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Abstract

Public transportation infrastructure projects are major government investments.

These projects potentially affect not only travel mode choices, but residential location

choices in the long term. To analyze the impacts of public transportation projects,

accounting for the effect on households’ residential location decisions, I develop a dis-

crete choice model of commute mode and residential location. In this model, house-

holds have heterogeneous preferences for neighbourhood characteristics and commute

costs. I estimate this model using microdata from Vancouver and commute times

calculated with geographic information system (GIS) data. The parameter estimates

imply that the willingness to pay to reduce commute time is fourteen dollars per hour

for the mean-income household, and there is significant heterogeneity across household

income. Using the estimated model, I simulate households’ residential and commute

mode decisions under a proposed public transportation infrastructure project, and an-

alyze the change in public transportation use, travel time savings, benefit of travel time

savings, consumer surplus, and income segregation.
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1 Introduction

This paper proposes a framework to simulate residential location and commute mode choices

under counterfactual public transportation infrastructure to analyze the effects of proposed

projects. Public transportation infrastructure projects are significant expenditures that af-

fect both commute mode and, in the long term, residential location decisions.1 Estimating

the effect of a proposed public transportation project on commute mode choice with fixed res-

idential locations underestimates the effect on public transportation use because households

who value public transportation will relocate to neighbourhoods with the improved public

transportation access. Consistent with this response, in a retrospective analysis of urban

rail, Baum-Snow and Kahn (2000) find new residents of recently connected neighbourhoods

are more likely to use public transportation than incumbent residents.

I develop a static equilibrium model of residential location and commute mode. House-

holds simultaneously choose their neighbourhood and whether to drive or take public trans-

portation from this location to their workplace. Households have heterogeneous prefer-

ences for neighbourhood characteristics, dwelling price, and the time and financial costs of

commuting. These preferences depend on observable household characteristics, such as in-

come. Neighbourhood characteristics include both fixed characteristics and socioeconomic

attributes of the neighbourhood’s residents.

I estimate this model for the Vancouver region with confidential microdata from Statis-

tics Canada’s National Household Survey (2011). These data include both residential and

workplace location, and commute mode and duration. However, these reported commute du-

rations do not span the full set of commute times needed to estimate the model. To address

this issue, I calculate public transportation times from archived public transit schedules and

geographic information system (GIS) data of the road network. I predict bilateral congested

drive times using reported drive times from the National Household Survey and uncongested

drive times calculated from the road network.

The value of travel time is the opportunity cost of time spent commuting. The parameter

1For example, the mean capital cost for Vancouver’s Canada Line was 102.56 million per kilometre of rapid

transit line (calculated from figures in Partnerships British Columbia’s Canada Line Case Study (2010)).
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estimates imply the value of travel time is about $14 dollars per hour for the mean-income

household, which is 57% of the mean wage in British Columbia.2 This value masks significant

heterogeneity in the value of travel time across household income. For households with an

income of three-hundred thousand dollars per year, the estimated value of travel time is

about $32 dollars per hour. The 25th income percentile household’s estimated value of travel

time is close to $12 dollars per hour.

Using the estimated model, I simulate households’ commute mode and residential lo-

cation choices resulting from a counterfactual improvement in public transportation times

in a suburban municipality of the region. Improving public transportation infrastructure

makes some neighbourhoods more attractive by reducing commute times to certain work lo-

cations. In the equilibrium simulations, dwelling prices adjust to clear the market for housing

and socioeconomic neighbourhood characteristics adjust to represent households’ residential

location choices. To analyze the impact of public transportation improvements on public

transportation use, driving distance, travel time savings, the benefit of travel time savings,

consumer surplus, and income segregation, I compare these counterfactual outcomes to the

corresponding outcomes in a model equilibrium. This analysis estimates the long term im-

pact of public transportation improvements because I assume households are choosing both

their residential location and commute mode. For comparison, I also analyze the short term

impact on public transportation use and driving distances, assuming residential locations

are fixed.

This paper contributes to the literature on residential location and transportation choice

with heterogeneous households. Extending the classic monocentric city model (Alonso, 1964;

Mills, 1967; Muth, 1969) to include two modes of transportation, LeRoy and Sonstelie (1983)

demonstrate that residential patterns of low-income and high-income households are consis-

tent with changes in the cost of transportation. Specifically, when private vehicles initially

became practical for commuting, high-income households had a comparative advantage of

living in the suburbs. As private vehicles became widespread, high-income households re-

turned to the city. With reduced form analysis, Glaeser et al. (2008) argue that, within

2Calculated from the average hourly wage rate in British Columbia for ages 25-54 in December 2010 from

Statistics Canada’s Labour Force Survey (Table 14-10-0063-01).
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regions, public transit access causes low-income households to locate in urban areas. Ana-

lyzing a partially constructed urban rail system in Dallas, Heilmann (2018) finds rail access

has heterogeneous effects on neighbourhood income: it decreases median income for initially

low-income neighbourhoods and increases median income for higher income neighbourhoods.

This result is consistent with low-income households locating to lower cost neighbourhoods

in response to a reduction in the commute time between these lower cost neighbourhoods

and their work locations. My model of residential location and commute mode choice has

the flexibility to capture these residential location patterns and allows for counterfactual

analysis.

My analysis is complementary to Ahlfeldt et al.’s (2016) approach of analyzing the impact

of public transportation infrastructure on economic activity with their general equilibrium

framework.3 Their framework models both household and firm location choices, but re-

stricts households to be homogenous with the exception of idiosyncratic preference shocks.

Thus, their framework cannot be applied to analyze the distribution of benefits from public

transportation infrastructure expansions or its impact on income segregation. Building on

this framework, Tsivanidis (2018) incorporates both low-skilled and high-skilled workers to

analyze the aggregate and distributional effects of Bogotá’s bus rapid transit system. Using

panel data on commute flows, Severen (2018) estimates the welfare benefits of Los Angeles’

rail network.

I extend an equilibrium sorting model of residential location to include the simultaneous

choice of commute mode. In Bayer, McMillan and Rueben’s (2004) model of residential

location, households have heterogeneous preferences for neighbourhood characteristics and

distance to their exogenous work location. Their model incorporates unobserved neighbour-

hood heterogeneity into McFadden’s (1978) discrete choice model of housing; this addition

is important because equilibrium dwelling prices are positively correlated with unobserved

neighbourhood quality. Their model is applied to estimate preferences for school quality

(Bayer et al., 2007) and the value of open space (Klaiber and Phaneuf, 2010). Most closely

related to my paper, Bayer and McMillan (2012) simulate how a hypothetical reduction

3Based on Ahlfeldt et al.’s (2015) quantitative framework of cities which includes both agglomeration and

dispersion forces.
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in the disutility of distance to work affects income segregation. However, their model im-

plicitly assumes the cost of commuting depends only on distance. I extend Bayer et al.’s

(2004) residential sorting framework by explicitly including both the time cost and financial

costs of commuting, and endogenizing households’ commute mode choice. Including com-

mute costs in the model allows me to analyze the effects of counterfactual transportation

networks. Independent of my work, Mulalic et al. (2016) incorporate car ownership into a

model of residential choice and simulate the effect of a metro extension on car ownership in

Copenhagen.

In this paper I estimate a model of residential location and commute mode choice with mi-

crodata from the Vancouver region. With counterfactual simulations, I analyze the long term

outcomes of public transportation improvements. The remainder of the paper is organized

as follows. Section 2 presents the empirical model. Section 3 describes the estimation strat-

egy. Section 4 describes the descriptive analysis and empirical setting. Section 5 describes

the household microdata, neighbourhood data, and commute costs. Section 6 presents the

preference estimates. Section 7 outlines the equilibrium simulations and presents the coun-

terfactual results. Section 8 concludes.

2 Model

I model residential location and commute mode as a simultaneous decision. Households

choose their residential location from a discrete set of neighbourhoods, and choose to either

drive or take public transportation from this location to their exogenous work location.

Each neighbourhood is a bundle of characteristics, such as land use and population density.

Similarly, each commute is a pair of characteristics: the time cost and the financial cost.

Households have preferences for neighbourhood characteristics and commute costs, and these

preferences depend on observable household characteristics, such as household income. This

model extends Bayer et al.’s (2004) residential sorting framework by explicitly including both

the time cost and the financial cost of commuting, and endogenizing households’ commute
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mode.4

Certain neighbourhood characteristics are determined by the neighbourhood’s residents,

such as the proportion of low-income households in the neighbourhood. I denote these en-

dogenous characteristics by Zh; in counterfactual simulations the endogenous neighbourhood

characteristics adjust to reflect the location decisions of households. Other neighbourhood

characteristics are fixed for the analysis, such as land use and proximity to downtown. I

denote these exogenous characteristics as Xh.

For each neighbourhood, I consider a representative dwelling. The monthly price of

neighbourhood h’s representative dwelling is ph; these prices adjust in counterfactual sim-

ulations to clear the market. Dwelling characteristics, such as structure type, are fixed for

the analysis. The exogenous characteristics for neighbourhood h’s representative dwelling

are included in Xh.
5

I formalize the household’s problem in the following indirect utility function:

max
h∈H,s∈{0,1}

V i
h,s = Xhα

i
X + Zhα

i
Z + phα

i
p + Ci

h,sα
i
C + (1− s)γ + ξh + εih,s (1)

where household i chooses neighbourhood h and commute mode s to maximize their indirect

utility. The choice variable s takes a value of one if the household uses public transportation

and zero if they commute via private vehicle. The commute characteristics, denoted as

Ci
h,s, are the commute time and the financial cost of commuting from neighbourhood h to

household i’s workplace location via commute mode s.

The error-structure of the indirect utility function is composed of three terms: γ, ξh, and

εih,s. The unobserved indirect utility of driving, γ, captures the qualities of commuting via

private vehicle that households observe and value, but are either unobserved in the data or

not quantifiable. For example, not having to walk or wait in the rain increases the unobserved

4In Bayer et al. (2004), households have preferences for distance to work, but in their model the disutility

of commuting does not depend on the transportation network and there is no choice of commute mode.
5In contrast, Bayer et al. (2004) model each household as choosing a specific dwelling. A sufficient

condition for consistency is the number of households growing large relative to the number of dwelling

choices (Klaiber and Kuminoff, 2014). Klaiber and Phaneuf (2010) divide houses within each geographic

area by square footage to capture variation in housing within a neighbourhood and meet this sufficient

condition for consistency.

6



indirect utility of driving relative to taking public transportation, and not being able to read

or work while driving decreases the unobserved indirect utility of driving relative to public

transportation. This unobserved indirect utility of driving captures the mean preference

for driving relative to public transportation, controlling for the time and financial costs of

commuting. Similarly, ξh captures the qualities of neighbourhood h that are observed and

valued by households, but are either unobserved in the data or not quantifiable. I assume

ξh and γ are equally valued by all households. The term εih,s is an idiosyncratic preference

shock that affects household i’s valuation of each neighbourhood-commute mode pair.

Households have heterogeneous preferences for neighbourhood and dwelling characteris-

tics, monthly dwelling price, and commuting costs. Preferences depend linearly on observ-

able household characteristics, such as household income. Specifically, I model household i’s

tastes as

αij = βj + αoj(z
i)ᵀ for j ∈

{
X,Z, p, C

}
(2)

where αoj is a matrix of preference parameters, which I estimate, and zi is a row vector of

household characteristics.6 Defining household characteristics with means of zero, βj is the

vector of mean effects of the characteristics in j on indirect utility.

Each household chooses a neighbourhood and commute mode simultaneously to maximize

its indirect utility. Therefore, if household i chooses neighbourhood h and commute mode s,

the indirect utility it receives from this combination must be greater than the indirect utility

it would receive from any other neighbourhood-commute mode pair:

V i
h,s > V i

h′,s′ ∀ (h′, s′) 6= (h, s). (3)

Rewriting the indirect utility function from Equation 1 as V i
h,s = W i

h,s + εih,s, Equation 3 can

be written as

εih,s − εih′,s′ > W i
h′,s′ −W i

h,s ∀ (h′, s′) 6= (h, s). (4)

The probability of household i choosing neighbourhood h and commute mode s, denoted

as πih,s, is a function of its observable household characteristics, the fixed characteristics of

each neighbourhood, the endogenous characteristics of each neighbourhood, dwelling prices,

6Denoting the number of characteristics in j as kj and the number of household characteristics as d, αo
j

is kj × d, zi is 1× d, and both βj and αi
j are kj × 1.
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the household’s commute costs from each neighbourhood, the unobserved quality of each

neighbourhood, and the unobserved indirect utility of driving:

πih,s = fh,s(z
i, X, Z, p, Ci, ξ, γ). (5)

Aggregating these probabilities over commute modes and households gives the expected

demand for each neighbourhood. The housing market clears if expected demand for each

neighbourhood equals the corresponding stock of dwellings:

N∑
i=1

1∑
s=0

πih,s = Sh ∀ h, (6)

where Sh is the fixed stock of dwellings in neighbourhood h. Given a set of neighbourhood

characteristics, Bayer et al. (2004) prove that a unique vector of dwelling prices, up to a

scaleable constant, clears the market if each household’s indirect utility is decreasing in

dwelling price and idiosyncratic preferences are drawn from a continuous distribution.

Endogenous neighbourhood characteristics are a function of household characteristics, z̃,

and choice probabilities, π.7 For mean household characteristics, this function is

Zh =
∑
i

(
z̃i ·

1∑
s=0

πih,s

)
. (7)

A sorting equilibrium is a vector of dwelling prices and a set of choice probabilities such that

i) the housing market clears and ii) each household optimally chooses their neighbourhood-

commute mode combination given the location decisions of all other households. Bayer et

al. (2004) prove that a sorting equilibrium exists if indirect utility is a continuous function

of Z and the conditions for a market clearing price vector hold.

In order to maintain tractability, I make several important simplifying assumptions:

• Each household’s work location is exogenous and fixed. In British Columbia, the

average job tenure is 8.11 years in 2010.8 Even if workers switch positions, assuming

7The set of household characteristics generating heterogenous preferences, zi, are not necessarily the

same set of household characteristics generating the endogenous neighbourhood characteristics, z̃, hence the

different notation.
8Source: Statistics Canada. Table 282-0042 - Labour force survey estimates (LFS), job tenure by North

American Industry Classification System (NAICS) and sex, annual (persons unless otherwise noted).
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fixed work locations will not affect the counterfactual predictions if firms hire similar

workers and pay similar wages. The more restrictive implication of this assumption

is that firms do not relocate in response to public transportation improvements. If

firms respond to public transportation infrastructure improvements by locating close

to transit stations, then my counterfactual analysis will underestimate the effects on

public transportation ridership.

• Changes in both driving and public transportation commute times are independent of

changes in the behaviour of other commuters. I estimate the model with congested

drive times. However, these congested drive times are fixed in counterfactual sim-

ulations.9 Without modelling the decrease in congested drive times resulting from

commuters switching from private to public transportation, I am overestimating the

impact of a public transportation improvement on public transit ridership.

• Each household has only one work location and one commute mode, and I estimate the

model using each household’s primary maintainer’s work location and commute mode.

• Dwelling characteristics and the dwelling stock for each neighbourhood are fixed. Re-

alistically, dwellings can be renovated or rebuilt, and the stock of dwellings in a neigh-

bourhood will change if dwellings are redeveloped with higher density. If public trans-

portation infrastructure expansions increase density in the surrounding area this will

increase the effect of the infrastructure on public transportation use.

• I estimate a static model of commute mode and residential location choice. Since

households face large moving costs, residential location choices are realistically forward

looking.10

9A model of congestion would need to be simple enough to quickly approximate drive times because solving

the counterfactuals would require iterating over i) finding market-clearing monthly dwelling prices given the

endogenous neighbourhood characteristics and calculated drive times and ii) calculating the endogenous

neighbourhood characteristics and drive times given households’ choice probabilities.
10Bayer et al. (2016) develop and estimate a dynamic model of residential location choice.
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3 Estimation Strategy

Following Bayer et al. (2004), I estimate the model with Berry et al.’s (2004b) approach to

estimating the demand for differentiated products (Berry, 1994; Berry et al., 1995). The

first step estimates the heterogeneous parameters and the mean indirect utility of each

neighbourhood. The second step regresses these mean indirect utilities on dwelling prices

and neighbourhoods’ characteristics to estimate mean preferences.

The value of living in neighbourhood h that is common to all households is the mean

indirect utility of neighbourhood h if household characteristics are defined with means of

zero. Denoting this mean indirect utility as δh and collecting the heterogeneous components

in the term λih,s allows me to rewrite Equation 1 as

V i
h,s = δh + (1− s)γ + λih,s + εih,s (8)

with

δh = XhβX + ZhβZ + phβp + ξh (9)

and

λih,s = Xhα
o
X(zi)ᵀ + Zhα

o
Z(zi)ᵀ + phα

o
p(z

i)ᵀ + Ci
h,s

(
ᾱC + αoC(zi)ᵀ

)
. (10)

Household i’s heterogeneous preferences for the exogenous neighbourhood characteristics are

given by αoX(zi)ᵀ, which depends on the household’s observable characteristics, zi, and the

preference parameters, αoX . Thus, Xhα
o
X(zi)ᵀ represents the difference between the impact

of neighbourhood h’s exogenous characteristics, Xh, on household i’s indirect utility and

the mean-characteristics household’s indirect utility. Analogous interpretations apply for

endogenous neighbourhood characteristics and monthly dwelling price. The mean indirect

utility of neighbourhood h, δh, includes the effects of the neighbourhood’s characteristics

and dwelling price because these characteristics are equal for all households. In contrast,

commute costs from a given neighbourhood differ across households because each household

commutes to their exogenous work location. Therefore, the entire impact of commute costs

is included in the heterogeneous component, λih,s. To represent this in the notation, I replace

βC from Equation 2 with αC in Equation 10. The preference parameters in the heterogeneous
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component, λih,s, and the unobserved indirect utility of driving, γ, are estimated in the first

step; I denote this by θ1 ≡ {αoX , αoZ , αop, αoC , αC , γ}.

Assuming εih,s is drawn from the Type 1 extreme value distribution (or Gumbel distri-

bution), the probability that household i chooses neighbourhood h′ and commute mode s′

is

πih′,s′ =
e
δh′+(1−s′)γ+λi

h′,s′ (θ1)∑H
h=1

∑1
s=0 e

δh+(1−s)γ+λih,s(θ1)
. (11)

Denoting household i′s observed choice in the data as neighbourhood h∗ and commute mode

s∗, the probability of every household choosing its observed neighbourhood and commute

mode is given by
N∏
i=1

πih∗,s∗(θ1, δ(θ1)),

and the log-likelihood functions is

``(θ1, δ(θ1)) =
N∑
i=1

ln
(
πih∗,s∗(θ1, δ(θ1))

)
. (12)

The first step of the estimation iterates by i) estimating the θ1 parameters given δ,

and ii) finding a market-clearing vector of neighbourhood mean indirect utilities, δ, given

the estimates θ̂1. I estimate the θ1 preference parameters by maximizing the log-likelihood

function in Equation 12, given δ.11 Within ii), I iterate by a) calculating the expected demand

for each neighbourhood by aggregating households’ choice probabilities from Equation 11

which depend on δ, and b) updating the values in δ with the Berry et al. (1995) contraction

δt+1
h = δth − ln

(∑N
i=1

∑1
s=0 π

i
h,s(θ1, δ

t)

Sh

)
, (13)

until δ converges to the market-clearing vector (given θ̂1). Each neighbourhood has a fixed

stock of dwellings, Sh. If the expected demand for neighbourhood h is greater than the stock

in neighbourhood h, this equation decreases the mean indirect utility of neighbourhood h,

which decreases the expected demand for neighbourhood h. Using the Berry et al. (1995)

contraction to estimate the indirect utility of each neighbourhood instead of estimating these

11Appendix B details the gradient of the log-likelihood function accounting for δ being dependent on θ1.
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parameters by maximum likelihood estimation reduces the number of parameters estimated

by maximum likelihood estimation by the number of neighbourhoods.

The second step regresses the estimated neighbourhood mean indirect utilities on neigh-

bourhood characteristics and monthly dwelling prices:12

δ̂h = XhβX + ZhβZ + phβp + ξh. (14)

The error term in this regression, ξh, is the unobserved neighbourhood quality that is common

across households. Since households observe and value ξ, households will bid up the price of

dwellings in neighbourhoods with higher values of ξ. Therefore, there is a positive correlation

between price and the error term. Estimated by ordinary least squares (OLS), the coefficient

on price is biased towards zero. Estimating the model in two steps allows me to instrument

for monthly dwelling prices and endogenous neighbourhood characteristics.

3.1 Instruments

Households choose the neighbourhood that maximizes their indirect utility, so the demand

for a neighbourhood depends on both its own characteristics and the characteristics of substi-

tutes (Bayer et al., 2004). Model derived instruments rely on other neighbourhoods’ exoge-

nous characteristics affecting the sorting equilibrium (including monthly dwelling prices and

endogenous neighbourhood characteristics), but not directly affecting the indirect utility of a

neighbourhood. Exogenous characteristics of other neighbourhoods are valid instruments as

long as these characteristics are uncorrelated with the unobserved neighbourhood quality, ξh

(Bayer and Timmins, 2007). In the model, characteristics of nearby neighbourhoods do not

directly affect households’ indirect utility from a neighbourhood. In practice, to calculate

the model derived instruments, I allow indirect utility to depend on land use within a specific

distance outside of the neighbourhood’s boundary, which I call buffered land use.

12Since the dependent variable, δ̂h, is the estimated indirect utility from the first step estimation, establish-

ing consistency and asymptotic normality requires additional criteria (Berry et al., 2004a). As Klaiber and

Kuminoff (2014) summarize, a sufficient condition for consistency is the number of households growing large

relative to the number of dwelling choices: HlogH
N → 0. Asymptotic normality requires H2

N to be bounded

(p. 8). Since I define a representative dwelling for each census tract, these conditions are met.
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The price instrument is the market-clearing vector of prices when endogenous neighbour-

hood characteristics are excluded from the indirect utility function. Excluding endogenous

characteristics from Equation 14 and adding buffered land use, denoted as Lh, produces

δ̂h = XhβX + LhβL + phβp + ξ̃h, (15)

with ξ̃h denoting that the control variables have changed; land use within the neighbourhood

is included in Xh. Denoting the value of βp as β∗p and moving the price term to the left hand

side gives

δ̂h − phβ∗p = XhβX + LhβL + ξ̃h. (16)

I use the OLS estimate of βp from Equation 14 as the initial value of β∗p . Estimating Equation

16 by OLS gives β̂OLSX and β̂OLSL . Using these estimates and setting ξ̃h to zero gives

δ̃h = Xhβ̂
OLS
X + Lhβ̂

OLS
L + phβ

∗
p . (17)

Substituting in the first step estimates and excluding endogenous neighbourhood character-

istics, the heterogeneous component of the indirect utility function is

λ̃ih,s = Xhα̂
o
X(zi)ᵀ + phα̂

o
p(z

i)ᵀ + Ci
h,s

(
ˆ̄αC + α̂oC(zi)ᵀ

)
. (18)

Let π̃ih′,s′ denote household i’s choice probability for neighbourhood h′ and commute mode

s′. With buffered land use included in the mean indirect utility and endogenous neighbour-

hood characteristics excluded from both the mean and heterogeneous components of indirect

utility, we can express this as

π̃ih′,s′(p) =
e
δ̃h′ (ph)+(1−s)γ̂+λ̃i

h′,s′ (ph)∑H
h=1

∑1
s=0 e

δ̃h(ph)+(1−s)γ̂+λ̃ih,s(ph)
. (19)

The price instrument is the market-clearing price vector, which satisfies

N∑
i=1

1∑
s=0

π̃ih,s(p) = Sh ∀ h. (20)

This price vector captures the variation in prices from exogenous neighbourhood characteris-

tics and condenses this information into a single variable (Bayer et al., 2004). Similarly, the
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endogenous neighbourhood characteristics calculated from the choice probabilities in Equa-

tion 19, evaluated at the market-clearing price vector, capture the variation in endogenous

neighbourhood characteristics from exogenous neighborhood characteristics. To find the

market-clearing price vector, I iterate over i) calculating each household’s choice probabili-

ties with Equation 19 at the current price vector pt, ii) aggregating these choice probabilities

to calculate expected demand and updating the price vector to p′ with

p′h = pth + ln

(∑N
i=1

∑1
s=0 π̃

i
h,s(p

t)

Sh

)
, (21)

and iii) dampening the price adjustment: pt+1
h = 0.9 × pth + 0.1 × p′h, until the price vector

converges.13 I repeat this model derived instrument calculation, using the latest set of

instruments to estimate Equation 14 by instrumental variables (IV) estimation and using

the estimate of βp as β∗p in Equation 16, until the coefficient estimates for Equation 14

converge.14

4 Descriptive Analysis and Empirical Setting

In the Vancouver region, higher income households are more likely to live further from work

than lower income households. Specifically, separating households into deciles of distance to

work and comparing median household income across these groups, I find median income

is monotonically increasing with distance to work.15 Focusing on households who drive to

work, I find that median income is also monotonically increasing in drive time to work. The

median income of households who commute via public transportation is generally increasing

in public transportation time to work. Comparing median income across distances to the

central business district (CBD), I find no clear pattern for the Vancouver area. Table 6 in

Appendix A shows these descriptive statistics. In contrast, Cuberes and Roberts (2015) find

that household income tends to increase with distance to the CBD in British metropolitan

13I define convergence as the maximum difference in pth and p′h (in 1,000s of dollars) across census tracts

being less than 1e−9.
14I define convergence as the maximum change these coefficient estimates being less than 1e−5.
15Calculated from households in the estimation sample who commute to work; I describe these data in

Section 5.
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areas excluding London. For metropolitan areas in the United States, Glaeser et al. (2008)

observe household income increases with distance to the CBD for new cities and has a u-

shaped pattern for old cities.

Greater Vancouver and the Fraser Valley had a population of 2.57 million people as

of 2011, with 1.20 million people commuting to work. In the City of Vancouver, 30% of

commuters use public transportation. In Vancouver (the census metropolitan area), 20% of

commuters use public transportation. Adding cycling and walking to public transportation,

these figures increase to 47% in the City of Vancouver and 28% percent in the Vancouver

CMA.16

Vancouver’s rapid transportation network has been built over the last three decades. The

first SkyTrain rapid transportation line in the region opened in January 1986 and connected

downtown Vancouver to New Westminster, through Burnaby. Extensions to the line opened

between 1989 and 1994, extending across the Fraser River into Surrey. This line is now

called the Expo Line. The Millennium Line opened in segments between 2002 and 2006,

extending the network in Burnaby. In August 2009, the Canada Line opened, connecting

Richmond and the Vancouver International Airport to downtown Vancouver.17 Figure 4 in

Appendix E shows these rapid transportation lines. TransLink operates all of these lines as

well as bus lines in the Vancouver census metropolitan area; BC Transit operates bus service

in the Fraser Valley (Abbotsford-Mission census metropolitan area and Chilliwack census

agglomeration).

There are currently two proposed public transportation infrastructure projects for the

region: a westward extension of the Millennium Line within the City of Vancouver and an

extension in Surrey that extends southward and eastward from the terminus station of the

Expo Line. This line would extend the rapid transportation system further into the suburbs,

effectively making these locations closer to both downtown Vancouver and other locations

on the rapid transportation network through shorter commute times.

In a descriptive analysis of changes in census tract average income in Vancouver between

16Author’s calculations from public use 2011 Census and 2011 NHS Statistics Canada data. Commuters

include persons who have a usual work location and persons who have no fixed workplace address.
17From TransLink’s (2010) History of SkyTrain.
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1970 and 2005, Ley and Lynch (2012) find spatial patterns that are consistent with low-

income individuals choosing to locate in close proximity to the Expo Line. Specifically, in

1970, the census tracts in the region with low and very low mean individual income were

concentrated in Surrey, New Westminster, and near downtown Vancouver. By 2005, all of

the census tracts along the Expo Line Skytrain had low mean individual income. As the

authors note, neighbourhood income also became more polarized in Vancouver between 1970

and 2005, with the percentage of middle income census tracts in the region falling from 71%

to 53%.

5 Data

I use confidential Statistics Canada National Household Survey (NHS) data from 2011. These

data include commute mode and duration, residential and workplace location at the census

tract level, individual characteristics, and dwelling characteristics. From Greater Vancouver

and the Fraser Valley, I have an estimation sample of 118,150 households, which I define

as economic families and persons not in an economic family.18,19 This estimation sample

excludes households living in dwellings that are not in the choice set of the rest of the pop-

ulation.20 Although multiple members of an economic family may be employed, I designate

the household’s workplace location as the primary household maintainer’s workplace loca-

tion and the household’s commute mode as the primary household maintainer’s commute

mode.21 Figure 3 in Appendix A shows the proportion of work locations in each census tract.

The region I refer to as Greater Vancouver and the Fraser Valley is the Vancouver and

18This definition of a household differs from Statistics Canada. Statistics Canada defines an economic

family as “two or more persons who live in the same dwelling and are related to each other by blood,

marriage, common-law, adoption or a foster relationship” (Statistics Canada, 2013, p. 175).
19This observation count is rounded to the nearest 5 to meet Statistics Canada vetting requirements.
20Specifically, I exclude households living in census subdivisions which are an Indian Reserve, households

living in subsidized housing or farm operator dwellings, and renters who report paying no rent. To calculate

endogenous neighbourhood characteristics and measure income segregation, I include households living in

subsidized housing and farm operator dwellings assuming these households have fixed locations.
21If two or more people are listed as household maintainers on the survey, the primary household maintainer

is the first person listed.
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Abbotsford-Mission census metropolitan areas (CMAs) and the Chilliwack census agglom-

eration (CA). After excluding specific census tracts as outlined in Appendix C.1, this region

contains 513 census tracts, which correspond to neighbourhoods in the model. Census tracts

are small geographic areas with relatively stable boundaries and usually have a population

of 2,500 to 8,000 persons (Statistics Canada, 2012). Geographic features and the United

States border provide natural boundaries for this region. Approximately 2 percent of indi-

viduals working in the region commute from outside the region, and less than 0.4 percent of

individuals living in the region commute to locations in other parts of British Columbia.22

Therefore, this region is relatively self-contained, which is important for the counterfactual

analysis because I assume each household chooses a residential location in the region.23

In the estimation sample, 10.97 percent of households are below Statistics Canada’s low-

income after-tax cut-offs, which depend on economic family size. After household income is

top-coded at three-hundred thousand dollars, the mean household income is 90,284 dollars.

The summary statistics of the estimation sample of households are shown in Table 1.

In the estimation sample, 73.71 percent of primary household maintainers who commute

to work do so by driving. Specifically, their primary mode of transportation is car, truck, or

van (as a passenger or driver); or motorcycle, scooter, or moped. Almost seventeen percent

commute via public transportation. Specifically, their primary mode is bus; subway or ele-

vated rail; light rail, streetcar, or commuter train; or passenger ferry. Finally, 7.10 percent

of primary maintainers who commute to work walk and 2.34 percent bicycle. To estimate

the model, I include these cyclists and pedestrians in the public transportation group. In-

dividuals report the commute mode they use most frequently. If individuals use multiple

modes of transportation between home and work, then commute mode is the mode they use

for the longest travel distance. Finally, 17.07 percent of primary household maintainers do

not commute to work because they either work from home, have no fixed work address, are

unemployed, or are not in the labour force; in this case, I set the household’s commute costs

22These figures include households commuting between the region of my analysis and the excluded census

tracts outlined in in Appendix C.1.
23In Berry et al.’s (2004b) model, consumers choose to purchase from a set of vehicles or to dedicate

all of their income to the outside good. In residential location applications (Bayer et al., 2004; Bayer and

McMillan, 2012), households must choose a residential location in the region, i.e. there is no outside good.
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Table 1: Household Characteristics

Estimation Sample

Standard

Mean Deviation

Low-Income 0.1097 0.3125

Household Income ($1,000s) 90.2835 65.1657

Child 0.2949 0.4875

Couple 0.6191 0.4560

Number of persons 2.6297 1.5036

Post Secondary Education 0.7309 0.4435

Age of Primary Maintainer (in decades) 4.1121 1.2502

Moved within Last Year 0.1524 0.3594

Moved within Last Five Years 0.4834 0.4997

No Commute 0.1707 0.3762

Drive 0.7371 0.4402

Public Transportation 0.1686 0.3744

Walk 0.0710 0.2568

Bicycle 0.0234 0.1510

Household Observations 118,150

Notes: Household income is top-coded at 300,000 dollars. With the

exception of household income, number of persons, and age of the pri-

mary maintainer, household characteristics are indicator variables. No

commute includes primary maintainers who work from home, have no

fixed work address, are unemployed, or are not in the labour force. Com-

mute mode (drive, public transportation, walk, and bicycle) for primary

maintainers who commute to work. Observation count rounded to the

nearest five to meet Statistics Canada’s vetting requirements.

from any census tract to zero.

For households who commute to work, the mean commute duration is 28 minutes. Sep-

arating these observations by commute mode, the mean duration for drivers is 26 minutes,

42 minutes for public transportation users, 15 minutes for pedestrians, and 24 minutes for
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cyclists. Pooling public transportation users, pedestrians, and cyclists, the mean commute

duration is 33 minutes. Table 2 presents summary statistics of reported commute times for

households in the estimation sample who commute to work.

Table 2: Reported Commute Times (in minutes)

All Drive Public Walk Bicycle Pooled

Transit

25th percentile 15 15 30 8 15 15

50th percentile 25 20 40 15 20 30

75th percentile 40 35 55 20 30 45

Mean 27.76 25.88 41.74 15.24 24.16 33.02

Std. Dev. 18.49 16.85 20.67 11.18 14.28 21.61

Notes: Reported commute durations for households in the estimation sample

who commute to work. Pooled includes public transportation, walking, and

cycling.

5.1 Commute times

Estimating the model requires commute times from each census tract to every other census

tract, which I refer to as bilateral commute times. The NHS includes reported commute

durations for commutes taken by survey respondents, but these observations do not span

the full set of bilateral drive times or public transportation times. Using these NHS drive

times and uncongested drive times, I predict the set of bilateral drive times. I calculate

uncongested drive times using geographic information system (GIS) data on the road network

from DMTI Spatial’s CanMap RouteLogistics (2011). The uncongested drive time from the

centroid of census tract h to the centroid of census tract g, denoted as cUCh,g , is the time of the

shortest route based on the speed limits and turning restrictions.24,25 For commutes within

a census metropolitan area (CMA) or within the Chilliwack census agglomeration (CA), I

regress reported drive times on uncongested drive times by the census subdivision (CSD) of

24These times include 0.4 minutes for left turns, 0.2 minutes for right turns, and 0.5 minutes for U-turns.
25ArcGIS uses Dijkstra’s algorithm to calculate the shortest travel time.
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origin and destination.26 Denoting an individual’s reported drive time from census tract h

to census tract g as ch,g,
27 this regression is

ch,g = φO,D1 + φO,DcUCh,g + e for h ∈ CSDO, g ∈ CSDD. (22)

Using the estimated coefficients from these regressions, I predict the bilateral drive times

between census tracts within the Vancouver CMA, within the Abbotsford-Mission CMA, and

within the Chilliwack CA. Similarly, to predict drive times between different CMA/CAs, I

regress reported drive times on the uncongested drive times by the CMA/CA of origin and

destination; the sample sizes of reported drive times between different CMA/CAs are not

sufficient to estimate these congested drive times by CSD of origin and destination.

Transportation authorities, including Vancouver’s TransLink and BC Transit, publish

their schedules in a standard format called General Transit Feed Specification (GTFS), which

Google Maps and other trip planning applications use as an input. Using archived GTFS data

from TransLink and BC Transit and the road network, I calculate the set of bilateral public

transportation times between census tract centroids.28 These public transportation times

include walking to the initial stop, walking between stops, and walking from the final stop to

the destination.29 Public transportation times depend on the time of day because of public

transportation schedules; I calculate all public transportation commutes as beginning at 8am

on Wednesday. If walking is faster than the fastest route that uses public transportation,

then the public transportation time is actually the walking time.

Depending on commute mode, the financial cost of commuting is either public trans-

portation fare or personal vehicle costs. Vancouver’s public transportation has a zone fare

26To predict the bilateral drive times, I combine the City of Vancouver and the University Endowment

Lands and combine the following CSDs: West Vancouver, the District of North Vancouver, and City of North

Vancouver (the North Shore); White Rock and Surrey; Port Moody and Port Coquitlam; Pitt Meadows and

Maple Ridge; and the District of Langley and the City of Langley.
27To predict the full set of bilateral drive times, I use all reported drive times in the NHS, not just

households’ primary maintainers’ drive times.
28The TransLink data is from the GTFS Data Exchange website and was archived on May 14, 2011. The

earliest GTFS data available for BCTransit’s Central Valley routes is 2015. I compare routes, start times,

and frequencies from BCTransit’s printed ‘Central Fraser Valley Transit: Rider’s Guide’ from July 2011 and

September 2015 to confirm the public transportation networks are essentially the same.
29I assume a walking speed of 84 metres per minute or 5.04 kilometres per hour.
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system and I assign the public transportation fare based on the zone of residence location

and the zone of work location.30 For commutes via private vehicle, I calculate the financial

cost from the driving distance of the fastest uncongested route and a cost per kilometre of

twenty-five cents.31,32 This financial cost implicitly assumes that households are not carpool-

ing to work because each household incurs the full financial cost of their commute via private

vehicle.

5.2 Neighbourhood characteristics

I calculate the mean monthly dwelling price for each census tract. The NHS includes self-

reported dwelling values, but owner-occupiers may report the purchase price of the dwelling

or an overly optimistic valuation instead of the market price.33 In the NHS, owner-occupiers

report either their aggregate monthly mortgage and property tax payment or their annual

property taxes; more than two-thirds of owner-occupiers report their annual property taxes.

I use these reported annual property taxes and the municipal tax rates to infer the British

Columbia Assessment Authority’s (BCAA) property assessment values.34 The estimation

sample includes both owner-occupiers and renters. To have comparable dwelling prices across

these two groups, I estimate the monthly price of housing for owner-occupiers from the BCAA

values. Following Bayer et al. (2004), I regress the natural log of dwelling price (monthly

rent or BCAA value), Π, on an owner-occupied indicator, oo, and controls, including the

number of rooms, number of bedrooms, period of construction, dwelling structure type, and

whether the dwelling needs major repairs:

ln(Πi) = ψ0 + ψ1oo
i + ψW i + ω. (23)

30Appendix C.2 includes a map of the fare zones and table of fares.
31This is approximately double the Canadian Automobile Association’s per kilometre variable cost estimate

of driving a standard four door sedan in 2010 (12.60 cents per kilometre).
32Parking fees are not included in the financial cost of commuting by private vehicle.
33Bayer, McMillan and Rueben (2004) find that many households in the San Francisco Bay Area report

the purchase price of their dwelling instead of the market value in the 1990 Census.
34Source: Local Government Tax Rates and Assessments from the Government of British Columbia -

Ministry of Community, Sport & Cultural Development
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With households in the estimation sample that report monthly rent or annual property

taxes, I estimate this regression for each CSD and use the results to convert BCAA values

to monthly dwelling prices.35 Dwelling values incorporate beliefs about future appreciation,

and there may be different expectations across the region. Estimating this regression for

each CSD allows expectations of appreciation to differ across CSDs, but not within CSDs.

The monthly price of rented dwellings is simply monthly rent. For each census tract, I use

the mean monthly dwelling price.

Table 3: Neighbourhood Characteristics

Standard

Mean Deviation

Monthly Dwelling Price ($) 1,579.8150 598.7475

Low-Income (pp) 0.1101 0.0569

Detached Dwellings (pp) 0.4156 0.2859

Distance to CBD (km) 25.2242 21.7962

Population Density (1,000 persons/sq. km) 4.1726 4.4204

Commercial (pp) 0.0096 0.0474

Government or Institutional (pp) 0.0304 0.0601

Open Space (pp) 0.1880 0.2565

Parks or Recreation (pp) 0.0677 0.1157

Industrial or Resource (pp) 0.0694 0.1273

Neighbourhoods (Census Tracts) 513

Notes: Residential land use is the omitted category.

I calculate endogenous neighbourhood characteristics from the full sample of households,

including households living in subsidized housing or farm operator dwellings. The mean

percentage of low-income households across neighbourhoods is 11.01. In counterfactual sim-

ulations, I assume households living in subsidized housing or farm operator dwellings have

fixed locations. Therefore, I calculate the endogenous neighbourhood characteristics from

35To convert the BCAA value to the monthly dwelling price, I divide the BCAA value by the natural

exponent of the estimated coefficient on the owner-occupied indicator.
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both these fixed location households and households in the estimation sample, which have

probabilistic locations.

Other neighbourhood characteristics include the percentage of detached dwellings, popu-

lation density, and distance to the central business district (CBD). I calculate the percentage

of detached dwelling in each census tract from the estimation sample. Population density

for each census tract is from publicly available data from Statistics Canada’s 2011 Census of

Population. Distance to the CBD is specifically the geodesic distance from a census tract’s

centroid to the centroid of census tract 9330066.00, which is one of the census tracts in

downtown Vancouver.36

With land use data from DMTI Spatial’s CanMap RouteLogistics (2011), I calculate the

percentage of land in each census tract that is commercial, government or institutional, open

area, parks or recreation, residential, and industrial or resource. These land use percent-

ages are included as neighbourhood characteristics with residential land use as the omitted

category. These data do not include land use outside of the Vancouver and Abbotsford-

Mission CMAs; for census tracts in the Chilliwack CA I set each land use measure to zero.

To calculate the model derived instruments, I allow the mean indirect utility of a census

tract to depend on land use within ten kilometres of the census tract’s boundary; I include

land use percentages in five concentric two kilometre wide buffers outside of the census tract

boundary.

6 Parameter Estimates

In the first step, I estimate the mean effect of each commute cost, the heterogeneous pref-

erence parameters, and the unobserved indirect utility of driving, which are presented in

36This census tract contains the Vancouver Convention Centre and regional headquarters of two major

banks (RBC and BMO). The adjacent census tract, 9330059.11, is another candidate to define the CBD. This

adjacent census tract contains the regional headquarters of the other major banks, the historic location of

the train station, and the Hudson Bay department store’s flagship location. In their UK study, Cuberes and

Roberts (2015) use the location of a city’s primary railway station and the main department store location

as alternative definitions of the CBD.
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Table 8 in Appendix D.37 The mean effect of commute time and financial commute cost

on indirect utility are both negative and statistically significant. The interaction of each

commute cost with household income is statistically significant and the expected sign. The

interaction of commute time and household income is negative, indicating higher income

increases the disutility of longer commute times. The interaction of financial commute cost

and household income is positive, indicating higher income attenuates the disutility of higher

financial commute costs.

The value of travel time is the opportunity cost of time spent commuting, or the willing-

ness to pay to reduce commute time. The effect of commute time on indirect utility in utils

per hour is given by

ˆ̄αtime + α̂otime × (inci − inc),

where inci is household i’s income and inc is mean household income. Similarly, the effect

of financial commute cost on indirect utility in utils per ten dollars is given by

ˆ̄αf.cost + α̂of.cost × (inci − inc).

The value of time (VOT) in dollars per hour is given by38

V OT (inci) =
α̂time + α̂otime × (inci − inc)
α̂f.cost + α̂of.cost × (inci − inc)

× 10.

Using the parameter estimates, the mean-income household’s value of time is 13.98 dollars

per hour. This value of time estimate is 57.27 percent of the average hourly wage rate and

60.08 percent of the median wage rate in British Columbia.39 For comparison, the rule of

thumb in cost-benefit analysis is to value travel time as 25 to 50 percent of the prevailing

37The gradient tolerance is 1e−3.
38The standard error is given by

s.e.(V OT ) = |V OT |

√√√√(s.e.( ˆ̄αtime) + s.e.(α̂o
time)

∣∣inci − inc∣∣
ˆ̄αtime + α̂o

time × (inci − inc)

)2

+

(
s.e.( ˆ̄αf.cost) + s.e.(α̂o

f.cost)
∣∣inci − inc∣∣

ˆ̄αf.cost + α̂o
f.cost × (inci − inc)

)2

39Calculated from the average hourly wage for ages 25-54 in December 2010 from Statistics Canada’s

Labour Force Survey (Table 14-10-0063-01).
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wage (Victoria Transport Policy Institute, 2017) and the U.S. Department of Transportation

recommends 50 percent of total hourly earnings (2011). The mean value of travel time from

North American studies is 68 percent (Zamparini and Reggiani, 2007). Based on commuters’

decisions between congested freeway lanes and tolled express lanes, Small et al. (2005) find

the median value of time is 93 percent of their sample’s mean wage rate.

I also estimate the heterogeneity in the value of travel time across household income.

For households with an income of three hundred thousand dollars, the value of travel time is

31.76 dollars per hour. The 25th income percentile household’s value of travel time is 12.13

dollars per hour, and the 75th income percentile household’s value of travel time is 15.38

dollars per hour. Figure 1 shows the heterogeneity in the value of travel time and the 95%

confidence interval.

In the second step, I estimate the effect of neighbourhood characteristics and monthly

dwelling price on the mean indirect utility of neighbourhoods. Equilibrium dwelling prices

are positively correlated with unobserved neighbourhood quality, so estimated by ordinary

least squares (OLS) the mean effect of monthly dwelling price is biased towards zero. Esti-

mating this model in two steps allows me to instrument for monthly dwelling prices and the

percentage of low-income households. Using the instruments described in Section 3.1, I esti-

mate Equation 14 by instrumental variables (IV) estimation. The AP first stage F-statistics

for monthly dwelling price and low-income households are 146.25 and 85.04 respectively.

Both the OLS and IV price coefficients are negative and statistically significant. However,

the magnitude of the IV estimate of the price coefficient is more than seven times the OLS es-

timate.40,41 The OLS estimate of the mean effect of the percentage of low-income households

is negative and statistically significant, but the IV estimate is positive and insignificant at the

10 percent level. These results suggest that low-income households are disproportionately

living in neighbourhoods with low unobserved quality. Moving from the OLS estimates to

the IV estimates, the mean effect of the percentage of detached dwellings becomes positive

40The difference in the coefficient estimates is statistically significant at the 99 percent level.
41Estimating their second step with OLS, Klaiber and Phaneuf (2010) find the price coefficient is positive

and significant at the 95% level; with IV estimation, their price coefficient switches to become negative and

significant at this level. Bayer et al. (2004), Bayer et al. (2007), and Bayer and McMillan (2012) instrument

for price using the model derived instrument, but do not report the OLS and IV estimates.
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Figure 1: Heterogeneity in the Value of Time
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Note: The value of travel time (VOT) is the marginal willingness to pay to reduce commute time. The

dotted lines show the 95% confidence interval. Calculated from parameter estimates in Table 8 in

Appendix D.

and statistically significant, and the mean effect of distance to the central business district

becomes negative and statistically significant. Table 9 in Appendix D reports both the OLS

and IV estimates of the mean effects of neighbourhood characteristics. I use the IV estimates

for the remainder of the paper.

The total effect of neighbourhood characteristics depend on the mean effect calculated
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by IV and the coefficient on the interaction of income and the neighbourhood characteristic.

The mean effect of monthly dwelling price is negative and this effect is attenuated by having

a higher household income. Distance to the central business district has a negative mean

effect and this effect is strengthened for higher income households. Parks or recreation land

use has a positive mean effect (relative to residential land use) and this effect is also larger

for higher income households. Table 8 in Appendix D reports the IV estimates of the mean

effects of neighbourhood characteristics and the MLE parameter estimates.
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Figure 2: Heterogeneity in Marginal Willingness to Pay

for Neighbourhood Characteristics
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Note: Heterogenous estimates of marginal willingness to pay for neighbourhood characteristics. Measures

for the specified land use rather than residential land use. The dotted lines show the 95% confidence

interval. Calculated from parameter estimates in Table 8 in Appendix D.



I calculate marginal willingness to pay estimates for neighbourhood characteristics using

the parameter estimates from Table 8 in Appendix D.42 The mean household’s marginal

willingness to pay for a one percentage point increase in detached dwellings is 14.32 dollars

per month; this value is increasing in household income. The mean household’s marginal

willingness to pay for a one percentage point increase in parks or recreational land use

(relative to residential land use) is 4.76 dollars per month; this value is also increasing in

household income. Households prefer residential land use to government or institutional land

use. The mean income household’s marginal willingness to pay for a one percentage point

decrease in government or institutional land use (relative to residential land use) is 11.89

dollars per month. All households prefer to live closer to the central business district (CBD).

The mean income household’s willingness to pay to live one kilometre closer to the central

business district is 7.95 dollars per month; this value is increasing in household income.

Table 10 in Appendix D reports these marginal willingness to pay estimates for different

households incomes and Figure 2 shows the heterogeneity in marginal willingness to pay for

these significant neighbourhood characteristics.

The marginal willingness to pay estimates for a number of neighbourhood characteristics

are insignificant. Most surprising, the marginal willingness to pay for the proportion of low-

income households in the neighbourhood is not significant. For the San Fransisco area, Bayer

et al. (2004) find a positive willingness to pay for higher mean neighbourhood income which

is increasing in household income. Bayer et al. (2004) also find the marginal willingness to

pay for population density is positive and increasing in household income, but I estimate the

marginal willingness to pay for population density is negative and statistically insignificant.

For land use, I also find willingness to pay for commercial, industrial or resource, and open

space is insignificant relative to residential land use. In contrast, Klaiber and Phaneuf (2010)

find the mean income household’s marginal willingness to pay for commercial or industrial

land use is negative and statistically significant. They also find the marginal willingness to

pay for agricultural preserves is positive and agricultural/undeveloped is negative. Both of

these land uses are categorized as open space in my data. I find the marginal willingness to

42The marginal willingness to pay and the standard errors follow the value of time calculation outlined

above.
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pay for open space is positive, but only significant for high income households.

7 Counterfactual Analysis

Using the estimated model, I compute an equilibrium under 2011 public transportation

times and an equilibrium under counterfactual times. The counterfactual analysis consists

of comparing outcomes of this counterfactual equilibrium to the baseline model equilibrium.

Households simultaneously choose their residential location and commute mode in both

equilibria, so I am simulating the long term impact of a public transportation improvement.

The simulation method and counterfactual analysis is similar to Bayer and McMillan (2012).

However, while they analyze the effects of an arbitrary change in preferences for commute

distance, I analyze the effects of a change in the public transportation times implied by

infrastructure changes.

The proposed Surrey-Newton-Guildford line would decrease public transportation times

within Surrey and reduce times between Surrey and other municipalities connected to the

rapid transportation network.43 To simulate this improvement in public transportation in-

frastructure, I reduce public transportation times within Surrey by fifty percent.44 For trips

between Surrey and the other connected municipalities, I reduce the time within Surrey by

fifty percent and leave the portion of the trip in other municipalities unchanged. Figure 4 in

Appendix E shows the CSD of Surrey outlined in red and the current rapid transportation

network (as of 2011).

Converting the mean household impacts of this public transportation improvement from

the counterfactual analysis to aggregate impacts requires two assumptions. First, I approx-

imate the total number of households in the region with the mean number of persons per

household in the estimation sample and the total number of persons in the region. Second, I

assume the mean benefits of the estimation sample are representative of the region. However,

households living in subsidized housing or farm operator dwellings are not included in the

43These other municipalities are Burnaby, New Westminster, Richmond, and the City of Vancouver.
44These reductions in public transportation times are arbitrary. I requested general transit feed specifi-

cation (GTFS) data from TransLink to recalculate public transportation times between each pair of census

tracts, but these digital schedule data did not exist for proposed rapid transportation lines.
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estimation sample and Appendix C.1 details the census tracts excluded from the estimation

sample.

7.1 Equilibrium Simulation

From the model, a sorting equilibrium is a vector of dwelling prices and a set of household

choice probabilities such that i) the expected demand for dwellings in each neighbourhood

equals the neighbourhood’s stock of dwellings (market-clearing) and ii) each household makes

their optimal neighbourhood-commute mode choice given the location decisions of other

households. To solve for an equilibrium, I iterate by finding a vector of market clearing

prices, given the endogenous neighbourhood characteristics, and updating the endogenous

neighbourhood characteristics given the locations of households. To calculate the endoge-

nous neighbourhood characteristics, I include households used to estimate the model with

their probabilistic locations and the households I assume to have fixed residential locations

because they live in subsidized housing or farm operator dwellings. Once the endogenous

neighbourhood characteristics converge,45 households’ choice probabilities are optimal given

the location decisions of other households.

To find a vector of market clearing prices, I iterate by i) calculating each household’s

choice probabilities with Equation 11 and the current price vector, pt, ii) aggregating these

choice probabilities to calculate expected demand for each neighbourhood and calculating p′

according to

p′h = pth + ln

(∑N
i=1

∑1
s=0 π

i
h,s(p

t)

Sh

)
, (24)

and iii) dampening the price adjustment, pt+1
h = 0.9×pth+0.1×p′h, until the price vector con-

verges.46 I use the observed monthly dwelling prices and observed endogenous neighbourhood

characteristics as initial values. To calculate each household’s choice probabilities, I use the

parameter estimates and the residuals from Equation 14 as the unobserved neighbourhood

quality.

45I define convergence as the sum of the differences in the percentage of low-income households being less

than 1e−6.
46I define convergence as the maximum difference in pth and p′h (in 1,000s of dollars) across census tracts

being less than 1e−9.
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I also simulate the short term impact of the public transportation improvement. In

this counterfactual analysis, households are restricted to their (probabilistic) locations from

the model equilibrium, and both endogenous neighbourhood characteristics and monthly

dwelling prices are fixed at their model equilibrium values. In this analysis, households’

only response to the public transportation improvement is to (probabilistically) change their

commute mode. This short term impact will be weakly positive for each household because

the only change is that the commute times via public transportation decrease for some

households.

7.2 Income Segregation

Studying how proposed public transportation infrastructure would affect income segregation

is important because recent evidence from the United States finds that income segregation

reduces intergenerational mobility (Chetty et al., 2014; Chetty and Hendren, 2015) and that

growing up in a low-poverty neighbourhood improves later-life outcomes such as college

attendance and adult earnings. In contrast, analyzing a natural experiment using Toronto’s

public housing waiting list, Oreopoulos (2003) finds no effect of neighbourhood quality on

future outcomes. These results could differ because of different public school funding in the

United States and Canada, or because Oreopoulos pools children and adolescent outcomes

in his analysis, while Chetty et al.’s (2016) findings are specific to children.

Public transportation infrastructure is a public policy which may affect income segre-

gation by making certain neighbourhoods more attractive to households in certain income

groups. Income segregation is the degree to which households in different income groups

live in different neighbourhoods as the outcome of utility maximizing choices. If a public

transportation infrastructure project makes certain neighbourhoods more attractive to low-

income households by reducing their public transportation commute time, then low-income

households will relocate to these neighbourhoods and income segregation will increase. Heil-

mann’s (2018) reduced form analysis of Dallas’s urban rail network and Ley and Lynch’s

(2012) descriptive analysis of Vancouver’s first rapid transportation line are consistent with

this mechanism. On the other hand, if public transportation provides a short commute

time from certain neighbourhoods to the work location of high-income households, then
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these households will bid up the equilibrium dwelling price in these neighbourhoods and

low-income households will relocate to other locations; this would also increase income seg-

regation.

Measuring income segregation quantifies the exposure of households to other households

with similar income levels and households with different income levels. Separating households

into income groups and defining

I(i ∈ Qr) =

{
1 if household i is in income group r

0 if household i is not in income group r,

I calculate each household’s expected exposure to households in each income group. House-

hold i’s expected exposure to (other) households in group r is

eir =
H∑
h=1

πih

(∑
j 6=i I(j ∈ Qr)π

j
h∑

j 6=i π
j
h

)
. (25)

Averaging the exposure of households with income in group q to households in group r,

Eq
r =

1∑N
i=1 I(i ∈ Qq)

N∑
i=1

I(i ∈ Qq)e
i
r, (26)

produces the exposure rate of income group q to income group r, which I use to measure

income segregation. To demonstrate this measure, consider the two extremes of income

segregation: complete mixing and complete segregation. If each household has an equal

probability of living in each neighbourhood, i.e. πih = 1
H
∀h, then the region would have

complete mixing (or no income segregation). In this case, the exposure rate of an income

group to each income group is equal. In the other extreme of complete segregation, where

households only live in neighbourhoods with households in the same income group, then the

exposure rate of households to their own income group would be 1, and the exposure rate of

households to other income groups would be zero.

To calculate the exposure rates, I include both the sample of 118,150 households used

to estimate the model and the households I assume to have fixed residential locations be-

cause they live in subsidized housing or farm operator dwellings.47 To calculate the sample

47To calculate the exposure rates, each income group has the exact same total (weighted) observation

count. This requires splitting household observations with household income equal to a cut-off value.
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exposure rates, I set πih = 1 for each household’s observed residential location. The sam-

ple exposure rates in Table 11 in Appendix D show some income segregation in the region.

First, households in the bottom four deciles of the income distribution are more likely to live

with households in the bottom half of the income distribution than with complete mixing.

Second, households in the top four deciles are more likely to live with households in the top

three deciles of the income distribution than with complete mixing. Finally, households in

the top income decile have an eighteen percent exposure rate to other households in the top

income decile.

The impact of the proposed suburban line on income segregation in the region is the

difference between the counterfactual equilibrium exposure rates and the model equilibrium

exposure rates. To calculate these exposure rates, I include households in the estimation

sample with probabilistic locations and the households I assume to have fixed locations at

their observed locations. Comparing the model equilibrium and counterfactual equilibrium

exposure rates from Table 12 and Table 13 in Appendix D shows no impact from the suburban

expansion on income segregation at the regional level. Ninety-eight percent of the exposure

rates are identical in the model equilibrium and the counterfactual equilibrium. For the two

exposure rates that change, these rates only change by 0.1%. Therefore, at the regional

level I do not find an impact of the suburban rapid transportation expansion on income

segregation.

7.3 Public Transportation Use

In the estimation sample, 26.3 percent of households who commute to work use public trans-

portation (including walking and cycling). Across income deciles, this value is monotonically

decreasing from 46.6 percent of households in the lowest income decile to 15.7 percent of

households in the highest income decile, consistent with public transportation being an

inferior good. Public transportation use in the model equilibrium is less than public trans-

portation use in the estimation sample for each income decile. In the model equilibrium,

18.1 percent of households use public transportation. Across income deciles, this value is

also monotonically decreasing from 21.1 percent of households in the lowest decile to 15.3

percent of households in the highest decile. These values are shown in Table 4.
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Simulating the public transportation improvement in the suburb of Surrey, the percent

of households using public transportation in the region increases to 19.5. This aggregates

to thirteen thousand households switching from private vehicle to public transportation.

Public transportation use increases for each income decile. The percentage of households

using public transportation is still monotonically decreasing across income deciles from 22.22

in the lowest decile to 16.80 percent in the highest decile. Restricting households to have

the same (probabilistic) locations as the model equilibrium and only allowing households

to respond to the public transportation improvement by changing their mode choice, public

transportation use increases from 18.1 percent in the model equilibrium to 19.4 percent in

the short term counterfactual. In the short term, public transportation use increases for

each income decile. These values are shown in Table 4.

7.4 Vehicle Kilometres Travelled

The decrease in vehicle kilometres travelled is a better measure of the environmental benefits

of this public transportation expansion than the increase in public transportation use. The

mean (private) vehicle kilometres travelled per commute direction is 11.987 in the estima-

tion sample and 12.927 in the model equilibrium. The mean vehicle kilometres travelled is

generally increasing across income deciles in the estimation sample and it is monotonically

increasing across income deciles in the model equilibrium. In the counterfactual equilibrium,

the mean vehicle kilometres travelled per commute direction is 12.681. In the short term

counterfactual, with restricted residential locations, the mean vehicle kilometres travelled

per commute direction is 12.704. In both the short term counterfactual and the counterfac-

tual equilibrium, the mean vehicle kilometres per commute monotonically increases across

income deciles. These values are shown in Table 4.

7.5 Benefit of Travel Time Savings

One component of expected consumer surplus is the benefit of expected travel time savings.

A household’s benefit of expected travel time savings is the difference between their expected

commute time in the model equilibrium and their expected commute time in the counterfac-
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tual equilibrium evaluated at the household’s value of travel time. The value of travel time

is increasing in household income; Figure 1 in Section 6 shows the estimated value of time as

a function of household income. The overall mean expected benefit of travel time savings is

2.2 cents per household per commute direction per workday. For the top income decile, this

value is 0.6 cents. This value ranges from 1.9 cents to 2.9 cents for the other income deciles.

Table 5 shows these results. The total expected benefit travel time savings is 10.775 million

dollars per year.48 The short term benefits of expected travel time savings are very similar

to these results. Table 5 shows these results.

7.6 Consumer Surplus

Households i’s expected change in consumer surplus is given by

∆E(CSi) =
1000

β̂p + α̂op(inc
i − inc)︸ ︷︷ ︸

A

[
ln

(
H∑
h=1

1∑
s=0

eV
i,CF
h,s

)
− ln

(
H∑
h=1

1∑
s=0

eV
i,M
h,s

)]
,

with superscript CF denoting the counterfactual equilibrium and superscript M denoting the

model equilibrium (Train, 2009). Term A converts the measure of consumer surplus from

utils per month to dollars per month. Equilibrium dwelling prices, among other factors,

affect the expected change in consumer surplus. However, an equilibrium’s market-clearing

price vector is only unique up to a scaleable constant. To make the model equilibrium

and counterfactual equilibrium comparable, I restrict the total expenditure on housing to

be equal, i.e.
∑H

h=1 phSh is equal in the sample, model equilibrium, and counterfactual

equilibrium.

The mean expected increase in consumer surplus is $4.64 per month per household in

the region. This value is positive for each income decile. The sixth decile has the largest

increase of $5.04 per month per household and the first decile has the smallest increase of

$4.01 dollars per month. Table 5 shows these results. The aggregate expected increase in

consumer surplus is 54.46 million dollars per year.

48Calculated from the assumptions described at the beginning of Section 7 and assuming 250 workdays

per year.
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Restricting households to have the same (probabilistic) locations as the model equi-

librium, holding monthly dwelling prices at their model equilibrium values, and allowing

households to respond to the public transportation improvement by changing their mode

choice, I analyze the short term impact on consumer surplus. In the short term no house-

hold’s consumer surplus can decrease because the only change is a decrease in the time

cost of commuting via public transportation. The mean expected short term increase in

consumer surplus is $4.73 per month per household in the region. Interestingly, the mean

expected short term increase in consumer surplus is larger than the mean expected increase

in consumer surplus with sorting. For the bottom three income deciles and the top income

decile, the mean expected increase in consumer surplus is larger in the sorting equilibrium

than with fixed locations. So this result is being driven by the middle income deciles. Ta-

ble 5 shows the average value for each income decile. Aggregating these benefits, the total

expected short term increase in consumer surplus is 55.47 million dollars per year.

Using the short term increase in consumer surplus and the increase in consumer surplus

with residential location and commute mode choice, I calculate the benefits from the rapid

transportation expansion in the Surrey CSD. For each aggregate annual increase in consumer

surplus, I calculate the present value of the annual benefits for twenty years discounted at

seven percent per year.49 With the assumption that residential locations are fixed, the

expansion generates 643.09 million dollars in benefits. With the assumption that households

relocate immediately in response to the expansion, the expansion generates 631.38 million

dollars in benefits. Using the mean capital cost per kilometre of rapid transit line from the

Canada Line of 102.56 million, a 10.5 kilometre rapid transit line would cost 1.08 billion

dollars. These benefits cover almost sixty percent of this capital cost.50

49This time horizon and discount rate are from the U.S. Department of Transportation’s guidelines for

cost-benefit analysis (2016, 2018).
50With a discount rate of seven percent per year and a time horizon of fifty years, the present value of the

benefits are 822.8 million dollars if residential locations are fixed and 806.01 million dollars with relocation.

These benefit cover approximately seventy-five percent of the capital cost.
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8 Conclusion

Rapid transportation lines and other public transportation infrastructure projects are signifi-

cant public investments that may affect not only commute mode choices, but also residential

locations. To evaluate the objectives of a project, such as increasing public transporta-

tion use or consumer surplus, and to consider potential unintended consequences, such as

increasing income segregation, I develop and estimate a model of residential location and

commute mode choices, and simulate an equilibrium with the counterfactual transportation

network. Comparing the outcomes of a rapid transportation expansion from a counterfac-

tual simulation with fixed residential locations to a counterfactual allowing households to

relocate throughout the region, I find the increases in both consumer surplus and public

transportation use are very similar. Therefore, an analysis that does not consider how pub-

lic transportation infrastructure affects residential location choice would provide reasonable

estimates of the benefits of the expansion simulated in this paper.

I estimate my model for the Vancouver region with Statistics Canada National Household

Survey data from 2011. The parameter estimates imply the value of travel time and will-

ingness to pay for neighbourhood characteristics. For the mean-income household, the value

of travel time is approximately $14 per hour. This estimate masks significant heterogeneity

across income levels - households at the top of the income distribution are willing to pay $32

dollars per hour to reduce commute time. As expected, I also find that willingness to pay

for neighbourhood amenities, such as parks and proximity to the central business district,

are increasing in household income.

Using the estimated model, I simulate an expansion of Vancouver’s rapid transportation

network further into the suburbs.51 In the counterfactual simulation, monthly dwelling prices

in each census tract adjust to equate (expected) demand to the stock of dwellings, and the

percentage of low-income households in each census tract adjust to reflect the (probabilistic)

locations of households. For each income decile, the mean expected increase in consumer

surplus is positive. Aggregating this value across households in the region, the expected

51Specifically, I proxy for a proposed light rail line in Surrey by reducing all public transportation times

within Surrey by 50%.
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benefit of this reduction in public transportation times is 54.46 million dollars per year, or

631.38 million dollars in total.52 I also find that the mean public transportation use increases

for each income decile and the mean vehicle kilometres travelled for commuting decreases

for each income decile. Finally, I do not find that this reduction in public transportation

times affects income segregation for the region.

I also simulate the short term impacts of this expansion by restricting households to have

the same (probabilistic) location and holding dwelling prices fixed. In this simulation con-

sumer surplus for each household is weakly increasing because the only change is a decrease

in public transportation times between certain locations. Aggregating the expected increase

in consumer surplus across households in the region, the expected benefit of this reduction

in public transportation is 55.47 million dollars per year, or 643.09 million dollars in to-

tal. The total benefits calculated from either the short term or long term equilibrium cover

approximately sixty percent of the capital cost of the 10.5 kilometre rapid transportation

line proposed to extend into the suburb of Surrey.53 These benefits incorporate the value

of commute time savings, but include neither the value of other travel time savings nor the

value of reduced greenhouse gas emissions.

In future work, this framework can be applied to estimate the benefits of large-scale

changes in public transportation infrastructure that may affect not only commute mode

choices, but also residential location choices. It can also be applied to simulate the distribu-

tion of benefits and detect potential unintended consequences, such as an increase in income

segregation. Since monthly dwelling prices adjust in the counterfactual equilibrium, this

model could also be used to estimate the appreciation to dwelling owners that occur from

improvements in the public transportation network and design an ex ante land value capture

tax to finance the a portion of the project’s capital cost.

52Evaluated over twenty years with a discount rate of seven percent per year as recommended by the U.S.

Department of Transportation’s guidelines for cost-benefit analysis (2016, 2018).
53Based on a 1.08 billion dollar capital cost calculated from the mean capital cost per kilometre of 102.56

million dollars from the Canada Line.
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Appendix A Descriptive Analysis
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Appendix B Estimation Details

B.1 Gradient of Log-Likelihood

Following Rothenberg (2012), I account for δ depending on θ1 in the gradient of the log-

likelihood function. From Equation 12, the log-likelihood function is

``(θ1, δ(θ1)) =
N∑
i=1

lnπih∗,s∗(θ1, δ(θ1))

The maximum likelihood estimate of θ1 is conditional on δ, but δ is conditional on θ1.

Accounting for this dependency, the gradient of the log-likelihood function is

d``(θ1, δ(θ1))

dθ1
=
∂``

∂θ1
+
∂``

∂δ

∂δ

δθ1
.

The first term of the gradient is

∂``

∂θ1
=

N∑
i=1

∂ ln πih∗,s∗

∂θ1
,

where

ln πih∗,s∗ = δh∗ + (1− s∗)γ + λih∗,s∗(θ1)− ln

( H∑
h=1

1∑
s=0

eδh+(1−s)γ+λih,s(θ1)
)
.

Remember, α0
X is a kX ×D matrix of preference parameters and α0

X [zi]ᵀ is a kX × 1 vector

of heterogeneous preferences for neighbourhood characteristics. The partial derivative of

lnπih∗,s∗ with respect to the k, d element of α0
X is

∂ lnπih∗,s∗

∂α0
X(k, d)

= zidXh∗,k −
∑H

h=1

∑1
s=0 e

δh+(1−s)γ+λih,szidXh,k∑H
h=1

∑1
s=0 e

δh+(1−s)γ+λih,s

Similarly,

∂ lnπih∗,s∗

∂α0
Z(k, d)

= zidZh∗,k −
∑H

h=1

∑1
s=0 e

δh+(1−s)γ+λih,szidZh,k∑H
h=1

∑1
s=0 e

δh+(1−s)γ+λih,s

∂ lnπih∗,s∗

∂α0
p(d)

= zidph∗ −
∑H

h=1

∑1
s=0 e

δh+(1−s)γ+λih,szidph∑H
h=1

∑1
s=0 e

δh+(1−s)γ+λih,s
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∂ lnπih∗,s∗

∂α0
C(k, d)

= zidCh∗,s∗(k)−
∑H

h=1

∑1
s=0 e

δh+(1−s)γ+λih,szidC
i
h,s(k)∑H

h=1

∑1
s=0 e

δh+(1−s)γ+λih,s

∂ ln πih∗,s∗

∂ᾱC
= Ch∗,s∗(k)−

∑H
h=1

∑1
s=0 e

δh+(1−s)γ+λih,sCi
h,s(k)∑H

h=1

∑1
s=0 e

δh+(1−s)γ+λih,s

∂ lnπih∗,s∗

∂γ
= (1− s∗)−

∑H
h=1 e

δh+γ+λ
i
h,s=0∑H

h=1

∑1
s=0 e

δh+(1−s)γ+λih,s

The second term of gradient is

∂``

∂δj
=

N∑
i=1

∂ ln πih∗,s∗

δj

∂ lnπih∗,s∗

∂δh∗
= 1− πih∗

∂ ln πih∗,s∗

∂δq
= −πiq∗ ∀q 6= h∗

From Equation 13,

Sh −
N∑
i=1

1∑
s=0

πih,s(θ1, δ(θ1)) = 0 ∀h.

The stock of housing in each neighbourhood is fixed, so

d
∑N

i=1

∑1
s=0 π

i
h,s(θ1, δ(θ1))

dθ1
= 0

∂
∑N

i=1

∑1
s=0 π

i
h,s(θ1, δ)

∂θ1
+
∂
∑N

i=1

∑1
s=0 π

i
h,s(θ1, δ)

∂δ

∂δ

∂θ1
= 0

Rearranging this equation gives the third term of the gradient:

∂δ

∂θ1
= −

(
∂
∑N

i=1

∑1
s=0 π

i
h,s(θ1, δ)

∂δ︸ ︷︷ ︸
A

)−1(∑N
i=1

∑1
s=0 π

i
h,s(θ1, δ)

∂θ1︸ ︷︷ ︸
B

)
.
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Part A is given by

∂
∑N

i=1

∑1
s=0 π

i
h,s(θ1, δ)

∂δh
=

N∑
i=1

1∑
s=0

πih,s[1− πih,s]

∂
∑N

i=1

∑1
s=0 π

i
h,s(θ1, δ)

∂δq
= −

N∑
i=1

πihπ
i
q ∀q 6= h

and part B is given by

∂
∑N

i=1

∑1
s=0 π

i
h,s(θ1, δ)

∂θ1
=

N∑
i=1

1∑
s=0

πih,s(θ1, δ)
∂ lnπih,s(θ1, δ)

∂θ1
.
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Appendix C Data

Figure 3: Work Locations by Census Tract

Note: The proportion of employment in each census tract is represented by the size of the circles at the

centroid of each census tract.

C.1 Sample

I exclude specific census tracts from the sample. First, I exclude census tracts with a pop-

ulation of less than 700 persons. Second, I exclude households living or working on Bowen

Island or Barnston Island because these islands are not accessible without ferry service.

Third, I exclude households living or working in census tract 9330250.02, which include An-

more, Belcarra, and Lions Bay, because Lions Bay is not adjacent to Anmore or Belcarra.

Finally, I use municipal property tax rates to infer the assessed dwelling value for households

50



who report their annual property taxes. Therefore, I exclude census tracts which are not

in municipalities, with the exception of census tracts in the University Endowment Lands,

which have the same property tax rates as the City of Vancouver.

C.2 Public Transportation Fare

TransLink is Metro Vancouver’s regional transportation authority; its public transportation

fare is based on zones. Table 7 shows the single fares in 2011. Annacis Island is in two fare

zones and travel from either zone costs the fare for one zone. However, Annacis Island is

part of a census tract that includes other parts of Delta, so I cannot differentiate between

work locations on Annacis Island and the rest of its census tract. Therefore, I include work

locations on Annacis Island in the same fare zone as Delta.

The West Coast Express is a commuter rail service from Mission to Vancouver. It has

higher fares than other TransLink routes, but these fares include transfers to the rest of the

TransLink system. ArcGIS outputs the time of the fastest public transportation route, but

does not output the public transportation lines used or any information about the route.

Therefore, I assume commutes originating in Mission are via the West Coast Express if the

destination is North of the Fraser River or in Richmond. Table 7 lists these fares.

BC Transit provides bus service in Abbotsford-Mission and Chilliwack. The bus route

connecting Abbotsford-Mission and Aldergrove, a census subdivision in Vancouver, has a

higher fare than trips within Abbotsford-Mission and Chilliwack. This BC Transit fare does

not include transfers to TransLink routes, so I assume trips between Abbotsford-Mission or

Chilliwack and Vancouver incur the higher BC Transit fare and at least a one zone TransLink

fare.
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Table 7: 2011 Single Fares

TransLink

1 zone $2.50

2 zones $3.75

3 zones $5.00

West Coast Express

Mission to

Vancouver, Richmond, or North Shore $11.25

Burnaby $8.25

Port Moody, Port Coquitlam, or Coquitlam $6.25

Maple Ridge or Pitt Meadows $5.00

BC Transit

Within Abbotsford-Mission and Chilliwack $1.75

Between Abbotsford-Mission/Chilliwack and Aldergrove $2.50

Sources: BCTransit’s (2011) Central Fraser Valle Transit: Rider’s Guide,

and TransLink’s (2011) 2012 Base Plan and Outlook: Transportation and

Financial Base Plan for 2012 to 2014 and Outlook for 2015 to 2021
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Appendix D Estimation Results

Table 8: Parameter Estimates

Monthly Dwelling Price -1.8206*** Monthly Dwelling Price x inc 0.3712***

($1,000s) (0.2909) ($1,000s x $100,000s) (0.0100)

Detached Dwellings 2.6072*** Detached x inc 0.6019***

(%) (0.7316) (% x $100,000s) (0.0323)

Distance to CBD -0.1447*** Distance to CBD x inc -0.0509***

(10s km) (0.0380) (10s km x $100,000s) (0.0045)

Population Density -8.0839 Population Density x inc -12.4983***

(1× 106 persons/sq. km) (13.7229) (1× 106 persons/sq. km x $100,000s) (1.4919)

Commercial -1.0533 Commercial x inc -0.4438***

(%) (0.7602) (% x $100,000s) (0.1405)

Government or Institutional -2.1646** Government or Institutional x inc 0.0437

(%) (0.9357) (% x $100,000s) (0.0992)

Open Space 0.3275 Open Space x inc 0.2071***

(%) (0.2340) (% x $100,000s) (0.0231)

Parks or Recreation 0.8658** Parks or Recreation x inc 0.1962***

(%) (0.4095) (% x $100,000s) (0.0412)

Industrial or Resource -0.4841 Industrial or Resource x inc -0.2424***

(%) (0.4168) (% x $100,000s) (0.0444)

Low-Income Households 4.7638 Low-Income Households x inc -5.8078***

(%) (6.6189) (% x $100,000s) (0.1287)

Commute Time -2.5004*** Commute Time x inc -0.1971***

(hours) (0.0168) (hours x $100,000s) (0.0236)

Commute Cost -1.7888*** Commute Cost x inc 0.4163***

($10s) (0.0152) ($10s x $100,000s) (0.0213)

Unobserved indirect 0.3887***

utility of driving (0.0085)

Neighbourhoods 513 Household Observations 118,150

Notes: Standard errors in parentheses. *** p < 0.01, ** p < 0.05, * p < 0.1
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Table 9: Second Step Estimates

OLS IV

Monthly Dwelling Price -0.2352*** -1.8206***

($1,000s) (0.0602) (0.2909)

Detached -0.2027 2.6072***

(pp) (0.1591) (0.7316)

Distance to CBD 0.0683*** -0.1447***

(10s km) (0.0188) (0.0380)

Population Density 5.6048 -8.0839

(1× 106 persons/sq. km) (6.0541) (13.7229)

Commercial 0.3348 -1.0533

(pp) (0.2878) (0.7602)

Government or Institutional -0.7069 -2.1646**

(pp) (0.6202) (0.9357)

Open Space 0.3515*** 0.3275

(pp) (0.1278) (0.2340)

Parks or Recreation 0.4701** 0.8658**

(pp) (0.2250) (0.4095)

Industrial or Resource -0.0869 -0.4841

(pp) (0.2144) (0.4168)

Low-Income Households -3.3243*** 4.7638

(pp) (0.7614) (6.6189)

Neighbourhoods 513 513

Notes: The independent variable is neighbourhood mean indi-

rect utility estimated in the first step, δ̂h. Robust standard errors

in parentheses. OLS and IV regressions include a constant. The

AP first stage F-statistics for monthly dwelling price and low-

income households are 146.25 and 85.04 respectively.

** p < 0.01, ** p < 0.05, * p < 0.1
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Table 10: Marginal Willingness to Pay for Neighbourhood Characteristics

Income Percentile 25th 50th Mean 75th 100th

Household Income 43,555 76,314 90,697.87 120,649 300,000

Detached 11.6429*** 13.4505*** 14.3206*** 16.3066*** 37.0537***

(pp) (3.9590) (4.4005) (4.6243) (5.1638) (13.4623)

Distance to CBD -6.0487*** -7.3308*** -7.9479*** -9.3566*** -24.0725***

(km) (1.9962) (2.2924) (2.4432) (2.8082) (8.5079)

Population Density -0.0011 -0.0034 -0.0044 -0.0069 -0.0328*

(person/sq. km) (0.0065) (0.0072) (0.0076) (0.0084) (0.0189)

Commercial -4.2297 -5.2800 -5.7855 -6.9393 -18.9935

(pp) (3.5300) (4.0321) (4.2766) (4.8426) (11.5873)

Government or Institutional -10.9500** -11.5842** -11.8895** -12.5863** -19.8656

(pp) (4.7231) (5.2324) (5.4794) (6.0480) (12.4604)

Open Space 1.1518 1.5886 1.7989 2.2788 7.2927**

(pp) (1.1301) (1.2552) (1.3170) (1.4628) (3.4740)

Parks or Recreation 3.8750* 4.4695** 4.7556** 5.4087** 12.2313**

(pp) (2.0321) (2.2615) (2.3741) (2.6371) (5.9935)

Industrial or Resource -1.8532 -2.3972 -2.6590 -3.2567 -9.5002*

(pp) (2.0014) (2.2211) (2.3285) (2.5776) (5.6494)

Low-Income Households 37.5914 29.8783 26.1661 17.6920 -70.8335

(pp) (33.3025) (35.52196) (36.5952) (39.06447) (69.3157)

Notes: Standard errors in parentheses. Values are in dollars per month. Marginal willingness to pay for categories

of land use are relative to residential land use. Calculated from parameter estimates in Table 8. *** p < 0.01, **

p < 0.05, * p < 0.1
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Appendix E Equilibrium Simulation

Figure 4: Counterfactual Reduction in Public Transportation Times

Note: The existing rapid transportation network (as of 2011) is shown in green with the white dots

showing station locations. Census tracts are outlined in grey. The Surrey CSD is outlined in red. For the

counterfactual simulation, I reduce public transportation times within Surrey by fifty percent. For CSDs

connected to Surrey with the existing rapid transportation lines, I reduce the time within Surrey by fifty

percent and leave the other part of the trip time unchanged.
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