as Traffic
(or TransportationAnalysis Zones (TAZS)ITAZs often stand at the middle of the spatiahtinuum

larger than city blocks and smaller than census tracts depending on the scally%$ Figure3-3).

23480
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(a) Census DisseminatidBlocks (b) Census Disseminatiofreas
(559 zones) (117 zones)

444444
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(c) Population and Land use Model Zones (d) Conventional TS TAZs
(291 zones) (84 zones)

Figure 3-3 - Conventional Zonal SystemsUsed in Urban Studies (City of Waterloo Study Area)
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While conventionalTAZs may vary in their sizes and shapes, an effective abrnadturewill result
in land areas (zones) with a set of homogeneous underlying activities that for this analysis includes
land use activities that generate and atsautlar trawel behavior patterns. While homogeneity may
be accomplished by specifying very small areas, a large number of zones becomes computationally
difficult. To balance the need for homogeneity and tractable numbers of zordsfipeelTAZs are
primarily defined based on a sort of density measure, where population and employment densities are
most commonly usegou et al., 1997)Density measures require minimal data, are easy to compute
and provide a relativelgimple and intuitive basis for drawing zonal boundaries. However, this

simplicity comes at the cost of effectiveness apglicability (Chang, Khatib, & Ou, 2002)

For instance, a high density residential areasisting of uniform land uses is more likely to
generate and attract commuting trips that take place during the peak hours by auto. In contrast, a
mixed use area with similar density levels tends to generate lower volume of outgoing trips. Since
these dierse landises provide a wider ranges#rvices and trip destinations locally, households are
ableto satisfy their daily activitiethrough shorter trips, often with a greater proportion of trips made
by walking or cyclingDensitybased zonal definitits tend to overlook these differencasd as a
result, producsimilar size zones for bottresentedasesdespite different transportation activities

that are likely to take place.

Although, density and diversity may have some characteristics in conineyrimpact travel
behavior and thikelihood of travel by multiple modedifferently. In the earlier example, within the
mixed use area, the diverse land uses might produce a set of pedestrian tours ovedalygaridd
(offpeak hours) through which several househol ds6 a:

be posible in a homogeneous area of similar density.

In addition to the limitations specific to denstigsed methods, pdefined zones and dtbc
delineation approaches in general are subjegtset of issuearisingfrom theinherent limitations of
aggregation. Spatial aggregation as a data reduetbmiquanevitably involves information loss

increases uncertaingndintroduces biagesinto analysesThe sjtial scale effedssueand modifiable
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areal unit problem (MAUP) ar@mongthe weltknowninstanceriginaing from these biases

(Pereira, Banister, Schwanen, & Wessel, 2019)

Hence, these known issues need to be explicitly identified and ttea&tle at robust policy
conclusionsThis research exploresultiple spatial aggregatioand clusteringtrategiesand
particularly develops a method to effectively produce and evaluate zonal structures. This method
facilitates understanding of inheresmtatial scaléssues and provides appropriate tool to address them

in a scalable manner.

3.5 Dynamic Activity Cluster Zone (DACZs) Model Implementation

The workpresented ithis section addressthe first research questiofhis study aims to integrate a
novelheterogeneity measurementd a spatial aggregation method to create new zonal boundaries

over a large antleterogeneousrban area. This method helps differentiate areas with high

concentration of diverse land uses from homogeneous areas with minimal variation in their activities

It is built upon a quantitative perspective of land use diversity as the degree to which various types of
activities are closely located within a landscape. Land use diversity is being recognized as a significant
zonal characteristic that influences eapatterns at different spatial sca(€ehrke & Clifton, 2014)

High levels of diversity provide multiple activity destinations within an easy access area which
increases accessibility, ikes nommotorized transportation feasible, and supports efficient public

transit performance.

3.5.1 Iterative Homogeneity -based Spatial Aggregation Approach 3

Along with the noveheterogeneitgomputation, this research introduces a new zonal structure that is
not predefined nor static, but rather created based on the heterogeneity of the parcels encountered

over dynamic boundary formation. To help explain the process, consider the following examples.

3 This section is based on the following peeviewed conference publication:

Fard, P., Casello, J. M., & Xu, X. M. (2028n Approach to Measure Land Ukketerogeneity to Identify

Homogeneous Urban Activitglusters Transportation Research Board f0&nnual MeetingJanuary, 2021
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Suppose we wish to understand how local fadtdile trangortation infrastructuré influence
transportation patterns at a neighborhood lebeldo this, we might start with a single parcel in an
urban core and review its attributes. We could then begin to gather the same data for adjacent
properties and nearlproperties|f we were to inventory these attributes, we will quickly identify a

very high number of observed parcel types and purpdbésheterogeneity suggests that in order to
model what 6s h aiprpteamsiofrtrgvel bahavibrhor aassildlityietlae analysis should
take place over very small geographic areas, because increasing the zonal size would introduce too

much complexity to represent behavior meaningfully in any estimates to be done.

Now consider that the starting point of bysés is at the center of a large, homogeneous suburban
subdivision. We will likely have to evaluate a very large number of parcels at a significant distance
from the starting point before reaching some threshold level of heterogeneity. This suggeasis that
modeling done on this area can involve a much larger spatial area without loss of representativeness.
In the first example, a parcel say 200 meters from the starting point is likely to not be as relevant
(again in terms of travel behavior) to the staytpoint, because of the heterogeneity of the land uses
between them. In the second example, a single family detached house 1 km from the starting point

may be completely relevant to the starting point, because of the homogeneity between them.

These twaexamplescan be broadened to conceptualize the definitiomalygically generated
zonal structuresalled DynamidActivity ClusterZones (DACZs). Eachctivity clusterzonethat is
dynamicallydefinedrepreserda set of land parcels that together satistertain threshold of
homogeneity. Once the aggregation exceeds an empirically derived threésealctivity Clustergets
bounded. Depending on the transportation mode that is being analyzed, DACZs are forged through
spatial aggregation of land parchisated along a transportation network segment that serves these
associated parcelshis approach helps to better reflect the impacisaofellevel heterogeneitynd

distinguish mode specific transportation accessibility in urban system analysis.
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3.5.1.1 Enhanced Entropy Index as a Measure of Land Use Heterogeneity

Among the methods to evaluate heterogengityropymeasurement provides a robust approach to
capture diversityandto compareneterogeneityn a quantitative manneConceptually, afEntropy
indexcan be perceiveas a probabilistic measure that reflects the likelihood of finding multiple
differentactivities (n this case land use claspesthin a given boundary of space. Entropy is an
aggregate measure, meaning it reflects compound chasticteof a set of entities (land parcels) all

together.

Entropyd mathematical representationsisown in(Equation 1). Theentropyscore O¢ 0 i € i§
a unitless measurangingfrom 0 to 1 In a land use diversitgnalysis, scores closer to 0 represent
homogeneity and the value 1 indicates maximum heterogeneity of the zone that is being analyzed. In
this definition, homogeneity means 1 minus the heterogeneity.
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=
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where:
¢ refers to the number of land use classes observed within th€@one
O Oiterates through observed land use classes withirzdime
"Y denotes total area of the zaofi@
(Y ) represetsthearea of the specific land use clagspwithin the samezone
0 is described as the proportional area measure of diverdgytiopy model.

In the proposed method, addition to the convention&ntropymodel parametera land use
taxonomyreclassification schem&d and a new coefficienty were introducedo better capture
impacts of different land use types on diversitiso, by employing a normalization strategy, the
landscapeavide diversity levels are reflecteon the local entropy score. The Enhanced Entropy model

is formulated as followsHguation 2):

. o6 & 5 1T .
0 E HONO T ¢ N T A“® h i h
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To demanstrate how the Enhanced Entropy formulation in equation 2 works, a sangézape is
presented consisting of six different possible land use fgeemted by different colorsWithin each
zone(depicted as blue dashed squard® land parcels areranged as four evenly shaped cells. As
Figure3-4a. showsfour uniformcellsi all parcels are suburban residential unitesult in an

Entropy score of zero, which is an indication of absolute homogeneity.

In Figure3-4b., a relatively homogeneous zomeluding abalanced mixof two different land use
types (e.g.residential and commercial) is illustrated. For this example, the model estimates the
Entropy score as 0.5 because there are two sets of two homogeneous parcels, each occupying half the
land areaMathematically, in the Enhanced Entrapypdeldenominatoranormalizations done that
replaceghe totalnumber of land use classes observed wigaichzone ¢ by themaximum number
of land use classes observed withiry givenzone inthestudy aread @ @& . This change produces
a significant difference from the conventional Entropy score, which would be equal to 1 in this case

without the rmalization applied.

a) Entropy score = 0
maximum homogeneity

(b) Entropy score = 0.5
a relatively
homogeneous zone
consists of balanced lan
use mix

(c) Entropy score = 1
maximum heterogeneity

(d) Entropy score = 0.75
maximum heterogeneity
decreases by presence (
an activity averse land
use

Figure 3-4 - Demonstration of computed Enhanced Entropy for a simple landscape

The third exampleRigure3-4c.) illustrates a zone in which every parcel represents a different type

of land use. In this case both the conventional and Enhanced Entropy models produce scores equal to

1. This can be intereted as thenaximum heterogeneityithin a zone. In the last exampleigure

3-4d.), there is a mixed use zone that consists of a land usedimea planning perspaee adversely
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impacts the heterogeneif®necan imagine this as presence of a large parking lot within an urban
core. The conventional Entropy model tends to overlook the differences of land use configuration
presentedhn the case (c) and (d), and estiesaEntropy score as 1. Incontrasth i s mddel dy 6 s
differentiates the two cases through applicatiothetoefficient 0 . It returns the reduced value

of 0.75 aghe Entropy score for this zor{&igure3-4d.).

3.5.1.2 Dynamic Activity Cluster Zone (DACZs) Creation

The previous example demonstrates entropy calculations based on a total area that is delineated into
four, equallysized zonesThe goal of ceating a DACZ system is to determine an aggregation strategy
that will combine subunits of land use together, thereby increasing the size of these areas, while
maintaining a diversity (or entropy) measure that is lower than a threShelgrocess is reated

across a region such that ultimately all possible aggregations that can be made are made, and a finite

number of DACZs are created, all with entropy scores below the desired threshold

This Enhanced Entropy computation model was implemented astifuwithin R programming
language. This function further is being used at multiple steps through the spatial aggregation method.
This Entropy computation module is a crucial elememtymamiczonal system creation method,
especially where potential aggyation of a base zone with neighboring zones takes flaee.
following examples demonstrate how the diverbitged spatial aggregation is performed. Again a
simple landscape of neighboring zones is presented to evaluate pbiemiajeneitybased

aggreyation.

Beginning with an analysis éfigure3-5a., there are two adjacent zones each made up of four
parcelsThe left zone is made up of two yellow parcels and tw@edels The right zone is made up
of two yellow and two blue parcelBoth the left and right zones have an Entropy index of 0.5
Aggregating these two zones will produce an output of four yellow, two red and two blue parcels all of
equal areaT he entr@y score for this merged zone is Q.lfbFigure3-5b., there is a similar, but not

equivalent set of parcelShe left zone is again comprised of two yellow and two red paiBetshe
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left zone has two green and two blue pard#lkile each mne has the same initial entropy score as
Figure3-5a., the aggregation of these zones generates four sets of two parcels, each with different
functions As a result, th combined Entropy index is 1. Hence, when trying to aggregate zones to
create clusters one cannot just aggregate zones with similar Entropy €sdyezones that have

similar Entropies but also assembled from similar disaggregate land uses that make tigeir

Entropy can be aggregatedThis means each and every diverdigsed potential aggregation

requires to be evaluated against a new inventory of land uses within the potential cluster of combined
zones. This task becomes challenging from methodologerapective, especially when processing

urban landscapes consisting thousands of base zones and much larger number of adjacent neighbors.

The steps required to perform such evaluation in a modular spatial meddénplemented in an

automated GIS modgbresented in the following section.

(a) Entropy scorgoer each base zore0.5 (b) Entropy scorger each base zore0.5
These are relativelgomogeneoumdividual zonesonsist of balancenhixed of two land use types.

(c) Aggregate etropyscore = 075 (d) Aggregate entropy score = 1
Aggregation of the two base zor@gatea cluster Aggregation of the two base zanereatdoo much
thatwould still berelatively homogeneous heterogeneity that exceeds timeptabléhreshold

Figure 3-5 - Demonstration of computed Enhanced Entropy fodifferent aggregation scenarios
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3.5.1.3 Implementation of the DACZ Creation Model Algorithm

Dynamic zone creation is an iterative process where each andoagerpne along with itadjacent
zones are evaluatedjainst a homogeneity criterion. The homogeneity threshold is defined through an
exploratory sensitivity analysis that ensures the intended level of diversity within dadtreitly

Clustes.

With any kindof zonal creation one has to have some sort of base level of spatial disaggregation to
start with. This could be all the way down to the parcel level, howegpendling on the lasdape
configuration distribution of parcel sizandtheroad network padrns, reliance on the parcel level
spatial aggregation is prone to forming irregular stdpstersandcausingspatial gapsThis study
proposes an intermediate spatial unit called block segment to initiate the spatial aggregation process.
Block segmentare defined based on Voronoi polyggBeots, Okabe, &ugihara, 19923tructure
and felpto form and maintain coherent set of parcals example of such a set of polygons is shown

in Figure3-6.

The DynamicActivity ClusterZone(DACZ) creationmethod performsa multi criteriaassessment

over block segments and incrementally identifesivity Clusters usingfollowing heuristic:

I.  Generatingouilding blocksof the DynamicActivity ClusterZones (DACZs)
1) Generate a hypbetical spatial grid over the study area to construct the base units for spatial
aggregation. The potential alternative approaches here are:

a. Regular spatial tessellatioa.§.,fishnet or hexagon grid);

b. Voronoi tessellation based on the location of thedpartation network nodes. In this
method, for every transportation network node,(i@ad junction) an encapsulating
polygon is created where the edges of this polygon are halfway distance between
nearest node€onceptually, these are shown as the @dsimes inFigure3-6. An
actual example of the generation of intersection nodes and the creation of patygons

shown inFigure3-7a. andb. respectively

This study useVoronoi tessellation approach since it better fits the cermyi of urban parcel

fabric.
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) Transportation network

(o) (o] () nodes
Transportation network
segment

Hypothetical spatial grid
(Voronoi)

Block segments

Figure 3-6 - Conceptual illustration of the hypothetical spatial grid and its association with the
transportation network

2) Overlay the hypothetical spatial grid with underlying city blocks. Divide the city blocks into block
segments containing several adjacent paréédgi(e3-7c.).
3) Measure heterogeneity for each block segment created in step 2 using the enhanced entropy index.
4) Sort and rank the generated block segments based on their score of enhanced entropy index from
step 3 Figure3-7d.).
Aggregatingouilding blocks and formin@ynamicActivity ClusterZones (DACZs)
5) Identify the block segmentith the lowest entropy score @ coreelementor theDACZs
creation.
6) Find all adjacent blockegments where adjacency is defined as:
a. sharing a border of any length;
b. not spatially separated from the initial block segment by a physical or natural feature
(e.g.,river, cliff, highway);
c. not previously assigned to anotfi@ACZs.
7) Add anadjacent blockegment to th®ACZsif:
a. theland use diversitgs measured by the combined entropy ingexains lower than
adefinedthreshold
b. the sizeof the DACZsdoes not exceed a certain threstaddan absolute value or
relative to the landscafe.g, 5 times largr than the largest base zone within study
areg.
8) Repeat stef until all adjacent block segmestiave been evaluated. The qualified block segments
are added to theore unitandform aDynamicActivity Cluster Zone(DACZs).
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9) Return to stefp to evaluataext degree of adjacendyit has beerchosen by the uséo doso.
10) Return to sted until all theblock segmersthave been assessed.
The result of this heuristic approach is a set of aggregated zones with a compaosite entropy index that
is lower than theiser defined threshol&incethis approach generates zones for which the size is
defined as a function of homogengitiye expectation is that these zones gelherate more

predictable outcomes of future analysis.

\ ¥ e Y 7
o / . N
/ Fl !

(a) Extract roads6 i nt ¢(b)Generate Voronoi polygons based on the
extracted intersections

(c) Create block segments by overlaying city block (d) Compute heterogeneity score and rank each a
geometry and Voronoi polygons every block segment

Figure 3-7 - Generating building blocks of the DynamicActivity Cluster Zones (DACZSs)
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3.5.2 Spatial Aggregation Model Sensitivity Analysis

Following the implementation of the spatial aggregation model, the next step is to etfeduate
sensitivity of the model in terms tdfe number and structure of the output zaasea function othe

input parameters. The essential parameters to assess the DACZ creation nibdelggregation
homogeneity thresholeéyaluated astep &), and the DACZs areaizecap(processed atep D).

Moreover, to explore the impact of different base zonal structure on the outcome DACZs, both
analytically create®/oronoipolygons and block segments (the model default input) were tested as the

base layer for thaggregation model.

The required sets o Bensgiatyanalysstwere sysiematieallydetesminedy r t hi s
taking into account theoretical context of spatial dependence and a balanced range of parameter
variability within the study aredhefollowing section @scribes th@alueselection foisensitivity
analysis parameters and the aggregate results. The detailed outcoimésrpretation®f the

sensitivity analysis will be presented in the Results Chapteler Section 4.2.2

3.5.2.1 Heterogeneity Threshold

Recall that the land use heterogeneity level is the cornerst@®@f model Hence, a wide range
of variation was considered to examine this parameter based on the observed statistical distribution of
heterogeneity levels. While the heterogeneity score itself is a continuous variablepiimzdy
sequenced by 10 percentilesges and a set of six heterogeneity thresholds desieedat 45, 55,
65, 75, 85 and 95 percentiles of the normalized entropy score distribution for both input zonal

structureqTable3-1).

Average Standard Max 45h 550 65 750 85 g5
deviation percentile percentile percentile percentile percentile percentile
Voronoi 0.12 0.18 0.89 0 0.01 0.12 0.252 0.33 0.51
Block
oc 013 019  0.89 0 0 0.14 0.27 0.33 0.52
segments

Table 3-1 - Summary statisticsof the observedheterogeneity scorefor the two disaggregate
zonal structuresat regional scale
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Zonal Structure: Voronol Polygons Zonal Structure: Block Segments

4208 Zones within Case Study Area 11744 Zones within Case Study Area
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Normalized Entmnp;DSmre
(a) Distribution of heterogeneitycsres for voronoi  (b) Distribution of heterogeneity scores for block
polygons (in logscale) segments (in log scale)

050
Normalized Entropy Score

Figure 3-8 - Statistical distributions of the observed heterogeneity scores for the two
disaggregate zonal structures at regional scale

Since the block segments are derived fronmMbeonoi polygons, their overall entropy score
distribution patterns are vegymilar (Figure3-8). However as the size and shape of the zones vary for
each structure (Appendix B), so that the land uses enclosed within them and their exact entropy score
distributions vary tooThese subtle differences are depictediable3-1. This table presents the
summary statistics of the observed normalized entropy (i.e., heterogeneity) score¥twottoe

polygons and the block segmentaistures respectively.

As this summary highlights, for both zonal structures the median entropy score is equal to zero.
Mediani or the 56 percentilei is a pivotal point of a statistical distribution where half of the
observations (i.e., zones) have tbwer values (i.e., entropy scores), and the other half have the

higher values than this point.

Considering that the theoretical range ofén&ropyscoreis fromO to 1, having a median value of
zero indicates highly skewed distributiomcross the regn. This means disproportionate number of

zonegq(i.e., at least half of the zones within each structure) are completely homogeneous, or in other
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words, they consist of only one land use type. In contrast, no instances of perfectly heterogeneous

zone wee identified in the region, and only a handful of zones revdadgtleves of heterogeneity

with theentropy scor@bove0.8. These are the zomeginlyl ocat ed in the regionds
centers irlJptown Waterloo an®owntown Kitchener, whermultiple diverseactivitiespositioned

adjacent to each other.

Given such akewed distributionit is important to interpret the applied percentile thresholds by
looking at their corresponding @he-ground land use context. As the summary statistics iaiplies,
the 4% percentile threshold associates with the lowest possible entropy score of zero. Bygdhijsly
threshold, the DACZ model only allowise aggregation ofhose zones that consist of a same single
land use type. This restriction maintains the heterogeneity levels of the created DACZs at the absolute

minimum level too.

Interestingly, the second threshold at' p&rcentile does n@howa traceable impact dhe
associated entropy score for the block segmémsaintains the score at the absolute minimum level
of zero. Nevertheless, for th®ronoi structure, this percentile threshold raises the corresponding
entropy score slightly higher to the 0.01 leviiis insignificant heterogeneity level can be interpreted
as a zone consisting of a uniform land use pattern (e.g., a residential suburb) with a yemcésv

(i.e., less than 1% of the 0 n arda)kwith different land use types.

Moving to the uppepercentiles within the distributiohpwever, the entropy scores start to reveal
some higher levels of heterogeneity. Th& 86d 75 percentiles reflect sequential rises in their
entropy score levels to 0.1 and Gef2els respectively. These entropy ostillrepresent
homogenous areas like an inner sulredidentialzone with presence of a few rogsidential
activities These levels of heterogeneity thresholds open up the opportunity for some neighboring

zones with a few dissimilar land uses to metrged.

Shifting further to the 85percentile, the 0.3 entropy score shows a moderate level of heterogeneity

that can be interpreted as a mixexe zone where the single land use type dominance is waning.
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Ultimately, the 9% percentile threshold shovessharp upwardseto the 0.5 entropy score levels
where thezones mayinclude abalanced migdof different land use typdg.g.,residential,

commercial and retgithat occupy relatively equal proportions of th@ n e 6.s ar e a

Figure4-4 presentsghe results ofpplying this set of percentile thresholds and their corresponding

entropy scores obothzonal structure

3.5.2.2 Dynamic Zones Area Size Threshold

Although theheterogeneity score threshold is a robust criterion to define the homogeneous dynamic
zones, depending on the land use configurafionghe groundthere is a potential outcome in which

the model fails to define zones with appropriate sizesekample in suburban fringes where uniform
residential land use areas extend for several kilometers, it is likely for the iterative aggregation model
to keep adding neighboring blocks until a very large encompaagivegs created while the

heterogeneity levelstill remain within the acceptable threshold. Such a large zone is likely not to be

useful for some transportation analysis such as route assignment.

As we approached this problem in our model, we creakedidstic to get the right balance between
the one size and the number of disaggregate neighbiripgt) zones tdoe merged for creating a
dynamic zone (outputlollowing the steps visually presented at Section 3.5.1.3, for each starting
disaggregate zone we envisioned two sets of neighboring tmbesevaluaigfor potential
aggregatioa We start with thosemmediately adjacent zones that shared a bounditinythe central
zone. Ifthey could be merged by satisfyitige aggregation criteria, we then look into the next level of
(distant)neighborng zoneswhich where adjacent to the immediagighborsWe repeat tis
aggregation evaluaticend adding more neighbaustil the combined entropy index and combined

area of the zones remain lower than a defined threshold.

To determine the right uppkmit for the size of a dynamic zone, we usetdexagonagrid analogy
that helpgamanifest a welshaped hypothetical aggregate zone based on a number of individual
disaggregate zonels practice, we implementdtle DACZs area size cap paramétas a mitiplier
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of median input zones siigo preventreating gigantic zone3his parameter was alsonceivedo
implicitly set out an upper bound on the approximate number of individual zones that could be part of

a dynamic zone.

This study utilizes zonakpresentatiofas opposed to the rigid grid representatam)t better fits
complex land use configurations within urban environniBehenson & Torrens, 20Q4)hile the
zonal approach comes with the advantage of flexibifitgapproximation of distance and
neighborhood definition within zonal models are computationally demanding(Meksno, Wang, &
Marceau, 2009; Vliet, White, & Dragicevic, 2009; Viégial., 2021)This applies tdheiterative
aggregation modete developed to create dynamic zgnelkerethe computational requiremerfts.,
memoryandprocessing cyclg@grow exponentially with the number of input zones and the intended
degrees of (highewrder) adjacencies. To tackle tkismputationathallenge, a mulievel dynamic

methodwas takeno intuitively balance the model flexibility and its computationafpenance

At the first level, the model identifies immediate adjacent zonedlfimput objectsand store that
information in a mutable taljléhis precomputatiorsaves a considerable amount of time required for
the future spatial adjacency searciidgen, during each iteration (technically, through steps 6 to 8 of
the iterative spatial aggregation model) if an aggregation hapipenmodel updates the adjacency

table to reflect the new immediate neighbors of the generated zone.

This methodeveragethe Chessboardistance metri¢o determine higher degrees of adjacency
This metric is adopteftom the regular gridessellatiorapproachesvhere every neighboring zone
(L1) that shares a boundary or corner point is considered one unit away the oei@l®). The
regular gridabstraction®ffer computational efficiencfor spatial adjacency and neighborhood
definition (Al-Ogaibi, Skarieh, & Bremananth, 20143nd provide methodological robustness for
complex spatial modelStanilov, 2012b; Wegener, 200The detailednformation on the choice of

model distance metric @rovided inAppendix C thaprovides futureresearctwith potential pathways
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to definedistance metriassumptions-ollowing the expansion
of the model spatial adjacency search through this ‘hewki
heuristic, itwasthennecessaryo set an upper bound for the
zones size, and consequerttdyconstruceach dynamic zonas
a unified whole. These solutioase agairaimed to balance the
size and number of the output dynamic zones within a
computationally tractablievel. The siitability of this

methodological integration was evaluated through testing two

threshold valuefor thearea size cap (multiplier) correspondir

to one and two degrees of spatidjacency. Figure 3-9 - Spatial adjacencylevels in a
hexagonal grid (AFOgaibi et a. 2014)

A valueof 7 was selected as the first threshold to be testedraplies one degree of adjacency
within an evenly partitioned hexagonal grid. In this hypota¢ttone system, a wethaped dynamic
zone could be comprised otantral cell(LO) with its six surrounding adjacent ce{lsl). The size of

this dynamic zone would be equal to 7 times of the input elelments area

Similarly, avalueof 19was used tapproximate two degrees of adjacefroyn a given zone
(Figure3-9), where the size of the resultant dynamic zone could be as large as 19 times of the input

cell elementsirea

The choice of these values intende@pproximate the area size daghe irregular zonal structures
of this studyusing a hexagonagirid analogy. The hexagon is the optimal geometry to model
neighboing zonesadjacencies assumitige space is partitioned everiBirch, Oom, & Beecham,
2007) Moreover, conectivity of the zones iauch a grid systetis more efficiently computethrough
a discrete distance metric between the two zombkere hehexagonal tessellation minimizes
distortion of the discrete distance meta@mpared to the continuous Euclideastahce(Ortigoza,
2015) as illustrated ifrigure 3-9. This heuristic turned out to be computationallyy efficient to

create spatially compact and well sized zones considering tlematégbnes sizdistribution.
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3.5.3 Graph-Based Partitioning Approach

To comparehe proposetitomogeneitybased aggregation model of this study, a gizged spatial
partitioningmodel was implemented to provide a baseline measure for performance evaluations. This
comparative analysis was required to exanfizenes created through the proposed metieterated
significantlymore homogeneous analysis zones than the zones produiteddsyablished methods.
Froma set of identified statef-the-art contiguity basedlustering approachethe grapkbased
partitioningmethod was selected as it is knowndomputationakefficiency andits methodological

robustnesgAydin et al., 2021)

The grapkbased partitioning is an outstanding technique to tackle the spatial optimization problem
through aheuristic approacthat is distinctly different from its counterpart methods. As its name
implies, this method uses tajewn partitioningof spacejnstead of bttomup aggregation of zones.

In fact, it embeds the required spatial contiguity criterion into the model construct and théuces

computationaprocessingurden of adjacency search and evaluation for potaergighboring zones.

This heuristicis appliedthrough conversion of an arbasedspatialstructure into a contiguity
baseddual graph(Figure3-10a.). This graph structe provides a simptenathematical representation
of thespatialzones that otherwis@ustbe presentelly means of compleabjectsalong with their
topologicalrelationshipsThe graphmodel represents each input zanegardless oits shape and
sizel as a node withim graphstructure. It theronstructs potential edges between those nodes if their
corresponding zones share a border of any length. The method uses an indirect strategy to maximize
intra-zonal homogeneityconsideringa set of attributesf the connected nodése., their enclosed
land uses in this studyfirst,if an edge existbetween twapecificnodes (i.e., having two
neighboring zones) the algorithm calculates a distance metric between the nodes taking into account
dissimilarity d their attributegFigure3-10b.). This distance measuie computedor each pair of

directly connected graph nodesneaning for all the neighboring zones in the original structure.
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Forexamplewhen two zoneare beingevaluatedo merge into a clustgthey have to have similar
land use compositionf a multivariatenodel each land use class is considered an independent
attributethat contributes tthe total distance between the two zoW¥aen land use classes within
each zone considerably differ from a neighboring zone (i.e., connected node in the dual graph), the
computed distance between them would be much larger indicating higher latidsirsdarity. It is
important to note that this computed distance measuredfssimilaritymeasure) does not reflect the

actual geographic distance metric per se.

TheMinkowski distancemetric is often used for purpose of dissimilarity measurement in the-graph
based partitioning method, since it flexibly accommodatekivariatemodel that is necessary for
calculatingdissimilarity of multiple attributegSeber, 2009)The mathematical representatiof

Minkowski distancebetween a given pair of nodesandis presented in (Equatid3):

O ohBh Otd ohoBhd ~a

'O O W WS

where:
® denotesQ attributefrom the vector ofttributes X
® denotesQ attributefrom the vector of attributes Y

n refers tatheorder of distance measuiMinkowski distance is often applied wighbeing2

corresponding to the Euclidean distarmel resembling the Manhattan distance

In the next step, the model starts with eliminating dissimilar neighbors to limit the optimization
search spac&his process iaccomplishedby extracting a particular segraph called minimum
spanning tree (MST). The MST is a subset of the dual grapbdhaects all the nodes with minimum
possible total distance of the edges. The MST is agsah without any cycles meaning that for a

graph withn nodes (i.e.n zones) it has-1 edges. This reduced number of the optimization elements
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significantlydecrese the model complexity andproves the computational efficiency of this method
(Assuncao et al., 2006tventually the algorithm starts pruning the Mgfaphwith the goal of
identifying a predeteminednumber of clusters as subsets of tiaimum spanning tre@Maravalle &

Simeone, 1995)

Using the values derived from the sensitivity analysis in previous section, a set of desibedt of
clusters (i.e.equivalento the number of produced DACZ) were applied to identify homogeneous
clusters of block segments dual graph within Waterloo Re@iechnically, asequential series of
steps were implemented to perform the grhpbed pditioning as follows:

1) Computing surface area of all land use classes observed within each block segment

2) Constructing the dual graph based on the block segnfegte€3-10a.)

3) Standardizing the land uses surface area

4) Transforming the standardized values into the dual graph nodes

5) Computing thepairwiseland use dissimilarity between the connected nodes and assign the derived
values as the distance attribofehe connecting edg&igure3-10b.)

6) Carrying out thalual graph pruning to extract thenimum spanning tre@ST) (Figure3-10c.)

7) Defining a set of values derived from the sensitivity analysis as the desired number of clusters

8) Performing the SKATER algorithm to identify clusters of tlogless with homogeneous land uses

9) Reflecting back the algorithm resuitgo theoriginal zonal structurejgure3-10d.)

10) Reconstruahg the areebased bjecs to represent the homogeneous actisliinsters

Figure3-10 shows the major steps in the process of gizgded partitioning in the study area. For
the purpose amap clarity, the CensusisseminatiorArea (DA) scale was used as the base zonal

structure in this visualization.
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(a) Constructingadual graph based on thase zonal

structure

(c) Extracing the minimum spanning tree (MST)

(b) Computing the pairwise dissimilaritlistance

between the connecteddes(zones)
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(d) Identifying homogeneouslustersusing
SKATER algorithm

Figure 3-10- Identifying homogeneous land use clusters using grapbased method
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3.6 Statistical Analysis of Travel Behavior Heterogeneity

One of the empirical objectives of this study is to evaluate usefuln#sslaimogeneity based

analysis zonédelineation for transportation related analysisl modelingThis section presesthe

analyses for answering the second research question infiggtigats how the built environment

characteristics (e.gdensity and diversity) and accesstorapidtrai@sii nf | uence tr.avel ersé
In earlier sections, we developed a dynamic zonal structure thbatigim up aggregatioof block

segments. We then aggregatedtaintravel behavioattributesat dynamic zones and a conventional

TAZ structure.

In this section we compare what we leadrirom these two different zonal structures on travel
behavior distribution acrosgke cities of Waterloo and Kitchendrhis work helpgo determine
whether or not these zonal structupesvidezones for which the travel behavior is more (or less)
hetengeneousWe primarily look at the travel behavior distributions (mode share) within the DACZ
and PLUM structures, for all zones and subset of classified zones. We then expand the analysis to

explore the travel time distributions for all zones, this timky @vithin the DACZ system.

The first zonal structure us@dthe comparisoms a set of Dynamic Activity Cluster Zones
(DACZs) created through homogeneity based spatial aggregation. The secosgstenss a pre
defined conventional traffic analysis 2n(TAZ) thais used by the Waterloo Region Municipality in

their Population and Land Use Model called PLUM.

To evaluatehe suitability of these zonal structures, detailed geocoded travel data from the latest
regional travel behavior survey (TTS 2016) were aggredateshch zonaystem. The TTS
comprehensive set of travel attributes include theGdpgin and destinatiortravel mode and the
purpose of tripThe TTS travel datarecollected during a entireworkday periocandwhile the trip
purposesarebroken down into different categories (efgpmebased work (HBW), hombased

school (HBS)), each trip count includeseturn trip specified by either ends of that trip. For instance,
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a HBW trip includathe trips from home to work and from work to home. The trip purposes presented

within TTS data set and used in this research are:

a) Homebased workrips (HBW)
b) Homebased shool(HBS)
¢) Homebased discretionaiHBD)

d) Non-Home basedNHB)

TTS also provides 12 categorigisprimary mode oftravel. In this study, multiple sutategories

were combinedogether andive major transportation modekefinedas follows:

a) Auto as driver

b) Auto as passenger (including trips by taxi and paid rideshare)

¢) Public transit (including bus rides, school bus trips anebiaskd trips)
d) Walking

e) Cyclingand other modes

Oncethetrip data for théntendedravel modes and trip purposeave beeprocessed and
reclassifiedla multi-level approachvasemployed tadentify travel behavioheterogeneitycross the
study areaThis framework consisted of threpatial scalet allow drawing ebroadperspective on
thelikely impactso f t h e rltenyirommerdhsterdgeneitynits travel behaviopatternsFor
eachdesignatedcalethetransportatioormode share and the average travel tiveee computed for
differenttrip purposesOneadditionalanalysis was performed for all the trips regardless of their
specificpurposeThe selectednetrics were calculated fabothzone systemimcorporating the trips

originatingwithin cities of Waterloo and Kitchener.

Within this multi-level framework the mostdisaggregatecale consisted afdividual analysis
zones corresponding to the DACZ¢=1228)and the PLUMN=692)zones In contrastthe most
aggregatescaleencompasseedntire study areas a wholg¢N=1). At the middle of this spatial
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spectrum, amtermediate spatial scalgasanalyticallydefined bytaking into accounthe population

density andand usediversity levelsof the zones identified dar (N=9).

Devising this scale wasativated by heorieshatsuggest travel behavior patterns de¢ermined
by thebuilt environment characteristics along with access to transportation infrastructure. For
instance, an area with diverse land uses and high levels of population depsiinvied to benore
conducive to active transportation and publémsit tripscompared to a dispersed uniform
subdivision The subsequent sectidescribesletailsof the steps taken to define the build

environment categories agomplenentaryspatial scale foLUTI analyses.

3.6.1 Built Environment Classification =~ Based on the Combined Popul ation Density and

Land Use Diversity Levels

In this step, land use diversity levels for the zones were compsitegithe enhanced entropy
measurement methadtroducedn Section 3.1 Then, thisheterogeneityscorewas pairedvith the
population density of the zones and used to classify each zone into alwgiftanvironment

category.

Sincethe land use diversitgnd the population density levels have to be interpreted relative to the
regional levels, using the statistichstribution three distinct levels of population density and entropy
score were identifietbr these variablesamelyHigh, MediumandLow categoriesThe specified
High- categories are associated with the top 25 percentile of the high levels, and tlealegeries

related to the bottom 25 percentile of the low levels of density and diversity distributions.

To represent the full range biiilt environmenheterogeneityvithin the study area, tharee
classes of population density and three classes dfus@ diversityvere intersectednd a set of nine
classexombinedwere formedFigure3-11a. and bshow the spatiaistribution ofthe consolidated
built environmentategoriegor the DACZs and the PLUM TAZsiccordingly A blue-to-red color
gradientis used to illustratéheleveds of density and diversitipr the zones, wherat one end of the
gradient areas irred corresponding tiheil Hi gh Dldingh t i classrarsbin the/abher end
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areas in blushowirg thefiLow Densityi LowDi v er s i t yigure3-dlt. angl d.algo depict

the datistical distributions of thiotal surface aregin hectarejdentified under each category.
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(b) Spatial distribution othe PLUM zones by
their built environment heterogeneity
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Figure 3-11- Spatial Distribution of Zones byTheir Built Environment HeterogeneityLevels,
(These categories and their characteristicwill be discussed in more detail in the next chapter.
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3.7 Spatial -Temporal Analysis of Regional Land Use Development

The find objective of this study is to provide a historical perspectivéhespatialdynamicsof land
usedevelopmerdin Waterloo Region In respond to the third research questiohis, dnalysis aims to
test thehypothesighatinvestment on the regionkdht rail rapid transithasstimulatedmorenew
developmentso theRe gi on 6 s C €aorridor €CITC) [T examinesithie historical rexs of
building permitsfrom a decade beforaanouncementf the LRT project fundinguntil a decade after,
to asseswhethertheareas within th&€TC havedisproportionatelattractednore andr larger
developments (i.ehigherconstructiorvalues per isued permittompared to theest of study area
Further theanalysisnvestigates thékely impacts ofland useneterogeneitandpopulation density

levelson development activitiesend

From thebuilding permitsdataseprovided byCitiesof Waterloo and Kitchenethe construction
valuevariable isusedas a proxyo quantifyland usedevelopment activitiesSincethe original dataset
reflecsthe nominal value of thissuedbuilding permits a timevarying price index was used to adjust
the permitvaluefigurestaking into accounthe inflation rates during the stuggriod Statistics
Canada provides two sets of price indices to deflate nominal prices in the housing and construction
sectos based on a fixed dollar valuéhe New HousindPrice Index (NHPI) it monthlyindex to
measure the changes in the selling prices of new residential houses of all new residetyisunit
(i.e.,single homes, serdetached homes and townhomes) constructed and listed for sale or sold in
CanadgStatistics Canada, 2021@he Building ConstructionPrice Index (BCPI)is a quarterlyindex
that reflectchangsin the pricedor construding a range of commercial, institutional, industrial and
residential buildings imajor census metropolitan areimsCanadgStatistics Canada, 2021a)

Although BCPI could be more relevant measure to adjttst building permits construction values
over time, no consistetitne serieof the BCR is availablefor thetemporalperiod of this studgue

to the methodological changbkappenedn calculation of this index

Hence, to ensure comparability of the building permit values over time, the monthly measure of

New Housing Price IndeXj("O0 YO with the land value excluded from thecesi wasappliedto
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adjust the nominal pricédeom observations foany given tine (denoted by) € & Q& @@ N'Q
Equationd). For every issuebluilding permit theinflation adjustedconstructiorvaluewas then
calculatel based on thdollar value at the end of study period (December 20W%¢.applied index
wasderivedfrom themetropolitan areas of the Province of Ontavith thereference periotieing

December 201@helatestreleasedjor which the NHPI equals 100.

Equation4:

‘0¢ "QO DOITEOE WANA'D Q

where:
YO i o deifdieghe time period corresponding to the datearMonth) of issuedpermits

In the next step,sing theDACZ zonal structure developeshd evaluateth Section 3.9.la set of
threeaggregation modelvasdevelogd tosummarizéemporalrecords of théssued building permits
atbiannualintervals The biannualtemporal scalevaschosa to smooth out the fluctuation observed
atthe annual and seasonal resolutiaiittin the original datset.This approach helps to reveal the
overarchingpatterns otheregionalland use developmesitrom 2000 to 2019, specifically with
distinctionbetweerthetwo periodsheforeandafterthe LRT project fundingagnnouncemer01G
2011) and durirg the construction periodf thephaseoneof theLRT line that begarin 2014 and
ended in 2018.

The firsttwo modelswere intendedo summarizehe building permitrecords by the permit type at
highly aggregatespatial scale. Model 1accumulatedhe issueduilding permits within the studgrea
all togetherModel 2 in contrastaccoungd forthegeography of th€entral Transit Corridor (CTC)
and aggregatethe building permit records for the aresishin the CTC anautsideof the CTC

independently.

Model 3wasbuilt upon anintermediatespatialscaleusingthe built environmentategories

developed earlidoy accouning for thelatestland wse diversitylevels (for year 2019nd the
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population densitpf the zonegfor year 2086). This modelwas used to sump the construction
valuesover thenine heterogeneousuilt environmentategoriesegardless ofhe permit types.
Ultimately, therevealed patterns of land use developmemteanalyzed b unravelthe areas that
might have disproportionately attracted more angreatedand use developments (i.e., higher
construction values) potentially due to the benefits of heterogeneousvirittranent and access to

rapid transit.

3.8 Methods Summary

This chapteoutlinedthe methodghat were useih this studyand demonstrated the spatial models
developedind examinetb answer the research questionstaitedwith introduction of the
conventional entropy index as a land use diversity measurement method. Téemamacedadnduse
diversityindex was proposed and implementedrprove uporthe conventionaineasureUsing this
enhancedliversity metri¢ an iterativespatialaggregatioomodelwas developed to delinedbg/namic
Activity Cluster Zones (DACZ) asanovelanalysis zonal structure for land use and transportation
system interactions studies.i$imo d ebkeh@\gorin creating homogeneous DAC#Emsthen
evalwatedthrough asystematicsensitivity analysis, taking into accowdriability of the spatial

adjacency parameter and a range of heterogeneity threshold

Next, the spatial aggregation methaal create zonal structure was applied toid-size
metropolitan case study area and evaluagdinstmultiple conventionakonal structureslo
demonstratéhe modehbility to represent more homogenous zonepegificset of DACZ was tested
compared to th& TS traffic amalysis zoneqTAZs). This evaluation wakirther extended by
implementing and testing graphbasedspatial partitioningnethodas a moderstateof-the-art

approactfor creating spatial clusters (i.e., zones)

Furthermorethe same set of DACi&as examinetb assess the model efficacy in geriagamore
homogenous zones in terms of travel behasionpared tahe PLUM zones This is theanalysis

zonal structurdor the Waterloo Regio@ Bopulation and Land Use Mod@l multi-level approach
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was employe@ndstatistical distributionsf themode share metriaserecalculated and compared for
both zonal structurest multiple spatial scaleés a prerequisite to thessessmena set of
heterogeneous built environment categowasidentifiedfor boththe DACZ and the PLUM zonédxyy

taking irto account the land use diversity and the population density lefviglsir zones

Lastly, the historical trend of developmentWhaterloo Region was evaluated fodecade before
and aftetheannouncement of the LRT project funding approné?01Q Based on the DACZ zonal
structure developeéarlier, the temporal building permits data from 2000 to 2019 were aggregated at
biannual interva andtheir construction values weagljusted usingime-varying price indexor
Province of OntarioThen, aset oftemporal analysesere performed at three spatial scaleseveal
the areas that might have disproportionately attracted more and or larger land use developments (i.e.,
higher construction values per issued building permits), potentially due to thedbehefi
heterogeneous built environment and or proximity to high quality transit corridor Withi@TC The
correspondingcales range froitihe intermediate (i.e., the built environment categot@sgmi
aggregate (i.e., the areas within or outsideefthRe gi onsd Central Transit

scaleq(i.e., the entire study area)
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Chapter4:Resul ts and Discussi

4.1 Overview

Following the presentation dfi¢ methods in Chapter this sectiondiscusses theesults ofthe spatial
modekbimplementation and complementary statistaraly®s that wereperformedto ansver thekey
research question8s presente in earlier sections, a set of four majerconnected analysesre
conductedcorresponding to theverarchingobjectives and speific research questigrof this study
This series of analyes initiated withdevelopment of a novel zonal structtineough a spatial
aggregation approach taking into accdumtnogeneity otheland usesThis newzonal systemvas
then applied ira casestudy in Waterloo Regiorandit was canparedagainsta set ofconventional

zonal systems.

The frst two analyses aimed to respond to the questibthe appropriate spatial scdte
investigatingand use and transportation system interactiangto revealthe potentialadvantagesf
using dynamically defined zones in travel behastadies Hence in an exploratoryvork, usingthe
proposedspatial aggregation methodgnamic Activity Cluster Zone@DACZ) structurewascreated
and examined ovea suburban subdivision the City of Waterloothathas beemecently connected to
the newly developed regional LRT systerhis DACZ structurewasthencompared to the pre
defined conventional traffic analysis zones (TAZ}erms ofeffectivenessin representing more
homogeneousonesandin delineatingspatialboundariesSection 4.2 describes details of this

analyss further.

Next, by performinga systematic sensitivity analysfe potential impacts of thepatial model
parametersvere teste@crosanultiple zonal structuresreated fola broadeareacoveringcities of
Kitchener and Waterlod his analysis resulted i80 DACZ structureseach of thentcomprised of
different number of zones with varying performance in producing homogeneous orfigsher
examire theDACZ approachin parallelwith the conventionakpatial regionalizatiomethodsa state

of-the-art graphbasedspatialpartitioningmethod wasppliedand a new set of zonal structures
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createdeach of them having the exaetmenumber ofthezones as their DACZ counterpar@ection
4.3 elaborate®ntheresults of the DACZ model sensitivity analysasid Section 4.4 preseite
performanceomparison between the resultstod DACZ method and thgraphbasedpartitioning

appioachin creatingzonalstructures

Thenextanalysiswasgeared towards the applicationgegheratedACZ in aregionaltravel
behaviorstudy It wasintended tdighlight theadvantagesf dynamically defined zones in travel
behavior analysiby exploringhow built environment characteristics (g.density and diversity) and
accesstorapidtransitayi nf | uence travel er soé IEhsanalysisvas acr os s
developed using the PLUM zonesH®92) as the baseline zonal structiméandem with greviously
producedDACZ, comprised ofelativelyclosenumber of zonefN=1228). Tlis DACZ structurewas
createdbased ora heterogeneity thresholdvel that allowedhe creation of moderate mixagse
zonesoverthe block segment polygorSection 45 demonstratethe results of thianalysis where
the latest availablegionaldaily travel behavior datiom TTS2016wereprocessedaking into

accountifferent tavelmodes andrip purposescrosshe region.

The final analysisoughtto explain the trend and patteshlanddevelopment in theegionas a
function of land uskomogeneityevels and accege rapid transit. A set of temporal analyses were
performed and the trend of changes in the building pedootsstruction values we presented at
multiple spatial scales. The average and the total permits construction values were calculated to
highlight differences in development activities across heterogeneous built environment categories and
relative to the ®oeidor dhes bianQualtrandswdringd R28zear peridd,
weretheninterpretedo identifythe areas that might have disproportionately attracted more and or
greatedand use developmenietweer2000and2019. The results of this work are discussed in

Section 4.
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4.2 Dynamic Activity Cluster Zone (DACZs) Model Assessment

This section presentie outcomes of the DACZ model applicatiortlas proof of concegor the
homogeneitybased iterative spatial aggregation metfidds investigation comprises a series
analyses including development and statistical assessment of an enhanced measure of entropy,
application of this measure to create Bhyamamic Activity Cluster Zones (DACZ)nd evaluation of
themin a systematic sensiity analysis. Tle section concludes kngporting thecomparisons of the
DACZ structure against the conventional TTS TAZs and the goapkd spatial clusters in terms of

the overall homogeneity distribution and the zone size balance.

4.2.1 DACZ and the Conven tional Traffic Analysis Zones (TAZs) Comparison *

In order to illustrateheimprovements upon conventional methaaiset of conventional TAZs and
the dynamically defined zonegere employed and evaluateithin a diversemetropolitandistrict.
The resultseveaédmore effective performanad theproposed methoith forming of homogeneous

zonal structuresAnd, as a result, improved ability to forecast transportation behavior

In thefirst step, the Enhanced Entropy models appliedo calculate heterogeity score for each
block segmenas demonstrated in section 3#gure4-1a. and b. show the spatial distribution of

heterogeneity index computed for both the block segments and conventional TAZs.

Within the cities of Kitchener and Waterloo, in the area for whichghidy had access to land use
information, 53,000 parcels were analyzed and the Enhanced Entropy scores were computed for 192

conventional TAZs, along with 12,000 analytically generated block segments.

4 This section is based on the following peeviewed conference publication:
Fard, P., Casello, J. M., & Xu, X. M2021).An Approach to Measure Land Use Heterogeneity to ldentify
Homogeneous Urban Activit¢lusters Transportation Research Board T@&nnual MeetingJanuary, 2021

It is important to note thahetransportation networ&ata that was used to generatock segments for this

analysis was from the year 2018. Also, the land use reclassification scheme applied in this analysis is different
from the rest of this thesis in that it consisted of 30 classes across the Waterloo Region, while only 16 of these
classes were observed within the suburban case study area.
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Figure 4-1 - Spatial and datistical distributions of heterogeneityindexat regional scale forthe

testedzonal structures
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These numbers provide an outlook on the computational resources required by the Dynamic

Activity ClusterZones(DACZ) creation model. The number of the initial block segments sets the base

number for theeombinatorial possibilitiesf aggregation, as a result, the computation scale that the

spatial aggregation model should be able to handle. The number of TAZat@sdihe practically

desired number of zones, upon which the current regional transportation model is built.

Table4-1 summarizes descriptive statistics for the conventional and Enhanced Entropy scores

calculated for the TAZs, and the block segment zonal structures. The figures calculated for both

regional scke (Figure4-l1a. and b.), and at the case study area I&iglife4-2a. and b.).

Spatial Scale and Extent on Analysis| Number of Average Standard Average Standard
Zones Conventional | Deviationof | Normalized| Deviationof
Entropy Score| Conventional| Entropy Normalized
Entropy Score Entropy
Score Score
All theTAZs W|th|_n cities of Waterloo N=192 0.638 0.207 0473 0.188
and Kitchener
TAZs within SuburbarSubdivision n=7 0.474 0.318 0.337 0.258
Block Segmentsvlthm cities of Waterloo n=12279 0.197 0.354 0.070 0.134
and Kitchener
Block Segmentsvithin Suburban n=319 0.077 0.246 0041 0.135

Subdivision

Table 4-1 - Descriptive Statisticsof the Entropy Scores Computedor the Conventional TAZs

and Block Segments

As the statistical distributi@indicate,the conventional TAZs have a wider range of Entropy score

and hence each TAZ represents a more heterogeneous set of land uses compared to block segments.

This is also evident frorRigure4-1c. and d. wheréhe absence of yellow bar on the lgfaph,

compared to the prevalence of yellbaron the righindicatesmore intenséeterogeneity athe

TAZs. In contrast, within the block segments zonal structure, thererges lsumber of zones that

have lowelEntropy scores. These relatively small and homogeneous zones are building blocks for

creating larger homogeneous activgtysters.
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Figure 4-2 - Comparison of heterogeneity score at the subdivision scale
In the next step, the Dynamictivity ClusterZone (DACZ)structure was creatdry aggregating

those block segmetttat are not only similar in thelower levels ofentropy but also have consistent
types of land uses. To achieve a reasonably homogesebafdACZs, the potential heterogeneity
levels for the aggregation processre explorednd a set of thresholdgas appliedbased on the
statistical distribution of heterogeneity scores across the entire study aféguresi-1c. and d.
highlight, the heterogeneity score of lidk segments has a skewed distribution with a disproportionate
number of segments with lower entropy values, peaking at zero. This means at the regional scale there
are large number of block segments that are perfectly homogeneous. Howeverjght gide of
distributionthere is amaller number of heterogeneous zones mainly in urban cores and likely within
theRegi ondés Centr al Ttheshiglest tens@ycandrmiost diverse (CArildC in the
region now served by Light Rail Transit. With aximum heterogeneity score of 0.7, there is no
perfectlyheterogeneous zone found in tlegion. This is partly due to specific local land use and

parcel fabric configurations, and also as a result of exclusion of certain land usestfapy score
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compuation. This distribution confirms the visual impression that the heterogeneiynmap athe

regional scaleRigure4-1b.) and also the case study area nidgure4-2b.) convey.

Considering this empiricalistribution, three exploratory scenariwere designetb perform the
DynamicActivity ClusterZonescreation. For Scenarios A, B and C, the heterogeneity percentile
thresholdavere establishedt 75, 85 and 95 percentile of tregionaldistribution,respectively Table

4-2 presents descriptive statistics tbederived DACZsunder each exploratory scenario.

Figure4-3a. and b. show the steps taken to create DAEigsire4-3c. presents the raw output of
spatial aggregation model on block segments using heterogemeghidid from Scenario Eigure
4-3d. reflects the same output while incorporates geometries from thdyimgl@arcel fabric. The
differences in the total number of zones in these two figures and the observed spatial gaps within

Figure4-3d. originated fronmismatclesbetweerthe land use records and the parcels fabric data.

A comparison ofigure4-3c. and d with Figure4-2a. illustrates qualitatively the improvement to
be expected from applying tipeoposedalgorithm. Thelarger areas of paler color (that is, areas of
higher homogeneity) illustrate the improvement. A comparison of the average Normalized Entropy
Scores for Scenarios A, B, and C (showiidle4-2, column 5, rows -B) with the average
Normalized Entropy Score for the current TAZs (showmable4-1, column 5, row 2) illustrates the

same improvement in quantitative terms.

Exploratory Scenarios for | Percentile| Heterogeneity| Number of Average Standard
DACZs created using Threshold Score Clusters Normalized | Deviationof
alternative hreshold from Corresponding| (with valid Entropy Normalized
heterogeneity score to the land use Score Entropy
distribution Percentile data) Score
Threshold
ExploratoryScenarioA 75" 0.07 n=20 0.194 0.191
ExploratoryScenarioB 85h 0.25 n=19 0.201 0.220
ExploratoryScenarioC 95h 0.39 n=18 0.245 0.232

Table 4-2 - Descriptive Statistics of the Entropy Scores Computed for Dynamidctivity Cluster
Zones (DACZs)
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(c) DynamicActivity ClusterZonescreatedbased on  (d) DynamicActivity ClusterZones reflectingparcel
analytically generated block segments boundariegonly for parcels with valid land use data)

Figure 4-3 - Heterogeneity scoret block segments and their derivedACZs (Scenario C)
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Overall,the DynamicActivity ClusterZonesrepresent sets of more homogenous land which likely
generate more consistent travel behavior. In contrast, the way that the conventional TAZ was built
here was more arbitrary in terms of breaking boundaries (presented as the blue line on thermap). F
instancein this subdivision there is no reason for the central area of the subdivision to be broken up to
multiple TAZs because land uses are sufficiently homogeneous that the travel behavior of the people
who live there is likely to be very consisteNoreover, in the southern part of subdivision, higher
levels of heterogeneity can be observed that necessitates creating multiple zones, where the

conventional TAZ fails to address that need.
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4.2.2 DACZ Model Sensitivity Analysis

This section demonstratdge outcomes of the DACZ creation modansitivity analysisncluding
the numbenf output zonegheir averagdand use heterogeneitgvelsand their sizelistributiors as a
function ofthe input parameterSince the set of test input parameters includdeddistinct
aggreg@tion thresholds applied over twavels of spatiahdjacency, the sensitivity analysis resulted

10 particularDACZ structuredor each input zonal layer (i.&/pronoi polygons and block segments)

Figure4-4 depictsthe aggregateesults of sensitivitynalysisn terms of the number of generated
dynamic zones faxis), given a set of aggregatibaterogeneityhresholdpercentilegx-axis). The
differentlevels of spatial adjacency (i.enultiplier parametedsaredenoted by line colaanddifferent
input base zaa structures denoted by line typésthis graph, by increasing the heterogeneity

thresholdevels, adecreasing trend of the nunité generated DACZs isvident

Dynamic Acitivity Cluster Zone Creation Model
Aggregate Sensitivity Analysis Results

100004

75004

50004

Number of Created Dynamic Zones

25004

0.55 0.65 0.75 0.85 0.95
Aggregation Thresholds Based on The Regional Distribution of Entropy Score

Scenario One Degree of Adjacency -@ Two Degrees of Adjacency Base Layer — Block Segments == Voronoi Polygon
Figure 4-4 - DACZ model sensitivity analysisresults (number of created zones)
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On the left side othechart the DACZs have to have very low entropy sctiadicatingvery low
heterogeneity. Here the model produces langenbes of more homogeneous zond&oving to the
right, the higher threshold values allow the zone to be more heterogeneibyspdaces fewerones

that are larger in size

Theblueboxin this gaphhighlights the point withthe preferred level of disaggregatjovhere
applying a reasonable level of heterogeneity threshold and using the block segments as the input to the
model, the DACZ algorithrproduces a similar number of zor({@s1228)compare to thebaseline
PLUM zones (N:692)As depicted infable3-1, within the regional distribution of the heterogeneity
scores, the 85percentile corresponds émentrgpy score of 0.38vhich can bénterpreted as
moderate levels of land use heterogeneitgre mixeeuse areas start to emerge. Using this threshold
allows the model to form simple mixege dynamic zones, but prevents aggregatioeyfdiverse
mixed-use areas like urban core activity center zohbs DACZ layer will be further used fahe

built environment anttavel behavior analysia Sectiors 4.3 and 4.4

Figure4-5 provides a closer look at tieterogeneitgcore distributiorior thegenerated zonal
structures. It depicts the average normalized entropy score within DACZ strygtarés), plotted
against the samset of aggregatioheterogeneityhresholdpercentilegx-axis)as presented in
previous figureThis plot aims to examine the performancéhefiterative aggregation model in

producing homogeneous zones.
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Dynamic Acitivity Cluster Zone Creation Model
Aggregate Sensitivity Analysis Results

0.35

= = =
i i w
S & &

Average Normalized Entropy Score within DACZs
o
o

0.10

0.55 0.65 075 0.85 085
Aggregation Thresholds Based on The Regicnal Distribution of Entropy Score

Scenario One Degree of Adjacency -@ Two Degrees of Adjacency Base Layer — Block Segments = = Vorenoi Palygon

Figure 4-5 - DACZ model sensitivity analysis results éverage normalized entropy scorg
As the pattern of changes indicates, for all the applied aggregation scanareasing the

heterogeneityhresholdevelsproduces consistent upward trend in the average normalized entropy
score. However, for the two different base zone systems tested in this analysis, a slight difference in
their score gradient is detectable. While the gradient fovtienoi polygons rises stedgj for the

block segmerstthe gradient tends to flatten off starting from th& gércentile threshold. This model
outcome can be attributed to the overall smaller size of block segments comparédoim tioe

polygons which has led to produciagallermore homogeneous zones.

Figure4-6a. and b illustrate the average and standard deviatioime zones size for the DACZ
structures (yaxis) plotted against treggregtionheterogeneityhresholdpercentilegx-axis). The
average surface area grapiiglire4-6a.) shows an overall increase in the zones size in response to

shifting theheterogeneityhresholdo higher levels. Alsahe DACZ derived from thé/oronoi
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polygons constantly have larger average sizes compared to the block segmentsiatthelgprior
expectations given the larger average size of the\basmoi polygons. Mreover, impacts dahe
different area caparametes (i.e., multiplier indicatingdifferentlevels of spatial adjacencgan be
clearly identified, where applying two degrees of spatial adjacengydnpstuallyresulted in larger

zones compared with th@®ACZs derived from applying one degree of spatial adjacency.

However,as Figure billustrates for the different basstructureghe zone size distributicare
indicative of a diverging patteriVhile the DACZ structures developed based on the bleginents
have average sigeanging froml to 9 hectaresindstandard deviatiobhetweer? to 10 hectares,
correspondingigures for thevVoronoi polygons show a wider variabilitanging from5 to 30hectares

for the averagsizeandfrom 4 to 32 hectarefr thestandard deviatiorespectively

Dynamic Acitivity Cluster Zone Creation Model Dynamic Acitivity Cluster Zone Creation Model
Aggregate Sensitivity Analysis Results Aggregate Sensitivity Analysis Results
[
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Average of the DACZs Area (hectare}
Standard Deviation of the DACZs Area (hectare)

o6& o7 2 85 0.5 nss 08e o7 2 85
Aggregation Thresholds Based on The Raegional Distribution of Entrapy Score Aggregation Thresholds Based on The Raegional Distribution of Entrapy Score

Scenario One Degres of Acjacency -8 Twc Degrees of Acjecency  Base Layer = Block Segments == Verona | Scenario One Degres of Acjacency -8 Twc Degrees of Acjecency  Base Layer = Block Segments == Verona |

(a) Average of zones area (b) Standard deviation of zones area

Figure 4-6 - DACZ model sensitivity analysis resultsdverage andstd. dev. of zones area)

Thisinvestigation demonstratesnsistencynd reliability of the DACZ modeh producingoutput
zonal structure aa(predictablefunction ofaggregation heterogeneity threshalifferent levels of
adjacencyandtheoriginal spatial disaggregation methdds., Voronoi vs block segments). The
resultsprove the robustness of DACZ moadl initially proposedandprovidefuture studieswith

information on how theutcomesnight change ifve make different initial assumptions.
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4.2.3 DACZ Model and the Graph-based Spatial Partitioning Method Comparison

As discussd in section 3.8among a broad range of spatial regionalization methbdgraphbased
spatial partitioning model was implemented to provide the baseline measure for evalutdigon of
DACZ model performace.The grapkbasednodeloffers a unique feature in that it partitions the
geographic space intormmber ofhomogeneouregions where this number Bn exogenous
parameter to the moddlhis featurewas essential for a pairwis@alysisof a set ofpreviouslycreated
DACZ structuesagainstacomparableset of structures generated byvell-establishednethod
Figure4-7 shows theresults of thigpairwisecomparism in terms ofthe averagbeterogeneityevels
of the produced zongg-axis) for both DACZ and grapbasedmethodgyivencertain numbey of
zoneg(x-axis). These numbers aemdogenous derivatived the DACZ model anéxogenous
parameteto thegraphbased mdel. In thisfigure, theyellow line indicates values related to the
DACZ structures and the green dotted line presents values for thelmrsgditiusters As the gaph
shows for the DACZ modegrowing the number dhezones from 336 to 3B decreasethe average

normalized entropy scosteadilyfrom 035to nearly 010.

This trend indicates that the number of generated zones is inversely correlated with the average
Comparison of the Zonal Structure Created by Different Models
normallzed entropy Score’ meanlng that the ; ..:‘c‘_\/urc)nc\ Polygons as The Base Zonal Structure
DACZ modelis able to flexiby produce large
numbes of more homogeneous zonas
alternatively generatdewer numbers of

heterogeneousones This outcome in fact

proves the intended model behavior in

Average Normalized Entropy Score
¢
)

generang zones for which the size is defined ¢

a function of homogeneity and, as a reshkse

0.101

zones willgenerate more predictable outcome:

3 RS & AV & &
3 W © & A & -

in travel behavior modeling arahalysis. RS Cromtec 2o es/CA RS

Zone creation method Dynamic Activity Cluster Zones =#- Graph-based Clusters
Figure 4-7 - DACZ and graph-based methodgesults comparison(averageentropy score
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In contrast, as the green dotted line shows, for the drapdd model applied over the same study
area having the exact same number of zones, the average normalized entropyaaionest
unchangedhroughout the observed range. This can be indicative of significantly different spatial

arrangement of the zones within gramsed structures compared to their DACZ counterparts.

Figure4-8a. andb. provide some insight on these differences by depicting the average and standard
deviation of the zones area#yis) plottedagainsthe set of zone numbeps-axis). Figurea. shows
the average size of the zones ranges from 5 to 30 hectares and since both models are compared against
the same set of zone numbersdifeerences exist betweehem. However the standard deviation of
thezones size reveals an interesting pattern where the DACZ structures show minimal variation in
their areathe zonesizes are relativelyconstantlyaround or belovB0 hectares, while the dugtaph
clusters suffer from a largariability in the clustersize ranging from 4 to almost 200 hectares.
Looking at the spatial distributions of these two zonal structarEgure4-9 better highlightghe
considerable differems in zoneformation between the two systemgherethe DACZ model

consistentlydemonstrates more effective aggregation.

Comparison of the Zonal Structure Created by Different Models Comparison of the Zonal Structure Created by Different Models
Vaorenol Polygons as The Base Zonal Structure Voranoi Polygons as The Base Zonal Structure

Average of Zones Area (hectare)
F
Slandard Devialion of Zones Area (heclare)

Number of Created Zones/Clusters Number of Created Zones/Clusters

Zone creation method Dynamiz Actwity Cluster Zones ~8- Graph-based Clusters Zone creation method Dynamic Actvity Cluster Zones 8- Graph-tased Clusters

(a) Average of zones area (b) Standard deviation of zones area

Figure 4-8 - DACZ and graph-based methodsesults comparison (ag. and std. dev. of area)
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Normalized Entropy Score at Dynamic Activity Clutster Zones Normalized Entropy Score at Voronoi Polygons.
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Figure 4-9 - Spatial and datistical distributions of the generated zones anteterogeneityscores
for DACZ and graph-basedstructures (aggregation threshold: 8%, two degrees of adjacency)
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4.3 Travel Behavior Heterogeneity Distributions

The subsequent sections describe the resultawad| behavioanalysest three spatial scalésr the
observed travel data from TTS 2024 each leveh set of travel behavior metrics are computed for

both DACZs and the conventional PLUM TAZs and the resutssompared.

4.3.1 Mode Share Distribution Comparison between DACZs versus TAZs

As a first comparisqgrregionaltravel mode shasewerecompued in terms of theverallproportions

of trips made by different transportation modeigure A-5-7a. illustrates this aggregate mode share
thatis dominated byautotrips (82%) with most trips made by drivers (68%) followed by trips made as
passengers (14%). In third place, public transit made up less than one tenth of the trips (8.3%) and
active transportation modes combined come close to one tenth (&.288l tips. There is a minor
difference in the total number of the trips between the two zonal structures that results in a slightly
higher number of trips (0.2%) for the PLUM zones. This is due to the inconsistency of study area

boundary which was originally deed based on the Census Tracts.

While it makes sense fdooth zonal systent® reveal the same mode share lewatlaggregate scale
as the DACZs and the PLUM zones differ in their average zone sizes and homogeneity levels, there is
an expectation to obsve different distributions of mode shares within each sydtelime with this
assumptionthe zonalstructurewith greatelintra-zonal homogeneity that meangreaterinter-zonal
heterogeneity shouldshowmore consistent travel behavior at zoleakl and highevariancein the
regional distribution of travel behavidfo assess this expected differertbe, distribution of mode
share were calculatefbr all zones within bothsystemsFigure4-10a. and b show the results of

mode share distributions for the two zone systems.

Consistent with the aggregate regional figures, the zone level mode shares also illustrate the

dominance of auto trips, where only quadéthe zones have auto mode share below 60%.
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BS DACZs - Distribution of Zones' Mode Share
516981 Trips within Study Area
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(b) Distribution ofzoneshy their travelmodesharefor PLUM Zones
Figure 4-10 - Statistical Distribution of Analysis Zonesby Their Mode Share

Themost visiblecharacteristic of these mode share distributions for both zone systems is-the left
skewed distribution of auto mode (as driviarfontrasto the rightskewed distributios of all other
modes. Ad-igure4-10a. andb. indicate, for almost half of the zones (ithe distribution median)

auto mode accounts for at least 75% of their tofas tMoreover, there are only a very few zones
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where the auto mode share (as driver) falls below 25%. Combining all the auto trips (either as driver
or passenger) under one category would result ievenmore skewed distribution where auto mode

share wald rarely drop under 40% across the study area.

The results also imply that at regional level both the DACZs and the PLUM zones perform
comparably in representing travel behavior pattéFh& contradicted the expectation that the DACZs
would reveabkubsantially different behaviors in terms of mode shakémce, in the next step the
analysis expanded to incorporate the built environmetgrbgeneityas a factor that might influence

the zonal systems suitability in revealing travel behawibeidogeneity

4.3.2 Comparison among Built Environment Classes Categorized According to their

Combined Density and Land Use Diversity Levels

The expectations in this analysis were that creating zones with greater homogeneity will capture
activities for which trasportation behavior will also be more homogene®dhe previous section
shows that at the macro level, that assumption did not holdrrtigs section, the analysis further
compareshe performance of zones belonging to one of the nine categorietbddsorSection 8.1

i high, medium and low density and diversity

Figure4-11 shows the mode share distributions restitssideringhebuilt environment
heterogengy categoriesBecause the expectation is that the proposed zonal structure will perform
better at the extremési.e., at high and low densities and diversitigbe presentation of results is
simplified to exclude combinations of high (or low) anddiun levels of densitanddiversity from
thesegraphd he A Medi U Me ®e o mi D glasavaspiederyeadl asig the largest
identified built environmentategorythataccounts fomore tharhalf of theanalysiszones (Figure

3-11).

Looking at different built environment classedrigure4-11, a constant slight shift in the mode
share distributions is recognizable. Increasing population density and land use diversity, generally
more trips were made using ranto modes. Thisverachingpattern can be quantitatively described
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by decreasing mediart$ the auto mode shaeswe move fromi L ow Delnosw tB¥i ver si tyo t
AHIi gh DHEingh ti versityd zones. I't is also evident
potentiallya better predictor of the lower auto mode share compared to the high levels of density. In

fact, finding high density zones that have low diversity is likely to produce errant results in terms of

expected travel behaviddverall, the observed trend rein€es the land use and transportation system
interactions theories which contend theta with diverse land uses and hifglvels of population

density aranore conducive to active transportation and public transit¢dpgpared to more

dispersed unifornareas.

However, while the two zonal systems reveal similar pattern, they tend to unfold it diffeFemtly.
the zones withiiligheDiMegbi Dgnsicayegory both zon
shifts in decreasing auto mode share. Within tategory, only a quarter of the zones (i.e., the
distribution upper quartild)ave auto mode shares that account for 75% or higher proportions of their
trips. For the mixedHctcghe®Povieesi ofy didavod Déln giht Pe
Di v e r shougly similar patterns are visible, variations of the active transportation and public
transit mode shares are more pronounced within the DACZ zonal structure compared to the
conventional PLUM zones. Ul ti mat Dengtyi Lowvhe f or cef u
Diversity¢ areas is better reflected by the DACZ syst

almost half of the zones.
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BS DACZs - Distribution of Zones' Mode Share
252682 Trips within Study Area Segmented by Built Environment Classes
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Figure 4-11 - Distribution of Analysis Zonesby Their Mode Share Segmented byhe Built
Environment Heterogeneity (Selected Categories)
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4.3.3 Mode Share Distribution by Trip Purpose (DACZ s)

Theaggregatenode sharanalysis indicatéthatthe generated tripsithin the study area are
dominated byauto tripsacross théeterogonous built environmecdtegoriesrom thefi L eDensity
Low-Di ver si t ypeénsity ldighD HV @ teenestFyrtder analysisvas perforredto examine
whether this patterpersists for differentrip purposeslin this section, a comparison of mode shares is
made not based on diversity or density of land uses, but rather based on trip puithasése

DACZ and PLUMstructuresAs illustrated inFigure4-12a. and bhomebased school tripdiBS) are
the only categorgf tripsthat shows a different and more elyedistributedmode share between auto,
public transit and active transportation modegotential reason for thidistributioncanbe

associated with the specific characteristics of the populgtimup thaimakes thehomebased school
trips (HBS). Individuds in this group are more likelyn youngeragebracket, which restricts their
access to drivinticense angutovehiclesi major factors that caconsiderably impact their mode
choice However, it is important to note thabfn a total of more than a half million generated daily
trips in the study area, 30.6% are hepased workrips (HBW), 40.8% homasd discretionary

trips (HBD), 17.9% norhome based (NHB) tripgnd just a small fractiof@around 10.6%are home
based sabol trips (HBS)

The results again indicate that both the DACZs and the PLUM zones perform comparably in
representing travel behavior patterns, and especially the DACZs have not demoastrstizatially
differentresults Based on the lesson learnedifrprevious sectionhe expectations in this analysis
were thathe DACZstructure withgreaterintra-zonal homogeneitgr interchangeablgreaterinter-
zonal heterogeneity should show higher variance in the regional distribution of travel befasior.
assumption held true for most of ttravel modes and trip purposdsit it wasnot fulfilled for the

homebased work trips (HBW).

The detailedstatisticsof trip purposddistributionfor all generatedrips aygregatd within the study

area andwith distinctionby travel modere provided in Appendik.
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BS DACZs - Distribution of Zones' Mode Share
516981 Trips within Study Area Segmented by Travel Purposes
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4.3.4 Travel Time Distribution by  Built Environment Classes

One way that planners evaluate travel behavior patterns at the macro level is to analyze travel time
statistics. In particular, the average travel time is a metric that reflects the oamslartation system
performance and imply the levels of access to spatially distributed actiVitieemplement our

analyss, we conductedn additional assessmemt the distribution of the travel times for the trips

originated within the cities of Waterloo and Kitchener.

The expectations in thiavestigationwere thathe built environmenteterogeneityand density
levels impact the trips characteristics consatiy. We focused only on those trips that have their
origins identified within the dynamic zones, for which were able to computi&e heterogeneity and
density levelsAgain, wesimplified the resultdo exclude combinations of high (or low) and medium

levels of density and diversity frothe presented graplhs described iSection 4.3.2

Figure4-13a. shows theaverage travel timgATT) distributionsin minutes given the built
environment heterogeneity categoffiesthe trips originsFigure4-13b. represents the differences of
the ATTsfor each modeompared tats regional level, computed as percentagemking atdisparate
built environment classea consstent pattern of travel timésrecognizable where the travel modes
determine theveragedrip duration Across the categorieBansit trips show the longe&f T, ranging
f rom BighDensityifHi g h Di te 46mmutes yih mixed categoriesn contrast, auto
trips, @ther as driver or passenger hdkie shortest ATT between 10 to 12 minutes, whieeéonger
trips associated with tiie L o w  Ddezonesi Simjlarly, walking and cycling show a variation among

classesn which the longer trips are more pronounced forftHeo w Dielnsw tyi vzeness i t y O

Interestingly, these findingshow a high degree of agreement withekpected travel behavior
They also provide some insighin the observeinbalancednode share in earlier analysi®or
examplean explanation fothe lower walking mode sharparticularly in areas with lower levels of
density and diversitycan bgustified with the longer avege walking time and the extra burdens

which potentially preclude larger proportion of trips to be made by walking.
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(a) Average travel tim¢ATT) in minutes

(b) Difference ofaveragearavel timefor each modeompared to theegionalaveage

Figure 4-13 - Distribution of Average Travel Times (ATT) in minutes for Generated Trips,
Segmented by the Built Environment Heterogeneity (Selected Categories)
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