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Mo�va�on
Some Facts about Public Transit in the US

The current state of public transit:

− Customers only pay about 24% of the trip cost directly through fares.
Source: newgeography.com

− The average bus u�liza�on rate is very low.
Source: DOT

− Only 5% of commu�ng trips use public transit.
Source: Census.gov

− A private car emits about twice the amount of CO2 per passenger mile as public transit.
Source: DOT

→ Is current urban transit running efficiently?
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Challenges in urban transporta�on policy
For a city government that operates and regulates urban transporta�on

People travel using different transporta�on modes

− Heterogeneous: car, bus, subway, taxi, ride-hailing
Challenges:

− Externali�es: conges�on, environmental, network
− Limited budget→market power distor�on
− Distribu�ve role of transporta�on Trip �me / inconvenience
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Urban Transporta�on
City planner’s problem:

− Maximize: Consumer Surplus − Costs − Externali�es
− Se�ng prices and capaci�es (frequencies) across modes

− Results in a decentralized equilibrium
− Subject to budget constraint: Revenue − Costs ≤ City Budget
− Condi�onal on current infrastructure (short-run!)

Accoun�ng for:

− Heterogeneity across consumers and loca�ons
− Response of private providers: taxi/ride-hailing drivers, (not today) ride-hailing pla�orms
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This Project
Research Ques�ons:

1. What are the op�mal prices and capaci�es/frequencies of an urban transit system?
2. What are the welfare gains and distribu�onal effects rela�ve to the current state?

Strategy:

− Model of a city planner
− Discrete choice mode demand (McFadden 1974, Berry et al. 1995)
− Transporta�on technology: cost, trip �mes, and conges�on/network externali�es

− Es�ma�on: construct novel dataset for all relevant modes for Chicago
− Counterfactuals to determine op�mal policy and measure welfare effects
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Counterfactual Results
Budget Constrained City Planner (Ramsey)

Preliminary!

Public transit shares increase by 8.4%:

− Bus market share: 20%→ 27%.
− On-demand transit: 1.9%→ 3.3%
− Car market share: 70%→ 65%.
− Taxi + ride hail: 7.7%→ 4.1%.
− The cost of externali�es is reduced by 1/3 or $2M (CO2, conges�on) per day.
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Literature Review
1. Transporta�on: McFadden (1974), Small (1982), Small (2005), Parry and Small (2009)
2. Spa�al Equilibrium Models:

− Theory: Arno� (1996), Lagos (2003)
− Empirics: Frechè�e et al. (2019), Buchholz (2021), Brancaccio et al. (2020), Arora et al. (2020),Cas�llo (2020), Buchholz et al. (2020), Cairncross et al. (2021), Rosaia (2021), Leccese (2021),Brancaccio el at. (2021), Kreindler (2022), Durrmeyer and Martı́nez (2022)

3. Transporta�on in the long run: Tsivanidis (2018), Allen and Arkolakis (2020), Barwick et al. (2021)
4. Geo-loca�on Data and Mobility: Miyahuchi et al. (2020), Glaeser et al. (2020), Couture et al. (2021)

Ô⇒ A budget constrained city with heterogeneous agents se�ng op�mal prices and
capaci�es
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Roadmap

1. Data
2. Model and Es�ma�on2.1 City Planer2.2 Demand2.3 Transporta�on Technology
3. Counterfactuals
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Data Sources
Chicago, June 2019-February 2020.

Raw data sets:

1. Individual cell phone loca�on records: 40% of all devices.
2. Universe of public transit trips through MIT-CTA partnership.
3. Universe of taxi and ride hailing (pooled + single rides) trips from the city of Chicago.
4. Block level census data.
5. 2019 Chicago transit survey for valida�on and calibra�on.
− Car trips are iden�fied as:

Car Trips = Cell Phone Trips − Public Transit Trips − Ride-hailing Trips − Taxi Trips

Goal: Hourly flows, prices, and travel �mes by mode across community areas + micro moments.
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Cell Phone Data
Representa�veness Across Income Groups

1. Assign home census tract to cellphone id
2. Construct popula�on coverage rela�ve tocensus tract popula�on in census
3. Order tracts by income percen�les
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Combined vs. Survey Data: Flows Across Community Areas

0 10 100 1,000 10,000 100,000 1,000,000
# Trips

Heatmap, combined data

0 10 100 1,000 10,000 100,000 1,000,000
# Trips

Heatmap, survey data
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Mode Market Shares by Income
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Heterogeneity across loca�ons
Mode choice by income
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Heterogeneity across loca�ons
Mode choice correlates with accessibility
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Heterogeneity across loca�ons
Mode choice correlates with loca�on’s characteris�cs across space
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Summary Sta�s�cs
U�liza�on of Buses during Weekdays

The city runs 129 bus routes with 1,864 buses.

U�liza�on (across buses):

mean p10 p25 p50 p75 p90

7am to 9am 22% 8% 14% 22% 28% 36%9am to 7am 14% 2% 6% 13% 20% 27%
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Roadmap

1. Data
2. Model and Es�ma�on2.1 City Planer2.2 Demand2.3 Transporta�on Technology
3. Counterfactuals
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Model
Outline

There are 3 parts:
1. Commuters make mode choices: (prices and �mes)↦ (# of people choosing each mode)
2. Transporta�on technology: (# of people choosing each mode)↦ (�mes and social cost)

− Accoun�ng for taxi/ride-hailing drivers’ searching behavior
3. City government: chooses prices and capacity of each mode, trades off welfare and budget (Ramsey)

Outside our model (for now):
− No market power from private providers (ride-hailing pla�orms, taxi fleets)

Next few slides: model with one O-D pair, one �me period
− We es�mate main model for different O-D pairs and �mes of the week
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Model
Outline

Demand: Dj(p, t)
− Prices pj
− Total �me tj (wait + travel �me)

Transporta�on technology j is described by three func�ons of quan�ty and capacity (q, κ):
1. τj(qj , κj): Wait + travel �mes (conges�on, bus/train rou�ng, taxi/ride-hail matching)
2. C(q, κ): Cost (fuel, deprecia�on, labor)
3. E(q, κ): Environmental externali�es

κj : Capacity of mode j , determines wai�ng �mes
− Taxis, ride-hailing, shared: Number of drivers working. More idle drivers→ lower �mes.
− Buses, trains: Route frequency. More buses→ lower �mes.
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Model
City Government and Equilibrium

City government chooses prices and capaci�es (p, κ). Equilibrium (q, t) such that:
q = D(t,p)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶demand

and t = τ(q, κ)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶technology

− For any (q, κ), there is a unique p(q, κ) that sa�sfies the equilibrium condi�ons.
Government’s problem (Ramsey):

max
(q,κ)

Consumer Surplus
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
U(t,p) − p(q, κ) ⋅ q+

Gov. revenue / Profits
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
p(q, κ) ⋅ q − C(q, κ)−E(q, κ)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶Welfare
s.t.

Budget constraint
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
p(q, κ) ⋅ q − C(q, κ) ≥ B
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Op�mal Pricing
Lagrangian for government’s problem:

max
q,κ

U(q, κ) − C(q, κ) − E(q, κ) + λ ⋅ {∑
j

pj(q, κ) ⋅ qj − C(q, κ) −B}

First-order condi�ons

1. Quan�ty:
pj =

∂C

∂qj
− 1

1 + λ ⋅
∂U

∂tj
⋅ ∂tj
∂qj

+ 1
1 + λ ⋅

∂E

∂qj
− λ

1 + λ ⋅ ∑k
qk ⋅

∂pk
∂qj

2. Capacity:
∂C

∂κj
= 1

1 + λ ⋅
∂U

∂tj
⋅ ∂tj
∂κj

− 1
1 + λ ⋅

∂E

∂κj
+ λ

1 + λ ⋅ ∑k
qk ⋅

∂pk
∂κj
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Op�mal Pricing
pj − C̃j

®Mg. cost
= Ẽj
®Mg. environ.externality

− ∑
k

ūTk

Ū�lityof �me

⋅ T̃kj
°Networkeffects

+ λ

1 + λ ⋅ { − Ẽj −∑
k∈J

qk ⋅Ωkj

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶Market powerdistor�on

−∑
k

(ũTk − ūTk ) ⋅ T̃kj

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶Spencedistor�on

}
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Op�mal Pricing
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´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶Spencedistor�on

}

Nota�on:

− C̃j = ∂Cj

∂qj
+ ∂C

∂κj

κj
qj

: Mg. cost of a trip, keeping capacity per trip κj
qj

constant
− Ẽj = ∂E

∂qj
+ ∂Ej

∂κj

κj
qj

: Mg. externality of a trip, keeping capacity per trip κj
qj

constant
Ô⇒ “Standard” Pigouvian tax/subsidy
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Op�mal Pricing
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}

Nota�on:

− ūTj = ∂CS
∂tj

: How does CS change if the �me of mode j increases?
− T̃kj = ∂Tj

∂qk
+ ∂Tj

∂κk

κk
qk

: How does mode-j �me change if mode-j trips and capacity increase? Two effects:
1. Conges�on: nega�ve externality2. Returns to scale: posi�ve externality (Arno�, 1996)

Ô⇒ Tax modes that cause conges�on, subsidize modes with large returns to scale
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}

Nota�on:

− Ω: Inverse Jacobian of demand (∼ inverse price elas�ci�es)
− ũTj : If tj increases by 1%, how much does u�lity of marginal commuters change?
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}

Nota�on:

− Ω: Inverse Jacobian of demand (∼ inverse price elas�ci�es)
− ũTj : If tj increases by 1%, how much does u�lity of marginal commuters change on avg.?

Government cares about budget, so it behaves like a monopolist to some extent:
− Underweights externali�es
− Market power markup: higher price for less elas�c modes
− Caters to marginal rather than average consumer
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Demand
Market Defini�on:

− m = community area a to a′ during hour h
− Exogenous arrival rate λm of travelers

Choices:

j⋆ = argmax
j∈Ji∪{0}

uimj

U�lity of agent i :
uimj = ξmj − αi

T ⋅Tij − αi
p ⋅ pij + ε ij ,

Chicago Community Areas
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Transporta�on technology

Three parts:
1. Conges�on
2. Public transit (bus/subway)
3. Private transit (taxis/ride hailing)

21/30



Conges�on
Given vector q of all trips, what is the travel �me from a to a′ using mode j?

Approach: Model city as directed graph of community areas
− Edges e are adjacent community areas
− Agents in market m take a route rm, a sequence of edges

During hour h, the conges�on on edge e is
Qeh = ∑

j

∑
r s.t. e∈r

Conges�on causedby mode j
©
bj qrhj

Travel �mes:

By edge: τehj =

“Fixedeffect”«
Aej Q

Mode jconges�on elast.©
αj
eh By market: T travel

mj = ∑
e∈rmj

τehj
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Public transit (bus/subway)
Agents in market m = (a, a′,h) take a bus/train route Rm

Total �me for agent i in market m = (a, a′,h), who takesroute R :
Ti = Twalk,1

i +Twait
Rh
±Seebelow

+ T travel
Rh
²Conges�on

+Twalk,2
i

Let κRh be the frequency of route R . Then the wai�ng �me is
Twait
Rh = 1

κRh

Cost and externality:
CRh = cRκRh ERh = eRκRh

a’

a
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Private transit (taxis and ride hailing)

Total �me in private mode j in market m is Twait
mj +T travel

mj .
Wai�ng �me depends on Lahj , the number of available drivers at the origin a:

Twait
mj = AajL

−φj
ahj

The distribu�on of available drivers arises from a model of driver movements (Buchholz, 2021; Rosaia, 2020)
− There is a total number of drivers khj
− Travelers who chose mode j matched to drivers, who then become available at drop off loca�on
− Available drivers tend to move towards high earnings neighborhoods
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Status Quo
Mode Comparison
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Counterfactual
Addi�onal Assump�ons

Externali�es:

− CO2 cost: $100 per ton; conges�on externality: 10 cents per km.
City Budget:

− Pick budget constraint that corresponds to current transit spending.
− Capacity: city hires drivers at market wages.

Other (current) model restric�ons:

− Bus technology.
− Zero marginal cost, wait �mes inversely propor�onal to capital spending.

− Taxis and Ride Hail modeled as one technology.
− Random coefficient propor�onal to income.
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Counterfactuals

Compare status quo to:

1. No shared / no ride hail
2. Ramsey (city planner with budget constraint)
3. Ramsey with more efficient sharing technology (50% detour reduc�on)
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Counterfactual Results
No Shared / Improved Shared /

Status quo No Ride Hail Ramsey Ramsey
Ride Hail Price ($) 24.5 ∞ 8.3 8.6Bus Price ($) 2.5 2.5 0.2 0.7On-demand Shared Price ($) 17.1 ∞ 0.8 3.1
Ride Hail T (mins) 20.0 ∞ 21.4 21.6Bus T (mins) 36.5 36.5 32.7 32.8On-demand Shared T (mins) 25.6 ∞ 24.7 22.6
Ride Hail % 7.7 0.0 4.1 3.2Bus % 20.4 22.8 27.4 25.2On-demand Shared % 1.9 0.0 3.3 7.7Car % 70.1 77.2 65.2 63.9
∆Welfare ($Million per day) 0.0 -14.4 22.32 25.1
∆ CS ($Million per day) 0.0 -8.1 20.1 22.5Revenue / Profit ($Million per day) -13.4 -19.6 -13.4 -13.4Externali�es ($Million per day) 7.6 7.7 5.4 5.5
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Future Steps
Much Work Ahead!

− Add demand heterogeneity:
− Income
− Car ownership as choice set varia�on
− Include heterogeneity in access

− Endogenize conges�on (Couture, Duranton, and Turner (2018))
− Poli�cally feasible counterfactuals
− Distribu�onal effects
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Conclusions

− Construct new dataset of all trips across all modes for a major urban area.
− Compute op�mal transit prices and capaci�es with government budget constraints.
Ô⇒ Applica�on: can on-demand shared transit scale up?

− Preliminary results:
− Public transit should be further subsidized
− Poten�al of restricted on-demand sharing technology limited
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Supply
Parametrizing Pooling Technology
Total trip �me:

T = w(I )
±Wai�ng �me

+ 0.5 ⋅ τ
²Batch Length

+ T 0
¯Direct �me

+ P(q)
²Matchprob.

⋅ d(q)
±Expecteddetour

,

where I is the number of idle drivers, w(I ) and d(q) are decreasing, P(q) is increasing.

Suppose that density of trips with detour distance x is propor�onal to
Efficiency
©
α ⋅

Requests
©
q ⋅

Batchlength
©
τ ⋅1

η
⋅ x

Skewness¬
η−1 ,

then x ∼Weibull (also shortest path btn. ver�ces on random graph; Bauckhage et al., 2013).
− Only match if detour < x̄ .
− P(q) is the CDF of the shortest detour 1 − exp(−α ⋅ q ⋅ τ ⋅ x̄η).
− Expected detour d(x̄ ,α,q, τ): mean of detour, truncated at x̄
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Supply
U�liza�on
How much driver �me does a trip take on average?

TB = (1 − F (x̄ ;α,q, τ))
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶Prob. of no match

⋅ T 0
¯Busy �meif unmatched

+F (x̄ ;α,q, τ)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶Match prob.

⋅ 1
2
⋅ (T 0 + d (x̄ ,α,q, τ))
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶Busy �me if matched

The number of idle drivers is:
I = L − q ⋅TB .

Wai�ng �me (distance to the closest driver):
− Avg. wai�ng �me is w(I ) = ρ√

I
(Arno� 1996).

Addi�onal assump�ons:

− Op�mal match radius depends on density: x̄(q) = δ ⋅ q−β
− Batch length τ fixed at one minute.
− Set ρ so that avg. ride-hailing �me is 4 min 2/4



Supply
From model to the data

Given parameters α, η, β, δ, we can construct
− P(q) of being pooled 1 − exp(−α ⋅ q ⋅ τ ⋅ x̄η).
− E(q) Expected detour d(x̄ ,α,q, τ)
Ô⇒ Both func�ons P(q) and E(q) can be directly constructed from the data!

Back
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Improving current technologies
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