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Abstract

Despite high public transit subsidies, American commuters still overwhelmingly use so-
cially inefficient cars. In this project, we quantify optimal urban transportation policies in
the presence of congestion, network, and environmental externalities. Given dire municipal
budgets for public transit, we account for budget considerations. We show theoretically that
a budget constrained social planner introduces both quantity and quality distortions simi-
lar to those of a monopolist. We then move to an empirical analysis of the transportation
system in Chicago based on a equilibrium model. To estimate supply and demand, we com-
bine data from public and private sources that include the universe of public transit trips,
ride hailing, taxi trips as well as car trips based on cell-phone location records. As a theo-
retical benchmark, we characterize optimal prices and service levels across all modes. Our
main counterfactual determines optimal prices and service levels for existing public transit
modes while allowing for profit maximizing responses of private market participants.
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1 Introduction

Since the 1950s American urban transit has been generally characterized by the overwhelming
use of personal cars. Just as recently as 2009, Americans undertook 320 billion trips using per-
sonal transportation and 7.5 billion using public transit. Only in very few urban areas more than
five percent of people commute daily by public transit.! Moreover, public transit is generally
associated with low utilization rates, as on average less than a third of bus seats are utilized,
according to estimates from the department of transportation.> On top of the above, customers
only pay a quarter of the trip cost directly through fares.> These facts suggest that American
commuters largely prefer private alternatives over public transit, despite the latter being highly
subsidized. However, compared to a public transit trip, a private trip emits twice the amount of
CO; per passenger-mile.* One immediate question is whether subsidies should be even higher
or do the low utilization rates indicate that higher subsidies are wasteful. More generally, are
current public transit policies efficient?

The goal of this project is to quantify optimal urban transit policies. Given prevailing dif-
ficulties to build new transit infrastructure in America, which are well documented (Brooks
and Liscow, 2021), we focus on interventions that are immediately implementable, such as
taxes, subsidies, and adjustments in service levels. Determining the optimal level of these in-
terventions requires accounting for several ingredients. First, one must understand how people
substitute across different alternatives given mode prices and travel time. Moreover, public tran-
sit generally suffers from various externalities, such as road congestion as well as network and
environmental externalities. A laissez-faire allocation is therefore socially inefficient, which
calls for government intervention. In addition, any mitigation of these externalities has to be
weighted against distributional concerns of public transit provision, such as to provide afford-
able transportation access to low-income households. In such case, the social planner may apply
different welfare weights to different types of households.

In order to quantify these efficiency and distributional considerations, we first formulate a
framework of a social planner who sets prices and service levels for road-based modes of trans-
portation. Moreover, as transportation agencies usually have limited resources, we consider a
budget-constrained planner. Concretely, she needs to satisfy a city budget given the operational
costs and the collected revenue from the passenger’s collected fares. Our framework reveals
that absent any distortions, an unconstrained social planner would set price minus marginal
cost equal to the marginal externality, which includes environmental externalities as well as the

cost of congestion. This conclusion mimics the canonical result of optimal taxes in the pres-
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“A private car emits 0.96 pounds of CO2 per passenger-mile whereas public transit emits 0.45.
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ence of social externalities. However, introducing budget considerations makes our solution
depart from such answers for several reasons. First, as the planner collects revenues to cover
costs and to meet the budget constraint, she has incentives to behave as a monopolist, which
downward-distorts quantities. Second, given that our planner has the ability to choose service
levels, she is directly affecting the quality that travellers experience in her transit system. These
margin of adjustment distorts quality towards the marginal consumer, similar to a monopolist
who controls both price and product quality (Spence, 1975).

Next, we apply this framework to the city of Chicago, the third most populous city in the
US, and estimate a model of mode demand, mode supply, and the road congestion technology.
Chicago is an ideal setting for our purposes for several reasons. First, it relies to a meaningful
extent on both public and private transportation. This facilitates the identification of our demand
model and means that transportation policy in this setting can be substantial. Second, Chicago
is a city with large economic disparities, which means that it is important to account for the
distributional effects of transportation policies. Lastly, Chicago is particularly good in terms of
data availability.

We build a comprehensive dataset of all public and private trips from July 2019 to March
2020. We have access to the universe of public transit trips (excluding Metra, a suburban rail
sysem), ride-share trips, and taxi trips. Unfortunately, there are no official records of trips done
by private cars. To overcome this problem, we establish mobility patterns from individual cell-
phone location records over this time horizon. Our data covers only forty percent of all active
devices, but a battery of exercises reveal that this subsample is largely representative in terms of
important sociodemographic factors such as income. Therefore, by the means of an appropriate
re-scaling factor, we construct the total number of trips in the city using trips identified in our
cell-phone data. Finally, given that we have the universe of public transit trips, we estimate the
number of car trips as a residual, by subtracting public transit from the total number of trips
constructed using our cell-phone data.

To estimate demand we follow Berry et al. (1995), while also imposing granular micro mo-
ments, as in Petrin (2002). This has the advantage that we can use standard inversion techniques
to address potential endogeneity concerns, while micro moments allow us to capture how sub-
stitution depends on distance to the bus station, car ownership, and income. We define our
main spatial unit of observation as a community area. Markets are defined at the hourly level
from one community area to another. We impose that demand shocks for different modes are
the same within a market. Finally, to construct our micro-moments, we zoom in and construct

mode market share data at the census-tract level.’

SThere is a total of 77 community areas and 900 census tracts in the city of Chicago.



Related Literature Our work relates to several strands of literature in transportation eco-
nomics and industrial organization. Classical papers in transportation economics develop mod-
els that capture the interaction between schedule constraints and congestion (Small, 1982,
Arnott et al., 1990, 1993).

More recently, the literature has focused on short-run empirical estimates of such models.
Many papers have focused congestion in models with a unique mode of transport. For exam-
ple, Hall (2016) uses a bottleneck model to investigate the welfare effects of priced highway
lanes, whereas Kreindler (2018) experimentally estimates the effects of peak congestion pric-
ing. Within this strand of literature, Durrmeyer and Martinez (2022) is most closely related to
ours. Like our study, they estimate an equilibrium model of mode substitution and investigate
the welfare effects of urban transportation policies. They use it to investigate the welfare ef-
fects of traffic restrictions and road tolls. We, in contrast, use our model to construct a budget
constrained social planner that chooses optimal prices and service levels to maximize welfare
while keeping in mind distributional considerations. Moreover, the setting in Durrmeyer and
Martinez (2022) is Paris, which differs substantially from Chicago in terms of the political econ-
omy of urban transportation systems. Therefore, we view these papers as complementary, given
differences in the feasibility of the policies considered by policy-makers across the world.

There are several papers that investigate the long run effects of urban transportation policy,
such as new rail infrastructure and residential location choices. Tsivanidis (2018) quantifies
the equilibrium effects of new public transit infrastructure in Bogotd. Fajgelbaum and Schaal
(2020) and Allen and Arkolakis (2020) characterize the optimal allocation of road infrastruc-
ture. However, these papers focus only on one mode of transportation and abstract away from
incorporating rich heterogeneity in substitution patterns to preserve tractability and closed form
solutions. We depart from their work by abstracting away from the residential choice model but
allowing for rich demand substitution patterns across modes, which is a key margin of adjust-
ment in the short-run. More recently, Barwick et al. (2021) explores the interaction between
mode choices and residential location choices. We depart from their work by incorporating a
planner’s problem that takes location choices as given.

Our work is also related to equilibrium studies of transportation markets with search and
matching frictions. Arnott (1996) shows that taxis should be subsidized because of increasing
returns to scale. Lagos (2003) formulates a spatial search- and matching model and calibrates
it to the New York City taxi market. Buchholz (2020) and Brancaccio et al. (2020a) estimate
a structural dynamic model based on Lagos (2003) and apply it to the taxi and the dry bulk
shipping industry respectively. Frechette et al. (2019) also estimate a dynamic model of the
taxi market and micro-found a matching function based on the Manhattan street grid. Within
this literature, our work is most closely related to Brancaccio et al. (2020b) who present a
framework to compute the optimal prices in a dynamic search and matching market which



different types exhibits inefficiencies. Like Brancaccio et al. (2020b) we are able to characterize
optimal policies but the setup of the models is quite different as ours applies to a model of mode
choice whereas Brancaccio et al. (2020b) is formulates for a homogenous search and matching
market. Unlike Brancaccio et al. (2020b) we allow for a matching function that exhibit non-

constant returns to scale, and the social planner also sets qualities in addition to prices.

2 Background and Data

The section details necessary institutional context about the transportation landscape in Chicago

as well as how we construct our data.

Background Our analysis focuses on Chicago for several reasons: it is a large city for which
detailed data is available and it has a significant public transit infrastructure while also relying
heavily on cars. Its transportation system, which is the second largest one in the United States,
is operated by the Chicago Transit Authority (henceforth CTA). It includes a bus network of
152 routes with more than two thousand buses and a rapid transit system with eight routes
and 144 stations, which is known as the “Chicago L. Prices are per ride and not dependent
on distance. The full fare for bus and the L are $2.25 and $2.50 respectively.® The Chicago
metropolitan area is also served by a commuter rail known as the Metra, which is operated by
the Regional Transportation Authority (RTA). Metra prices are by zone and therefore depend
on distance traveled unlike for buses and the L. Both the CTA and the RTA have a history
of budget shortfalls, which suggests that it is important to account for budget considerations.
Lastly, passengers may travel by private for-hire-vehicles (FHV) in the form of taxis and ride
hail. Taxis have a regulated rate of 2.25 per mile or 0.2 per 36 seconds as well as a $3.25

7

base fare.” Ride hail companies adjust prices dynamically according to demand and supply

conditions.

Data Our demand analysis is based on aggregate moments and micro moments of mode mar-
ket shares, prices, travel times, and demographics. We define a market as all trips from one
community area to another within a given hour. Chicago is divided into 77 community areas,
which are on average about the size of three square miles. To account for local demand condi-
tions, we also construct additional trip characteristics across modes at the census tract area. We
construct a dataset of mode prices, travel times, market shares, and demographics. To construct

those, we rely on a variety of data sources.

®Reduced fares exist for students and seniors and a monthly pass for unlimited rides can be obtained at $75.

See https://www.transitchicago.com/fares/ for additional details.
’See Chicago Taxi Fare Regulation.
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Figure 1: Combined vs. Survey Data: Flows Across Community Areas

Note: These figures show the number of trips from every origin community area to every destination community
area in our combined data and in survey data. Gray points represent empty cells.

The first data source is administrative data from the CTA. The CTA publishes de-identified
taxi and ride hail data at the trip level online. Those data include prices, locations, trip length
and for pooled rides information on how many people were on the trip. We also have access to
the universe of individual public transit trips for both buses and the L. For these trips we can
observe the station or bus stop of origin, the time that the passenger tapped in, and an estimate
of the drop-off L station or bus stop.

The second data source is based on cell-phone location records from Veraset, which records
people’s movements over time.® The dataset covers about forty percent of active cell-phone
devices in the U.S. The data records the device ID and a sequence of GPS coordinates for each
device. The frequency with which GPS coordinates are generated depends on which applica-
tions the user has installed. For our analysis we restrict ourselves to devices with very frequent
location information. Through a series of steps we infer trips from the sequence of GPS co-
ordinates that each device generates (see appendix A). We infer a device users’ home location
based on the modal GPS location at night time hours. We infer income and car ownership from
census data. Since the cell-phone data only covers forty percent of devices and we further re-
strict ourselves to a subset of those, one may be concerned that that some demographic groups
are over or underrepresented. We test for this based on census covariates that we can assign to
devices with our inferred home location. The results from this test show that income groups are

equally represented in the data. For additional details on this exercise see appendix B.

8https://www.veraset.com
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The final output from this process is a dataset with a fraction of all trips that took place
in Chicago. We scale up the number of trips by a factor such that the total number of trips is
consistent with the numbers reported by the CTA ridership survey. One alternative would have
been to use trips from the survey directly. Figure 1, however, shows that survey data is very
sparse. Once it is disaggregated at the community area level, most of the origin-destination pairs
have zero trips. This means that, although ridership surveys are useful to understand aggregate
movement patterns, they are not very useful if one wants to understand fine-grained movement
patterns.

Our scaled-up cell phone data gives us the total number of trips for all modes. The CTA
data gives us the number of trips for buses, subways, taxis, and ride-hailing apps. We construct
the number of private car trips as the difference between the total number of trips minus the
number of trips that we observe in the CTA data.

2.1 Summary Statistics and Descriptive Results

Distance to Nearest Train Stop Versus Median Income
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Figure 2: Market shares and distance to nearest subway stop by income

Note: Subfigure (a) presents the market shares of each mode for low and high income travelers. Subfigure (b) plots
the distance to the nearest subway station by income.

Figure 2a presents the market share of each mode for low and high income travelers. Cars
and buses account for the largest shares. Low income people are more likely to use these two
modes, which is explained in part because they do not use ride hailing or taxis to a large extend.
Part of it is also likely driven by the fact that they tend to live far away from subway stations, as
shown in figure 2b.

Figure 3 shows that bus utilization rates are strikingly low. Even during the morning and
afternoon rush hours, average utilization rates stay below 25%. If we look at the distribution
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Figure 3: Bus utilization rates across different hours of the day.

Note: This figure shows the average utilization rate across bus routes for each hour of the day. To compute this
average we first measure utilization for each bus every fifteen minutes by taking the number of riders on the bus
divided by the capacity of the bus. We conservatively assume each bus has a capacity of 53, which is the smaller
of the two bus sizes used by the CTA. The utilization rate for a given bus route in a certain hour is then computed
as the average utilization rate across each bus on the route over that hour.

within hour, we see that 90% of buses are at a utilization below 36% during the morning rush
hour.



3 Theoretical framework

We now present a model that serves as a conceptual framework for our analysis. For simplicity,
in this section we abstract away from two dimensions that our empirical model accounts for:
the hour of the week and the origin and destination of a trip. Our theoretical results generalize
once those are accounted for.

The main market participants are travelers, who decide which mode of transportation they
want to use. There is also a central planner—the city government—who chooses prices and the
capacity of each mode of transportation, which determines travel and waiting times.

Demand Travelers are characterized by a type 6 € R” with density f(-). A traveler of type 6
gets utility u;(¢;,0) — p; if she takes transportation mode j € J, where p; is the price and ¢; is
the total trip time (the sum of the travel time and the waiting time before the trip starts). Each
rider chooses the mode that maximizes her utility among 9 U {0}, where 0 is the outside option
of not taking a trip, which has zero utility (i.e., utility is measured relative to not taking a trip).

Given vectors of prices p and total times t for all modes, demand for mode j is given by
q; =q;(p.t) = f(0)do (D

where ©(p, t) = {0 : j = arg maxycq[u(t, 0) — pil, u;(t;,0) — p; > 0} is the set of travelers who
choose mode j. We refer to the vector q as trips.

Gross utility and consumer surplus are given by
Up.t)= ) f u(t;,)f@)do  and  CS(p,t)= > f (u(t;, 6)-p))f(O)do. (2)
j Yeie = Jo,pb

We assume that the demand system ¢g(p, t) is invertible in both p and t, a property that is
satisfied by standard discrete choice models like our empirical demand model. When inverta-
bility is satisfied, we can directly work with quantities and travel times instead of prices, which
simplifies the derivations. We thus define inverse functions p(p, t) and #(q, p), which tell us
prices and travel times for a given number of travelers, holding the respective other endogenous
variable fixed. Moreover, we can define ©;(q, t) = ©;(p(q, t), t), which is the set of passengers
choosing mode j when there are q travelers and travel times are t. Lastly, we define the indirect

gross utility function also in terms of quantities and travel times: U(q,t) = U(p(q, t), t).

Transportation technology Total times are determined by a transportation technology 7,
which maps capacities and total number of travelers to travel times:

t=T(q,k). 3)

9We treat roads and railroads as exogenous, although they could be part of investment. This longer-run ques-

tion is outside the scope of this work.



This function captures travel times, accounting for the effect of both traffic congestion and
waiting times. The former arise from a bottleneck model, which restricts travel flows per unit
of time and the latter from search and matching inefficiencies which lead to wait times before
passengers can find a livery vehicle or board a bus or train. For taxis and ride hailing, the number
of idle drivers decreases as more people use those modes, increasing the time riders need to wait
before being picked up. Conversely, more drivers reduce waiting times. For public transit, the
more buses and trains the higher the frequency with which they arrive, reducing waiting times.
For private cars, streets get congested as more people drive their car, increasing travel times.
This transportation technology accounts for spillovers across modes. Importantly, congestion
affects all modes that use streets: as more people drive to their destination, for instance, streets
get more congested, increasing the travel time of cars, taxis, buses, and ride hailing.

The government incurs a cost C(q, k), which includes both labor costs and physical costs,
such as fuel and vehicle depreciation. Additionally, there is an environmental externality E(q, k)
that is borne by society. We assume that both functions are increasing and convex in both

arguments.

Equilibrium Given a set of prices p and capacities Kk, a market equilibrium is a set of trips q
and times t such that (1) and (3) are satisfied.

There might exist multiple equilibria given (p,k).!° However, for any (q,k) there exists
a unique set (p,t) = (p(q, T(q,Kk)), T(q, k)) that is consistent with market equilibrium. Thus,
although q is an endogenous quantity, it will be more convenient to work with quantities instead

of prices.

Social planner The city government chooses prices p and capacities k. Its goal is to maximize
welfare subject to a budget constraint.

Given the possible multiplicity of equilibria, a choice of (p, k) does not fully characterize
the market outcome. We therefore think of the government as choosing an allocation (q, k) to
maximize some objective function. It then sets (p,k) = (p(q, T(q, k)), k).'!

The government’s revenue is I1(q,K) = »; p;(q, T(q,Kk))q; — C(q,K), and its budget is B.
Welfare is equal to consumer surplus plus the government’s revenue minus externalities, which
can be written as W(q,k) = U(q, T(q,k)) — C(q,k) — E(q,k).'? The social planner’s objective

19The source of the problem is that travelers are playing a game, since their optimal choice depends on what

they expect other agents’ choices to be, and there might be multiple Nash equilibria in that game.
""The only concern is that the market could end up in a wrong equilibrium (q’,t") # (q,t). However, the

government can ensure the right equilibrium plays out in the short run: if agents expect an equilibrium with total
times t’, the government can set prices p(q, t’) until agents’ expectations adjust. It can then revert to the equilibrium

prices for the desired allocation. This follows the idea of an “insulating tariff” from Weyl (2010).
"2This expression can be derived by noting that W =CS +II-E=U -3, p;q;+ X;p;q;j—C—E.



function is thus

max U(q, 7(q, k) - C(q. k) - E(g. k) s.t. Z p/q,T(q.k)q; - C(q,k) = -B. (4)
J

In order to derive optimality conditions for this problem, we first define some useful nota-

i ~ . 9C 4 ock f4 — OB 4 OB - -
tion. Let C i =0 T and E i T Tk represent the marginal cost and externality of a
trip when holding the capacity per trip fixed—i.e., if the number of trips using mode j increase
. .. = 0T 0T ky
by 1%, so does capacity k;. Similarly, let 7 = B_qz + a_kkja
with respect of the number of trips using mode k, holding the capacity per trip fixed. Also let

ul = % be the derivative of gross utility per traveler with respect to the total time of mode j.
J

be the derivative of mode-;j time

J
Finally, €;; represents elements of the inverse Jacobian of g(p, T') with respect to p.

Proposition 1. The first order conditions for the social planner’s problem (4) can be written as

pbj= Cj + Ej —Z ﬁl{ Tkj
—_—— —_—— —_———

Marginal ~ Marginal env. k Mg. utility Network
cost externality of time  effects
P2 Qi —E; - ) (@ — )Ty (5)
1+ 1 Gi2okj —Ej U = W) kj
keJ k
N— e’
“Monopolist” Spence
markup distortion
oC OF Z _TaTk A {6E (~T _ )5Tk} ©)
e I N e e R (e A
k; k; ok 1+ Aok, Lt TR ok
—— ——
Mg. cost Mg. env. exte.rnality Mg. gross utility Spence
of capacity of capacity from capacity distortion

where A is the Lagrange multiplier for the budget constraint and EtJT is a weighted sum of the
derivative of gross utility among marginal travelers with respect of the total time of if pickup

times for mode j increase by 1%.
Proof. See appendix C.1 O

To understand these expressions, think first of an unconstrained social planner, in which
case A = 0 and the final terms drop out. Both expressions take a Pigouvian form. The price of a
trip, p; = C j+E =2k L‘t,ka j» 18 equal to the marginal cost—accounting also for the marginal cost
of additional capacity—plus two terms to correct for externalities. The first one accounts for
environmental externalities. The second one accounts for the change in other travelers’ utility.
It is equal to the sum over modes of the product of &} , the derivative of gross utility with respect
to time, times 7}, the change in total time given an additional trip using mode j. For j # k, Ty;

is positive due to congestion (or zero if the two modes are not interrelated), so those terms lead
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to a Pigouvian tax. But 7';; can be negative. For taxis and ride-hailing, for instance, increasing
the number of trips and capacity by the same factor results in a reduction in waiting times due
to returns to scale (i.e., economies of density) in the matching process. In that case there should
be a Pigouvian subsidy, as noted by Arnott (1996).

Equation (6) also takes a Pigouvian form with 4 = 0. The marginal cost is the price of
capacity if it is supplied in a competitive market. That is the case, for instance, if labor is sup-
plied competitively in taxi or ride-hailing markets. The price of capacity is minus the marginal
environmental externality plus the change in gross utility that a higher capacity induces due to
times.

Once it accounts for the budget constraint, the social planner behaves somewhat like a mo-
nopolist. It not only cares about welfare but also about staying on budget, so it tries to increase
its revenue to relax its constraint. This introduces three distortions that are captured by the fi-
nal terms in both expressions. First, there is a “monopolist” markup in equation (5). Second,
the government underweighs environmental externalities. Finally, there is a Spence distortion.
The government internalizes effects on other travelers’ utility, but imperfectly: it accounts for
changes in the utility of marginal travelers, rather than that of all travelers.

As 4 — oo, the social planner no longer cares about welfare and it only cares about its
budget. These two expressions then become the first order conditions for profit maximization:
terms related to environmental externalities cancel out, and there is a full markup and a full

. . /l
Spence distortion as 755 — 1.

4 Main model

The city is composed of community areas a € A, the main level of spatial aggregation we
consider. We also refer to them as locations. Every community area a is composed of several
census tracts ¢ € a, the smallest geographic area that we consider. We denote by a(c) the
community area ¢ belongs to. Time is divided into hours & € H.

Recall that our model has several parts. First, we have travellers with fixed origin and des-
tination who choose across modes of transport. Second, a supply side given by public transit
service levels, taxi and ride-hailing drivers, Finally, a traffic congestion technology that aggre-

gates the decisions of both sides of the market and maps into travel times.

4.1 Demand Model

Here we describe the empirical specification of our demand model that we use to estimate
travelers’ disutility for price and travel times, as well as unobserved determinants of mode

convenience.
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Our model has two levels of aggregation across traveller’s choices. First, we define a market
M € M as the collection of people who make travel decisions from community area a to
community area @’ at a particular hour 4. Second, within every market M, there are sub-markets
m = (c,c’, h), the collection of people who make travel decisions from census tract ¢ € a to
census tract ¢’ € a’ during hour 4. We denote by M(m) the market m belongs to.

For each sub-market m, people i € 7, arrive at exogenous arrival rates 4,,. They decide
which mode j € 7, U {0} to use, where j = 0 denotes staying put. They solve the following
problem:

i _ i i R Y A ) i
Y R A i §inj = @~ Tnj = @y - Pnj + €, D

where T,; denotes the sum of the waiting and travel times for mode j, and p,,; is the price for
mode j. Both are fixed within a sub-market. ). and a; are person i-specific time and price
coeflicients, respectively. Finally, ej. is an idiosyncratic unobserved taste shock for a specific
mode.

. . . . . a' a . _ m:
The joint distribution of . and ;, varies across sub-markets
i
(@), ;) ~ F.

The random variation in coefficients across markets allows us to capture differences in mode
availability, for instance due to differences in car ownership, or other economic factors such as
income.

We assume that unobserved mode-specific demand shocks can be decomposed into a market

fixed effect ppm), @ mode fixed effect y;, and an interaction term vy j:

Emj = Mmemy + Hj + Vvom),j-

Importantly, this term is constant within market. In other words, we assume that demand shocks
are constant within community areas.

We assume that ej. follows a Type I Extreme Value distribution and that the indirect utility
of not taking a trip j = 0 is zero. Under this assumption, it follows that person i chooses mode
J with probability given by: _

o el
"™+ 2ked,, exp(Upmi)
Integrating over (a/;, @), we obtain that market shares and trips for mode j in sub-market m are

given by:
ij = \[Pinj dFm(a;,, CZ;., T,lnj) qmj = lumj-

Finally, we obtain market shares and trips in market M by summing over sub-markets:

Puj = Z JnPmj  quj = Z Gmjs

meM meM

where f,, = #() is the fraction of travelers in market M () that arrive to sub-market m.
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4.2 Public transit

We are still in the process of settin up a model of public transit. As a summary, there are two

main factors that we will account for:

e Travelers in different locations of the city have different walking times depending on the

distance between their origin/destination and the nearest bus stop of subway station.

o The waiting time is inversely proportional to the frequency of routes.

4.3 Taxis and ride hailing

Taxi and ride-hailing trips are provided by drivers that are hired by the city government at a
wage w. The capacity kj,; of mode j during hour 4 is the size of the pool of drivers working
for that mode. The government chooses the overall number of drivers in the city, but drivers
themselves decide where they work.

We now describe a model that characterizes the waiting and travel times of riders as well as
the costs and externalities, given the capacity kj,; and the number of trips g, ;. It is composed of
two main parts. First, a model of matching between travelers and drivers, which determines how
long travelers and drivers need to wait before trips start. Second, a model of drivers’ movements
that determines the distribution of drivers across the city capturing two main forces: there are
more drivers in areas with a net inflow of trips, and there are more drivers in places where

earnings are high.

Matching At time £, let ,;; be the number of mode-j trips with origin a, and let L,;; be the
number of idle drivers in location a. We assume that there is a matching technology such that
the expected waiting time for drivers before being matched 7' j» the expected waiting time for
riders before a trip starts T ., and the expected pickup time Tfhj are given by

ahj’
TD _ L“hj TW _AWL_¢/' d TP _AP L_Xj (8)
ahj — Qh', ahj — “taj™ahj>’ an ahj = “taj~ahj"*

anj

The expression for 7/, . is a simple application of Little’s law."* In the other two expressions, A,
and A? j are scale factors that measure the overall matching inefficiency for mode j in location a.
The parameters ¢; and y; are elasticities that determine how matching inefliciencies depend on
the number of idle drivers. Note that this flexible specification nests simple models of matching

in taxi and ride hailing markets.!*

13The law states that the number of people waiting is equal to the matching rate times the average waiting time.
"In the taxi model in Lagos (2003), for instance, ¢; = 1 and A}, = 0. In the simplest ride-hailing model

described by Castillo et al. (2018), ¢; = ; = L in n-dimensional space.

n
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Driver movements We model drivers’ behavior as a continuous-time Markov chain. Drivers
can be in two types of states: they can be idle in location a, or they can be driving a passen-
ger from a to a’. We denote by L;; the vector of the number of drivers in each state, whose
components must add to kj;.

We now describe how drivers transition between states. Every transition is characterized
by a rate and by a payoff. Suppose drivers expect net earnings to be m,;; for the next hour
if they are idle in location a. Idle drivers transition from location a to location a’ at a rate
exXp(aw + W(Typj — manj)). The intercept term p,, measures, overall, how likely drivers are to
move from a to a’, which depends on how close both locations are and on how good the roads
connecting them are. The coefficient w measures to what extent drivers are more likely to go
to high-earning locations.!> This movement from a to a’ entails a per-mile physical cost of
driving.

Drivers that are idle in location a are matched to a rider that is going to location a’ at a

l‘ate qaa /1]

In that case, they obtain earnings that are equal to the trip fare minus the per-mile
cost of plcklng up the driver and taking h1m to the destination. Once they are on a trip, they

transition to being idle at @’ with rate , so that the average time it takes them to get to

TP

ah/ aa’ hj

the destination is TP +T7T . . the sum of the pickup time and the travel time. Completing a trip

aa’hj’
has a payoft of zero.

Driver equilibrium These state transitions describe an irreducible matrix of transition rates
A = A(qp;, Lyj, @4), which depends on the number of trips and the number of drivers in each
state (which affect matching rates and pickup times) and on the vector of expected earnings 7,
in all locations (which affect drivers’ movements). Based on A, it is straightforward to compute
the steady state distribution of drivers L(k;j, A) as the unique vector L such that AL = 0 and
1 - L = ky;. Furthermore, one can compute the expected net earnings 7,; = II(A) by computing
the evolution of the Markov chain (see appendix D).

A driver equilibrium for mode j during hour 4 is characterized by a driver distribution Ly,

a transition matrix Ay, and a vector of payoffs 77,; such that

Lyj = L(knj, Anj), Anj = Manj> Lnjs @yj), - and - 7y; = TI(A)) ©)

Appendix D shows that such an equilibrium exists and is unique. It also presents an algorithm
to compute a driver equilibrium.
Having computed a driver equilibrium, total times 7'(q, k) can be computed as the sum of the

travel time 77

«rn; from the congestion model and the waiting time T

Costs C(q, k) are equal

aa’h

5This specification results in state transition probabilities that take a multinomial logit form. Conditional on

: : : - 7 ot 1: exp(Uaa +W(Ta jj—Tanj))
moving to an adjacent location, a driver moves from a to a’ with probability oo, XD Uiar + 0~

where N(a) is
the set of locations that are adjacent to a.
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to the sum of per-mile costs and the wages of drivers, and externalities E(q, k) are computed as

a sum of per-mile externalities.

4.4 Transportation technology

In this section we describe the transportation technology, which determines times as a function
of trips and capacities. We first describe how we model traffic congestion, which affects most

modes, and we then describe how we model each individual mode.

4.4.1 Traffic congestion

To account for traffic congestion, we model the city as a directed graph in which nodes are
community areas (A, and edges (a, a’) connect community areas that are spatially adjacent. Let

& be the set of all edges. We assume that routes are exogenous. If a traveler uses mode j in

2

market M = (a,d’, h), she follows a directed path ry;; = (e}w, €y

...) over edges that connects
awitha'.
During hour A, the congestion on edge e is

Oen = Z b Z qmjs
j MeM;’U.

where M;j is the set of markets during hour 4 such that mode j goes through edge e. The
weight b; captures the fact that some modes congest more than others. Every marginal car trip
congests streets, whereas a marginal bus or train traveler does not affect congestion.

We assume that the travel time for mode j over edge e at time 4 is given by
Tjen = Aje Q(Z}i

where A j, is an edge-specific term that measures the distance between the nodes e connects and
the quality of infrastructure, and «; is the elasticity of travel time with respect to congestion.
The travel time for a mode-j trip in market M = (a,d’, h) is given by

T o _
TMJ' = Z Tjehs

€Erymj

the sum of the travel times over all edges in the path ry;.
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5 Estimation

5.1 Demand model

We estimate the demand model specified in section 4.1 by GMM using two sets of moments.
The first set are the orthogonality between errors vy ; and market-specific instruments z; ;:

E[vz] =0.

We compute errors vy ; by finding values such that the predicted market share Py;; and observed
market shares sy, are equal, market by market.

The second set are micro moments within market M. We define oy = 3,eh Am(Smj —
P,j)zm, the within-market covariance between the deviation in shares s,,; — P,,; and a set of

sub-market level instruments z,,. Our second set of moments says that this covariance is zero:
Elo] =0.

This moment exploits within-market variation. As one example, one would expect the market
share of trains to be higher for trips departing from or arriving to the census tract where a
train station is located. Trips to or from that census tract would have a lower time, so if we
use the average time as an instrument z,,, this moment allows us to find time coeflicients that
rationalize these patterns. The identifying assumption is that these instruments are exogenous

within community area.

Results [We are currently working on the estimation of the demand side, and we expect to

have results soon. |

5.2 Other parts of the model

[We are also working on the estimation of the rest of the model.]

6 Counterfactuals

This is a list of the main counterfactuals results we expect to be able to present by November:

o Computing the optimal prices and investments across all modes.

o Computing the optimal prices and investments across all modes, subject to a budget con-

straint.

o Computing the optimal prices and investment of public transit (subject to a budget con-

straint) accounting for the private response of taxi and ride-hailing markets.

16



In all counterfactuals, we will present welfare results in terms of aggregate consumer surplus

as well as hetereogeneity in travelers’ utility by income and by neighborhood.
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Appendix

Appendix A Trip construction

Appendix B Representativeness of data

Population coverage by income percentile
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Figure 4: Representativeness across income groups

Note: This figure plots the fraction of the population in each income percentile that shows up in our data.

Appendix C Proofs

C.1 Proof of proposition 1

Proof. The Lagrangian for the social planner’s problem is U(g, T (g, k)) - C(gq,k) — E(q,k) —
(C(C], k)—2;pi(q.T(q,k)q; — ) The first order condition for g; is 3~ Yy >y gzg—g’f - % -

9E 4 /l(p, + 3, qkdﬂ -~ %C/_) = 0. The first order condition for k; is Zk g—t‘k/‘;—Zf - 37‘/; -~ g—fi +

(Zk ka - a_c) 0.
We now show that 37;]_ = p,. Let 00(p, ) be the boundary between ©;(p, t) and Oy(p, ),
and let 90O j(p, 1) be the boundary between O;(p, ) and O(p, t). Gross utility can be written
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as U(g,t) = f® @ u(t;,0)f(0)do. Using the Leibniz integral rule, we get that 5 U (g.1) =

S fwk (o Uk D)er(O) f(O) dB + 3y fa% (o k(1) 0)ei(6) f(8) d8 (the interior term from the inte-

gral rule is zero because ¢ is fixed), where ¢,(6) denotes by how much ®,(g, t) expands at 8 as
g;increases. This can also be written as ), faok @ u(ty, 0)er(0) f(0) dO+ 3y 1k fa@k; (q,l)(uk(tk, 0)—

ui(t;, 0))e(0) f(0) d. Since agents in the boundaries are indifferent between two choices, u(;, 0) =

pi for the first sum and wu(t;, 6)—u(t;, 0) = py—p; for the second sum. After substituting and rear-

ranging terms, our main expression can be written as ) ; p ( fa@k @ e (O)f(0)do + Y, fao“ @) e (0)f(6) d@).
The term in parentheses is how much O, (p, ¢) expands in total into all other regions, so it is equal

aq" . It is thus equal to 1 for jand O for k # j. We can thus conclude that 5 ‘3 U (q,1) = p;j.

_ dpx _ Opr | Opk 9Ty dpr _ Opx 0Ty
Subst1tut1ng o, = Pi> g, = 30, T o 0g, 04 G5 = 5 o,

few steps of algebra yield

on the first order conditions and a

p_zd_C_ 1 8_U8Tk 1 d_E_ A Z q dpk v 6pk 6Tkl (10)
'70q; 1+1440T,0q;  1+1dq; 1+2 “oq; i Ty dq; )’
0 1 0 ,
_C:_ _U%_ ! o= qu apk di (11)
Ok; 1+24 - 0Ty Ok 1+/16k 1+/1 aTk, ak

The final term in equatron (10) can be written as >, gx 2x gﬁ; 662“ Y (Zk, qi 'ZPT’;' ) oy

We now show that ), qk/ can be written as a weighted average of the change in gross ut1l—

ity among marginal travelers. By Leibniz’s integration rule, W’ = =Wi(p,1) = Xiz; Wik(p, 1),

where W;(p, 1) = fcaoj(p,z) vi(0)-nj(p,t,0)f(0)dd and Wy(p,1) = fao,-k(p,z) vie(@) -7 (p,t,0)f(6)do
are integrals over boundaries d®;(p,t) and 00O y(p,t), where the integrand is the density of
riders that are willing to switch modes in response to an increase in utility. That density is

’”1 _ u
a0

(and the inverse of o for v;(0)), and 7.(p,1,0), the unit normal component of the boundary

00.(p,t) at 6. Also by Leibniz’s integration rule, az = Vi(p, )+ Xizj Vi(p, 1), where Vi(p, 1) =
ou(1,6)

ou;j
j(;@j(p,[) %vj(e) nj(p,1,0)f(0)d0 and Vi (p, 1) = L@jk(p,t) 5 Vi(0) - p(p, t,0) f(6) db. These
are similar integrals as before, only that the integrand is the density of riders that are willing to

given by the dot product of v;(6), the vector whose elements are the inverse of

switch modes in response to an increase in pickup times.

Let A(p, t) be the matrix whose j-th diagonal element is W;(p,t) + >}; Wi(p,t), and whose
non-diagonal element (j, k) is Wi (p,t). Let Z(p, ) be a matrix that is defined similarly, but
whose elements arise frorn ij(p, 1) instead of W (p, 1). Then, by the implicit function theorem,

the matrix of der1vat1ves - is given by W(p, 1) = A‘1 (p, HZ(p, t). From the definition of W and
1,0)

V it is clear that this is a we1ghted average of over sets of marginal agents. We define
] = D qk (%j = 2 q¥j, the sum of such we1ghted averages, weighted by the number of
agents in each market.

Substituting it} = 3 qk‘p % and the definitions of EJ.Tk"’, ek i 74

P , Oy, Cq and Eq into expres-
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sions (10) and (11) yields expression (6) and

B oC Z aTk N A {Z + Z( —T aTk }
pi= (9qj 6ql 1+l & ;s BqJ '
N~—— Mg utility \,—4 . ,
Mg. cost Mg env. ext. of time Congestion “Monopolist” Spence
of a trip of a trip effect markup distortion
(12)
To obtain expression (5), multiply (6) by Z—f and subtract it from (12). m|
J

Appendix D Driver equilibrium

Computing expected earnings Suppose that the state transition matrix is A. Each state tran-
sition s — §’ is associated with a certain payoff y,y, as described in the main text. Since payoffs
only take place during state transitions, each state s is associated with a flow payoff that is equal
toy, = D¢ AsyYsy, asum of the payoffs for each transition weighted by the rates at which those
transitions occur.

Consider a driver that is in state s at time 0. His state at time ¢ is a mixture over states that
can be computed as x(#) = P(t)e,, where e is the vector with a 1 in coordinate s and zero in
every other coordinate and P(f) = exp(Ar) is the evolution matrix of the Markov chain. His
expected flow payoff at time 7 is y - x(¢), so his expected payoffs between time zero until time
A are equal to &y = fOA y-x(t)dt =y- fOA P(t)dt - e,, and the vector of all such payoffs can be

writtenas 7 = [y x()dt = y- [ P(t)dr.

Equilibrium computation Conditional on 7, the joint solution of L,; = L(k;, A;;) and
Ayj = A(qyj, Ly, ;) can be written as

D Lamaa+ ) Lavtar = ) da + L ) maw Va (13)

Qoo = Laa’ Vaar Ya, a (14)

wehere m,y = exXp(aw + W(Tynj — Manj)) and 7,y . From equation (14), we can

= T

solve for the values of L, , and if we substitute (14) into u(hi3)m :{/e can write it as a single matrix
equation

AL=g (15)

where L is the vector of the number of idle drivers in every location, Awwr = Myy — Fye and

@ = 2 Gara — 9aa are the net inflows to a due to trips. This system is linearly dependent, but

replacing the last equation by 1-L = k;, i— 2w Law yi€lds a linear system with a unique solution.

Call this solution L(ky;, quj, #,), and let TI(ky,j, quj» 71/) = TH(A(Qnj» Llknj» Qujs 7)), 7 )))-
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Fixing k;; and q;, let f() = lxl(kh‘,-, q.j, 7) (ommiting the vector notation). A driver equlib-
rium is a fixed point of f:

n = f(n). (16)

Iterated application of f may diverge. However, a result from Castillo (2020) is useful. Let
fy(n) = (1 —y)m+yf(m), where y € R. This function has the same set of fixed points as f. And,
as long as (f(m) — f(n')) - (m — ) < O for all &, 2/, then there exists some sufficiently small y > 0
such that fy is a contraction mapping. This implies that there exists a unique fixed point of f.
Furthermore, iteratively applying fy converges to that fixed point.
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Motivation
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 utilization rate is very low.
Source: DOT
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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 utilization rate is very low.
Source: DOT

Only 5% of commuting trips use public transit.
Source: Census.gov

A private car emits about twice the amount of CO, per passenger mile as public transit.

Source: DOT

— Is current urban transit running at an efficient level?
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Urban Transportation
Toward a city planner’s problem
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Room for government intervention
Why regulate prices?

Limited long-run infrastructure investments

Externalities: Congestion, Environmental, Network

Budget constraint introduces monopoly-like distortions

Distributive role (not today)
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This Project

Research Questions:

1. What are the optimal prices and capacities of the current urban transit system?
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This Project

Research Questions:
1. What are the optimal prices and capacities of the current urban transit system?
2. What are the welfare and distributional gains from short-run investments such as:

— improvements on on-demand technologies?
— congestion pricing, congestion zones... (not today)?

10 approach to urban transportation:

— Allow for rich substitution patterns that depend on observed and unobserved sources of variation.
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Roadmap

1. Construct a dataset for all relevant modes for Chicago

2. Model of a City Planner

3. Discrete choice mode demand (McFadden 1974, Berry et al. 1995).

4. Transportation system: transit technology determines cost, convenience, and network externalities

5. Determine welfare effects of optimal prices and capacities

— Accounting for environmental and congestion externalities + network effects

51
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Counterfactual Results
Budget Constraint 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 externalities is reduced by 1/3 or $2M (CO,, congestion) per day.
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— A budget constrained city with heterogeneous agents setting optimal prices and capacities
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Data Sources

Chicago, June 2019-February 2020.
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Data Sources

Chicago, June 2019-February 2020.

Raw data sets:

Individual cell phone location records: 40% of all devices.

Universe of public transit trips through MIT-CTA partnership.

Universe of taxi and ride hailing (pooled + single rides) trips from the city of Chicago.
Block level census data.

2019 Chicago transit survey for validation and calibration.

vk W~

— Car trips are identified as:

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

Goal: Hourly flows, prices, and travel times by mode across community areas + micro moments.
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Cell Phone Data

Representativeness Across Income Groups

Population coverage by income percentile

1. Assign home census tract to cellphone id

2. Construct population coverage relative to

census tract population in census

Population coverage
°

3. Order tracts by income percentiles 005

L]
'.'.'. o.':.o°.:~.¢ .. ."o-s%‘.ﬂ. ’,0.0“.:-.0..‘: 4 .".".‘-.."

25 50 75 1
Income percentile




Combined vs. Survey Data: Flows Across Community Areas

Heatmap, combined data Heatmap, survey data

. IR
# Trips 0

10 100 1,000 10,000 100,000 1,000,000 101



Mode Market Shares by Income

0.6
o Income
8 047 High
o Low
0.2
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Bus Car Pooled Ride hail Taxi Train
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Heterogeneity across locations
Mode choice correlates with location’s characteristics across space

Distance to Nearest Train Stop Versus Median Income

£ . Car Ownership
* Log Median HH Income 0.159***
. o e (0.006)
,LL%" g el % Log Distance to Train 0.051"**
5 el (0.005)
g . * . "‘\\\\ Log Distance to Bus 0.101%*
2 & . . - (0.010)
Constant -2.035"**
. . (0.086)

g1 : : : Observations 797

° ° 1 R 353191

Median Household Income (10,000 $)
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Summary Statistics
Utilization of Buses during Weekdays

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

Utilization (across buses):

mean pl10 p25 p50 p75 p90

7amto 9am  22% 8% 14% 22% 28% 36%
9amto7am  14% 2% 6% 13% 20% 27%

25
L

2
!

Average Utilization

.05
L

15
L

A
L

T
9

1 13 15 17 19 21 23
Hour of Day
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Model
Outline

There are 3 parts:
1. Commuters make mode choices: (prices and times) +— (# of people choosing each mode)
2. Transportation technology: (# of people choosing each mode) +— (time and social cost)

3. City government: chooses prices and capacity of each mode, trades off welfare and budget (Ramsey)

Outside our model (for now):

— Supply side: government hires drivers at market wage

Next few slides: model with one O-D pair, one time period

— We estimate main model for different O-D pairs and times of the week
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Model

Outline

Demand: D;(p, t)
— Prices p;

— Travel time (wait + trip time) t;
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— Travel time (wait + trip time) t;
Transportation technology | is described by three functions of quantity and capacity (q, «):
1. 7j(qj, kj): Total time (wait + travel)
2. C(q, k): Cost (fuel, depreciation, labor)
3. E(q, x): Externalities (CO,, congestion),
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Model
Outline
Demand: D;(p, t)
— Prices p;
— Travel time (wait + trip time) t;
Transportation technology | is described by three functions of quantity and capacity (q, «):
1. 7j(qj, kj): Total time (wait + travel)
2. C(q, k): Cost (fuel, depreciation, labor)
3. E(q, x): Externalities (CO,, congestion),

k;: Capacity of mode j, determines total times

— Taxis, ride-hailing, shared: Number of drivers working. More idle drivers — lower times.

— Buses, trains: Route frequency. More buses — lower times.
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Model

City Government and Equilibrium

City government chooses prices and capacities (p, k). Equilibrium (q, t) such that:

q=D(t, p) and t=1(q,«)
~— ~—
demand technology

Conditional on equilibrium, government’s problem (Ramsey):

Consumer Surplus  Gov. revenue \ Profits Budget constraint
max utt,p)-p-q+ p-q-C(q,x) -E(qx) st. p-q-C(qx)>B
' Welfare

q=D(,p), t=1(q,«)

Equilibrium conditions
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Optimal Pricing

Lagrangian for government’s problem:

max CS(q, ) = (@) + (1+.0)- {; i@, K) - 4; = C(a, %) - B

First-order conditions

1. Quantity:
oc 1 8V oy 1 8E_ 4 Opx
Pi= g "1+ 8t 8q 1+ 9 1+4 449 g,
2. Capacity:
% 1 au  ot; 1 oE A Opk
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Optimal Pricing

_ T, T
pi—- G = E - @ -(&9+€ ")+
J J J J J J
N—— N—— —_— —
mg. cost me. Utility Returns
externality ¢ time to scale

1+4

. { — Ej — Z gk - ij - (TIJT - DJT) . (EjT’q + EjT’K)}

ked
—
Market power
distortion

Spence
distortion
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Optimal Pricing

-T T.q T«
- G = E -0 (gT+e Nt
—_— N—— ~_—— —
mg. cost ms. Utility Returns
externality ¢ time to scale
pi -
N ) =T _ =Ty T.q T«
1+ { E-D o Q=@ 1)) (/T +g )}
keJ
——— Spence
Market power distortion
. distortion
Notation:
_F 9% ack, i i i ip 2
CJ = — + £=-L: Mg. cost of a trip, keeping capacity per trip - constant
aq; Ok; qj q;

13

;= % + %K—f:: Mg. externality of a trip, keeping capacity per trip = constant
gj Kj qj qj

— “Standard” Pigouvian tax/subsidy
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Optimal Pricing

{-E-Y a0y -+ )

~ -T T.q T«
pi= G = B - (g e DF
N—— ——— —— —,—,————
mg. cost me. Utility Returns
externality ¢ time to scale
A
1+
A ked
—
Market power
. distortion
Notation:
- t; . 11§
uJ.T = 38%;{: If t; increases by 1%, how does utility per commuter change?
J i

Spence
distortion

- ejT’q + eJ.T’K: If both # of trips and capacity increase by 1%, what is the change in total time?

= Higher subsidy to modes with larger returns to scale
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Optimal Pricing

_ T
pi— C = E — @ -(e"7+e+
J J J J J J
—— —— —_—— —
mg. cost me. Utility Returns
externality ¢ time to scale
A ~
~T -T T,q Tk
==Y ac0u-@ -5+
1+4
keJ
————— Spence
Market power distortion
. distortion
Notation:

— Q: Inverse Jacobian of demand (~ inverse price elasticities)

- HJ.T: If t; increases by 1%, how much does utility of marginal commuters change?
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Optimal Pricing

_ T
pi— G = E - @ -(e"9+e )+
J J J J J J
S~ — S~ —
mg. cost ms. Utility Returns
externality ¢ time to scale
A ~
: o (mT _ =Ty .. Tq Tk
e l-B-Yacou-a -gh g
ked
————— Spence
Market power distortion
. distortion
Notation:

— Q: Inverse Jacobian of demand (~ inverse price elasticities)

- HJ.T: If t; increases by 1%, how much does utility of marginal commuters change on avg.?

Government cares about budget, so it behaves like a monopolist to some extent:
— Underweights externalities
— Market power markup. Larger for less elastic modes, accounts for cross elasticities

— Caters to marginal rather than average consumer
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Demand

Market Definition:
— Community area o to d at hour h

Consumer covariates:

x; = (car ownwership;, precise location;, income;)

Choices depend on access:

J* = argmax uédhj
JE€T 0dn(xi)
Utility of agent /:

u’odhj = _a't(Xi)'todhj(Xi)_a'p(Xi)'podhj+§odhj+€édhjy

where: fodtj = HUpj+ Ho + Hd T+ Vodtj-

Chicago Community Areas

/4
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Identifying Variation for Price Elasticity: Ride-Hailing Trip Surcharge

Surcharge Areas (Treated) and Neighboring Areas (Control)
by Community Area

Control
L - Treated

Surcharge Area

JSNS== N

We exploit a tax to ride-hailing that offers

. . . .. \ a ;i_,r I
temporal and spatial price discontinuities: B ea NSNS )
i I

Introduced Jan 2020.

Surcharge (higher tax) for trips to/from
“Surcharge area”.

— Active weekdays 6am-10pm. 1 S§

$1.75 for “standard”, $0.65 for pool trips Ra [ll
J 7 {
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Identifying Variation for Price Elasticity: Ride-Hailing Trip Tax

0.00
ope . @
Specification: £
8004
Yod,t = Ho,d + @t + B¢ - treato q + €o,d,t g
w
-0.08
where: ——
- . i i 9:00 9:15 9:30 9:45 10:00 10:15 10:30 10:45 11:00
Yo.d,t: Log price, log trips Hour (PM)

o0, d: origin/destination community area

o
5}

t: Time of the day (15-min intervals)

z ™~
— treat, 4: Are 0 — d trips subject to surcharge? % 0 —
Figures plot coefficients 5; 2020 -02 e

9:00 9:15 9:30 9:45 10:00 10:15 10:30 10:45 11:00
Hour (PM) 21/



Identifying Variation for Price Elasticity: Ride-Hailing Trip Tax

| —
—_ 0.00
rn . 8
Specification: £
2
3*004
Yod,t = Ho,d + @t + B¢ - treato q + €o,d,t &
w
where: oo
— )/o,d,t: Log price, Iog trips 9:00 9:15 9:30 9:45HO;LJ(: (()gM);LO 15 10:30 1045 11:00
— 0, d: origin/destination community area
— t: Time of the day (15-min intervals) 001
— treat, 4: Are 0 — d trips subject to surcharge? £ NG
Figures plot coefficients 8, 2019 o

9:00 9:15 9:30 9:45 10:00 10:15 10:30 10:45 11:00
Hour (PM) 22/1



Simple Demand Results

(1) (2)

(3)

(4)

(5)

Trip Time (in hours) -4.051%**  -1.632***  -2.002***  AT717***  -1.722***
(0.127) (0.315) (0.187) (0.264) (0.275)

Price -0.219***  -0.128***  0.00829*

(0.00806) (0.00938) (0.00470)
VOT $18.49 $12.79 -241.57 $19.07 $19.14
Price Elasticity -1.56 -9 .06 -1.42 -1.42
Hour FE v v v v
Day of Week FE v v v v
O-DFE v v v v
Mode FE v v v
Elasticity from Policy v v
Mode-Hour-We FE v
R? 0.653 0.398 0.630 0.552 0.583
Observations 743046 742803 742803 742803 742803

231
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Shared On-Demand Transit
Estimating Network Externalities

Estimate matching technology assumption by matching four moments:

1. Match probability
2. Average detour
3. Elasticity of match probability wrt # of trips

4. Elasticity of average detour wrt # of trips

Microfoundation

24/1



Shared On-Demand Transit
Estimating Network Externalities

Probability of Pooled Ride

.05

-.057

-5 0 5
Residualized Pooled Trips Requested

Residualized Detour Measure

o
b
|

-.05-

=
I

-5 0 5 1
Residualized Pooled Trips Requested
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Shared On-Demand Transit
Estimating Network Externalities

05 "
057 ~Q

_05 o -

Probability of Pooled Ride
AY
A\
Residualized Detour Measure
/
/

-1 -5 0 5 1 -1 -5 0 5 1
Residualized Pooled Trips Requested Residualized Pooled Trips Requested

Doubling the number of trip requests leads to:
Extensive margin: 10% Increase in matches Intensive margin: 8% reduction in detour
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Status Quo
Mode Comparison

11

—~ 10 @
£
o
= ? °
- Mode
0] 8
E. e Shared
8 7 o Bus
o e Ride hail
8 6
8 °
2 5

4

20 22 24 26 28 30 32 34 36

Total time (min) 26/1



Counterfactual
Additional Assumptions

Externalities:

— CO; cost: $100 per ton; congestion 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 restrictions:

— Bus technology.

— Zero marginal cost, wait times inversely proportional to capital spending.

— Taxis and Ride Hail modeled as one technology.

— Random coefficient proportional to income.

27/1



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 reduction)
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Counterfactual Results

No Shared / Improved Shared /
Status quo No Ride Hail Ramsey Ramsey
Ride Hail Price ($) 24.5 ) 8.3 8.6
Bus Price ($) 2.5 2.5 0.2 0.7
On-demand Shared Price ($) 171 ) 0.8 3.1
Ride Hail T (mins) 20.0 ) 21.4 21.6
Bus T (mins) 36.5 36.5 32.7 32.8
On-demand Shared T (mins) 25.6 00 24.7 22.6
Ride Hail % 77 0.0 4.1 3.2
Bus % 20.4 22.8 27.4 25.2
On-demand Shared % 1.9 0.0 3.3 7.7
Car % 701 77.2 65.2 63.9
A Welfare ($Million per day) 0.0 -14.4 22.32 25.1
A CS ($Million per day) 0.0 -8.1 20.1 22.5
Revenue / Profit ($Million per day) -13.4 -19.6 -13.4 -13.4

Externalities ($Million per day) 7.6 77 5.4 5.5

29/1



Counterfactual Results

No Shared / Improved Shared /
Status quo No Ride Hail Ramsey Ramsey
Ride Hail Price ($) 24.5 00 8.3 8.6
Bus Price ($) 2.5 2.5 0.2 0.7
On-demand Shared Price ($) 171 ) 0.8 3.1
Ride Hail T (mins) 20.0 00 21.4 21.6
Bus T (mins) 36.5 36.5 32.7 32.8
On-demand Shared T (mins) 25.6 0 24.7 22.6
Ride Hail % 77 0.0 4.1 3.2
Bus % 20.4 22.8 27.4 25.2
On-demand Shared % 1.9 0.0 3.3 7.7
Car % 701 77.2 65.2 63.9
A Welfare ($Million per day) 0.0 -14.4 22.32 25.1
A CS ($Million per day) 0.0 -8.1 20.1 22.5
Revenue / Profit ($Million per day) -13.4 -19.6 -13.4 -13.4

Externalities ($Million per day) 7.6 7.7 5.4 5.5

29/1



Counterfactual Results

No Shared / Improved Shared /
Status quo No Ride Hail Ramsey Ramsey
Ride Hail Price ($) 24.5 ) 8.3 8.6
Bus Price ($) 2.5 2.5 0.2 0.7
On-demand Shared Price ($) 171 ) 0.8 3.1
Ride Hail T (mins) 20.0 ) 21.4 21.6
Bus T (mins) 36.5 36.5 32.7 32.8
On-demand Shared T (mins) 25.6 00 24.7 22.6
Ride Hail % 77 0.0 4.1 3.2
Bus % 20.4 22.8 27.4 25.2
On-demand Shared % 1.9 0.0 3.3 7.7
Car % 701 77.2 65.2 63.9
A Welfare ($Million per day) 0.0 -14.4 22.32 25.1
A CS ($Million per day) 0.0 -8.1 20.1 22.5
Revenue / Profit ($Million per day) -13.4 -19.6 -13.4 -13.4

Externalities ($Million per day) 7.6 77 5.4 5.5

29/1



Counterfactual Results

No Shared / Improved Shared /
Status quo No Ride Hail Ramsey Ramsey

Ride Hail Price ($) 24.5 ) 8.3 8.6

Bus Price ($) 2.5 2.5 0.2 0.7
On-demand Shared Price ($) 171 ) 0.8 3.1
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Car % 70.1 77.2 65.2 63.9
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Future Steps
Much Work Ahead!

Add demand heterogeneity:

— Income
— Car ownership as choice set variation

— Include heterogeneity in access

— Endogenize congestion (Couture, Duranton, and Turner (2018))

Politically feasible counterfactuals

Distributional effects
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Conclusions

— Construct new dataset of all trips across all modes for a major urban area.

— Compute optimal transit prices and capacities with government budget constraints.
= Application: can on-demand shared transit scale up?

— Preliminary results:

— Public transit should be further subsidized

— Potential of restricted on-demand sharing technology limited
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Supply

Parametrizing Pooling Technology

Total trip time:
T= wl) + 057 + T° + P - dg),
Waiting time ~ Batch Length  Directtime  mMatch  Expected
prob. detour

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

Parametrizing Pooling Technology

Total trip time:

T= wl) + 057 + T° + P - dg),
Waiting time ~ Batch Length  Directtime  mMatch  Expected
prob. detour

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

Suppose that density of trips with detour distance x is proportional to

. Batch Skewness
Efficiency Requests length
a . q . T -—_ X ,
n

then x ~ Weibull (also shortest path btn. vertices on random graph; Bauckhage et al., 2013).
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Supply

Parametrizing Pooling Technology

Total trip time:

T= wl) + 057 + T° + P - dg),
Waiting time ~ Batch Length  Directtime  mMatch  Expected
prob. detour

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

Suppose that density of trips with detour distance x is proportional to

. Batch Skewness
Efficiency Requests length
—_— n-— 1
a . q . T -—_ X ,
n

then x ~ Weibull (also shortest path btn. vertices on random graph; Bauckhage et al., 2013).
— Only match if detour < X.
— P(q) is the CDF of the shortest detour 1 — exp(—a - g - 7 - X™).

— Expected detour d(Xx, @, g, T): mean of detour, truncated at x 0



Supply
Utilization
How much driver time does a trip take on average?
1
B _ . 0 <. 0 -
TE=(-F&a,q) _T +F@¢L¢ﬂ-E(T-Huxmq;n

Prob. of no match _ Busy time Match prob. R
if unmatched Busy time if matched

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

Waiting time (distance to the closest driver):
— Avg. waiting time is w(/) = % (Arnott 1996).

Additional assumptions:
— Optimal match radius depends on density: x(q) =6 - g
— Batch length 7 fixed at one minute.

— Set p so that avg. ride-hailing time is 4 min
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Supply

From model to the data

Given parameters «, 17, 8, 6, we can construct
— P(q) of being pooled 1 — exp(—a - g - T - X").
— E(q) Expected detour d(x, @, q, T)
= Both functions P(q) and E(q) can be directly constructed from the data!
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Improving current technologies
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