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Motivation

• The crucial role of transportation in shaping the urban spatial
structure and the organization of economic activity.

• Traffic congestion with severe economic consequences.
• Local governments have implemented a variety of policies to

address urban traffic congestion.
• Broader impacts on the urban spatial structure through household

relocation in the medium to long run.

This paper: to understand the efficiency and equity impacts of urban
transportation policies while accounting for sorting responses and
endogenous congestion.
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Policy Background

Context: Beijing, which has a population of 21.5 million and has
routinely ranked as one of the most congested and polluted cities in the
world.

Policies to address growing urban traffic congestion in Beijing:
• Driving restrictions [command and control demamd side policy]
• Congestion price [market-based demand side policy]
• Investment in subway and rail transportation infrasctructure

[supply side policy]
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Key Findings

1. While all three policies are designed to reduce congestion, they
exhibit different and sometimes opposite impacts on the spatial
patterns of residential locations and equilibrium housing prices.

2. Residential sorting can either strengthen or undermine the
congestion-reduction potential of transportation policies.

3. Transportation policies generate different welfare implications in
the aggregate and across income groups.
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Contributions

• The first study in the empirical sorting literature to jointly model
residential locations and travel mode choices and evaluate how
these choices simultaneously determine both congestion and
distance to work in equilibrium.

• Relates to the recent advances using quantitative spatial
equilibrium (QSE) models to explore the role of transportation in
urban systems.

• Provides a micro-foundation that bridges the short-run and
long-run policy impacts in transportation studies.
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Commuter-level Data

The Beijing Household Travel Surveys (BHTS), 2010 and 2014.
• Data on individual and household demographics and a travel diary

on all trips taken during the preceding 24 hours.
• Detailed information for each trip by each commuting member of

a household, including the origin and destination, departure and
arrival time, trip purpose, and travel mode used.

• Processing
• Six travel modes: walk, bike, bus, subway, car, and taxi
• Attributes including the travel time, travel distance, and monetary

cost for all travel modes in commuters’ choice set.
Summary Statistics
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Travel Patterns for Commuting Trips by Income Group

Travel Patterns for Commuting Trips, Year 2010 versus Year 2014
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Household-level Data

Housing mortgage data from 2006-2014:
• Detailed information on housing attributes such as the property

size, age, street address, transaction price, and date when the
mortgage was signed.

• Construct measures of proximate amenities (e.g., schools and parks)

• Household demographics including income, age, gender, marital
status, residency status (hukou), and work addresses of primary
borrower and co-borrower if one is present.

• Selection issues from subsample of mortgage dataset→ use
weighted sample

Summary Statistics
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Spatial Pattern of Housing and Household Attributes

Distance to work, monthly household income
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Household’s Choice Set

• As home buyers: the inrealistic choice set is all properties listed on
the market

• Adjustment: to include the purchased home and a 1 percent sample
of houses randomly chosen from those sold during a two-month
window around the purchase date→ over 13 million route-mode
combinations
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Commuting Route, Speed, and Congestion

• Commuting routes: assume households follow the routes
recommended by the Baidu (2019) and Gaode (2019) APIs.

• Driving speed: constructed using Baidu APIs vary by commuting
routes.

• Congestion: measured by traffic density, constructed as the
mileage-weighted number of vehicles on the road.

• The effect of congestion on speed: governed by the speed-density
elaticity→ limited heterogeneity in speed-density elasticity across
regions during rush hour.
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Empirical Equilibrium Sorting Model

How household members choose commuting modes and residential
locations.

• Residential locations determine households’ commute distances,
which affect driving demand and contribute to traffic congestion.

• Traffic congestion impacts the desirability of different residential
locations and directly influences housing demand.

Assumption: work locations are fixed ex ante and do not change.
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Housing Demand
A characteristic-based housing demand model.

Utility function for household i choosing housing unit j, conditioning
on work locations:

max
{j∈Ji}

Uij = αipj + x′jβi +
∑
k

ϕikEVijk(vijk) + ξj + εi (1)

• Ji: the choice set of housing units available to household i
• pj: price of housing unit j
• xj: vector of observed housing attributes
• Commuting members within household, k ∈ {male borrower,

female borrower}
• EVijk(vijk): the expected commuting utility, depends on the driving

speed vijk
• ξj: unobserved housing attributes
• εi: i.i.d. error term with a type I extreme value distribution
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Housing Demand: Random Coefficients

• αi: the household-specific price coefficient

αi = α1 + α2 × ln(yi)

• βi: household preferences over housing attributes

βil = β̄l + z′iβl

• zi: vector of household demographics
• ϕik: the ease-of-commute preference

ϕik = ϕ̄k + ϕkζik

• ζik: i.i.d. normal

The probability that household i chooses home j:

Pij(p, v) = h(EV(v), p, x, ξ, zi) (2)
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Choice of Travel Mode
Utility-maximizing individuals in a household choose from six
commuting modes (walk, bike, bus, subway, car, and taxi) based on the
trip time and financial costs.

Individual i’s utility of commuting from home j to work using mode
choice m:

max
m∈Mij

uijm = θim + γ1i · timeijm(vij) + γ2 · costijm/yi + w′
ijmη + εijm (3)

• Mij: the choice set of transportation modes available to individual
i’s work commute

• θim: the mode-specific random coefficients, have a normal
distribution with mean µm and variance σ2

m, captures unobserved
preferences

• wijm: a rich set of interactions between mode dummies and
year-fixed effects, trip attributes, and commuter demographics

• εi: i.i.d. error term with a type I extreme value distribution
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Choice of Travel Mode

• γ1i: time preferece, follows a chi-sqaured distribution with mean
µγ

• γ2/yi: individual’s sensitivity to the monetary costs of commuting
• VOT: the value of time, γ1iγ2

· yi

The probability that individual i chooses mode m for the commute to
work, conditional on home location j:

Rijm(vijm) = r(time(v), cost/yi,wijm) (4)

The ex ante expected commuting utility:

EVijk(vijk) = Eεijm [ max
m∈Mij

uijm(vij)] (5)

= log(
∑

m∈Mij

exp θim + γ1i · timeijm(vij) + γ2 · costijm/yi + w′
ijmη)
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Market-Clearing Conditions and the Sorting Equilibrium

Interactions between housing market and transportation sector:
• The spatial locations of households affect the distance of work

commutes and the choice of travel mode and hence congestion and
driving speeds in the transportation sector.

• The level of traffic congestion that is determined in the
transportation sector affects the attractiveness of residential
locations through the commuting utility as discussed above, which,
in turn, determines households’ sorting decisions and shapes their
spatial distribution.
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Housing Market

Aggregate housing demand:

Dj(p, v) =
∑
i

Pij(p, v), ∀j

Housing supply (two scenarios):

1. The housing supply is fixed: Sj(p) = 1

2. Housing supply has a constant elasticity and adjusts at the
neighborhood level in response to the average price within the
neighborhood
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Transportation Sector

Traffic density (congestion): the aggregation over all households’ driving
demand:

DT,r(p, v) ≡
∑
i

∑
j
1 {{i → j} ∩ r} · Pij(p, v) · ([Rij,car(v) · distijr,car]

+[Rij,taxi(v) · distijr,taxi])
(6)

• r: spatial granularity of the traffic density measure
1. Citywide congestion
2. Congestion at the ring-road-band level
3. Congestion at the ring-road-quadrant level

The supply side: ST,r is the number of vehicles on the road in region r
• The travel speed v can be sustained given Beijng’s transportation

technology and road capacity
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Sorting Equilibrium

A vector of housing prices, p∗, and a vector of driving speeds, v∗, such
that:

1. The housing market clears for all properties:

Dj =
∑
i

Pij(p∗, v∗) = Sj(p∗), ∀j (7)

When housing supply adjusts at the neighborhood level:

Dn =
∑
j∈n

Pj(p∗, v∗) = Sn(p∗), ∀n

2. The transportation sector clears for every region r:

DT,r(p∗, v∗) = ST,r(v∗), ∀r (8)

The existence of a sorting equilibrium follows Brouwer’s fixed point
theorem.
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Commuting Mode Choice

• Key parameters of interest: time and monetary cost preferences
• Method: Simulated maximum likelihood estimation

• Assume: the error term εijmin equation (3) is uncorrelated with
commuting trips’ monetary costs and travel time
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Estimation Results for Travel Mode Choices
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Housing Location Choice

Estimate housing demand use mortgage data

Uij = µij + δj + εij (9)

µij = α2 ln(yi)pj +
∑
l

xjl · z′iβl +
∑
k

ϕikEVijk(vijk) (10)

δj = α1pj + x′jβ1 + ξj (11)

• µij: household-specific utility
• δj: the population-average utility

1. Uses simulated MLE with a nested contraction mapping to
estimate the household-specific parameters.

2. Uses linear IV for coefficients in the mean utility (linear
parameters).
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Housing Demand-Nonlinear Parameters
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Housing Demand-Linear Parameters

IVs for housing prices:

1. The number of properties that are located in a different complex
and within 3 km of unit j and sold within a two-month window
around property j’s sale; [donut instruments]

2. The average attributes of these properties; [donut instruments; BLP
instrument]

3. The interaction between the average attributes and the odds of
winning the license plate lottery.
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Housing Demand-Linear Parameters
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Speed-Density Elasticity

Assuming constant speed-density elasticity and estimate using hourly
data from remote traffic microwave sensors.

ln(vst) = eT,r × ln(Traffic Densityst) + x′stβT + εst (12)

• Notation:
• vst: road segment s’s speed in km/h by hour t
• Traffic Densityst: the number of vehicles per lane-km
• x′st: weather-related variables and time and spatial fixed effects

• IV: a dummy for days when vehicles with a license number ending
in 4 or 9 are restricted from driving.

• Finding: heterogeneity in speed-density elasticity across regions is
limited
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Welfare Decomposition

Households’ ex ante welfare:

Wi = Eϵij [max
j∈Ji

Uij(p, v, costi)] (13)

Transportation policies directly affect commuting costs. The total
derivative of household welfare w.r.t. commuting costs:

Environmental considerations, fisical balance
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Policy Scenarios

1. Driving restrictions: demand-side command-and-control policy

2. Congestion pricing: demand-side market-based policy

3. Subway expansion: supply-side policy

4. Subway expansion + driving restrictions: combined policy

5. Subway expansion + congestion pricing: combined policy
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Simulation Results with Household Sorting
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Changes in Commuting Distance from Sorting

Housing Prices
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Welfare Analysis
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Importance of Sorting, Endogenous Congestion, and Extensions
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Optimal Congestion Pricing under the 2014 Subway Network
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Takeaways

1. Including the utility from the ease-of-commuting in housing
demand dramatically improves the model fit.
Flexible preference heterogeneity, incorporating sorting responses, and modeling
the joint equilibrium of the transportation sector and housing market.

2. Findings
2.1 Compared to driving restrictions, congestion pricing better

incentivizes residents to live closer to their work locations.
2.2 Subway expansion does the opposite by increasing the separation

between residences and workplaces.

3. Different policies generate drastically different efficiency and
equity impacts. The combination of congestion pricing and subway
expansion stands out as the best policy.

Limitations: potential implications for the labor market and firm
locations.
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Environmental Considerations, Fisical Balance

• Environmental considerations

Bi =
∑
j
Pr(Household i buys property j)× Bij (14)

Bij =
K∑

k=1

VKTij × EFijk × MDk (15)

• Bij: pollution damage if household i resides in property j
• VKTij: commuting distance
• EFijk: emissions factor of pollutant k
• MDk: marginal damage

• Fiscal balance: account for capital and operating costs for subway
construction and congestion pricing
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