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Abstract

We develop an economic model of autonomous vehicle (AV) ride-hailing markets in which un-
certain aggregate demand is served with a combination of a fixed fleet of AVs and an unlimited
potential supply of human drivers (HVs). Dispatch efficiencies increase with scale due to density
effects. We analyze market outcomes in this setting under four market configurations, including
two dispatch platform structures (common platform vs. independent platforms) and two levels
of supply competition (monopoly AV vs. competitive AV). A key result of our analysis is that
the lower cost of AVs does not necessarily translate into lower prices; the price impact of AVs
is ambiguous and depends critically on both the dispatch platform structure and the level of
AV supply competition. In the extreme case, we show if AVs and HVs operate on independent
dispatch platforms, there is a monopoly AV supplier and labor supply elasticity is high, then
prices are even higher than in a pure HV market. Indeed, to guarantee consistently lower prices
(relative to a pure-HV market) in all scenarios and under all supply and density elasticities,
a common dispatch platform between AVs and HVs is required; furthermore, competitive AVs
lead to lower prices than monopoly AVs in every such scenario. Our results illustrate the critical

role market configuration plays in realizing potential welfare gains from AVs.
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competitive

1 Introduction

Autonomous vehicles (AVs) hold the promise of significantly reducing the cost of ride-hailing ser-
vices. However, understanding precisely how AVs will impact prices for ride-hailing service hinges
on the complex interplay of their effect on dispatch efficiency and labor costs. Toward this end, we

develop an economic model of autonomous vehicle (AV) ride-hailing markets in which uncertain
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aggregate demand is served with a combination of a fixed fleet of AVs and human drivers (HVs).
We analyze market outcomes under two dispatch platform structures (common platform vs. inde-
pendent platforms) and two levels of AV competition (monopoly AV vs. competitive AV). Table

shows motivating examples from current AV firms for each market configuration.

Table 1: Motivating examples for different dispatch structures and levels of competition

‘ Common Platform ‘ Independent Platform

Monopoly ‘ Uber’s own AV fleet ‘ GM Cruise’s AV ride-hailing network

Competitive ‘ Lyft open platform ‘ Tesla robotaxi

Note. 1. Monopoly, common platform market: A ride-hailing company like Uber deploys its own AV fleet on the
same dispatch platform as drivers. (Shetty|[2020]) 2. Monopoly, independent platform market: An automaker like
GM develops its own ride-hailing service supplied by AVs. (Bellan|2021) 3. Competitive, common platform market:
A ride-hailing platform like Lyft collaborates with multiple AV suppliers (Waymo, Aptiv...) and shares the same
dispatch network. (Lyft|[2021) 4. Competitive, independent platform market: Tesla announced plans to build its

own ride-hailing network, where individual owners can deploy their Tesla to make a profit. (Ford|2021)

We look at a market that is subject to aggregate demand variability hour to hour and faces a
“loose” market for labor (see Assumption [2| below)— the typical setting for ride-hailing markets.
The incumbent HV ride-hailing market is assumed to be perfectly competitive: riders and drivers
are both price takers, and market prices for rides and labor are determined by a zero-profit equi-
librium. This is a stylized representation of the fact that the current ride-hailing industry based
on independent contractor drivers is highly competitive on both the demand and supply side. AVs
in contrast are provided by suppliers who we assume make irreversible fleet capacity (quantity)
choices. HVs are assumed to incur only variable per-hour costs related to their variable vehicle
costs and the reservation value of driver time. AVs incur both a fixed investment cost per calendar
hour and a variable cost per operating hour — the sum of which is assumed to be lower than the
HV’s total variable cost.

A salient feature of our model is the network density effect. Specifically, while operating, AVs and
HVs are in one of three states: waiting for dispatch, traveling to pick up riders, or transporting
riders. A higher density of supply and demand leads to a shorter average distance between riders
and vehicles, leading to shorter pickup times and hence higher on-trip utilization. (See, for example,
Castillo et al.| (2017), Nikzad (2020)). Since a vehicle only generates revenue when it is serving
demand, the less time it spends waiting or traveling to pick up riders, the more revenue it can
generate per unit of time. This effect of density on revenue per unit of time plays an important

role in driving market outcomes in our model.

Our analysis provides a number of important insights. First, we show AVs will, in most plausible
cases, not fully replace HVs even if AVs have lower total costs (the sum of their fixed and variable
cost). The reason is the lower flexibility of AVs: AVs are capital-intensive assets that must be pre-
committed to a market and incur fixed costs regardless of whether they are operating or not. This

means AVs are cost-competitive only if their utilization is sufficiently high. Indeed, a supplier’s



decision on their AV capacity involves balancing the underage cost of missing rides in high-demand
scenarios against the overage cost of wasting capacity in low-demand scenarios. With sufficient
variability in demand scenarios, it is therefore not cost-effective for AVs to serve all the demands.
In contrast, HVs — which are operated by a large pool of independent contractors who typically
use their vehicles for other purposes — have greater flexibility to vary their aggregate supply and
do not incur the same degree of fixed costs. E| Hence, HVs effectively have no capacity constraint
and, in the case of perfectly-elastic supply, will fulfill all demand as long as the revenue per unit
time exceeds the HV reservation wage. The existence of this flexible, elastic market for HVs is a

critical determinant of market outcomes for AV services.

More surprisingly, we show that the lower cost of AVs does not necessarily translate into lower prices
for ride-hailing services; rather, the price impact of introducing AVs to a market is ambiguous and

critically depends on both the dispatch platform structure and the level of competition.

In the extreme case, we show that if AVs and HVs operate on independent dispatch platforms,
labor supply is sufficiently elastic, and there is a monopoly AV supplier, then prices are even higher
than they are in a pure-HV market, and consumers would be better off without AVs. These higher
prices are driven by the interaction of market power and the density effect. If AVs and HVs operate
on separate dispatch platforms, then adding AVs to the market reduces the average density on the
HV platform. As a result, HVs will have a lower utilization rate and (until prices adjust) earn lower
revenues per unit of time. HVs will then respond by exiting the market until the market price is
high enough to compensate for the lowered utilization. Through this density effect, reducing the
market share for HVs raises the market price (provided the density effect is stronger than the labor
cost effect). A monopoly AV provider recognizes and exploits this price effect of reducing HV
market share by increasing its supply, and hence the resulting market price in the mixed AV-HV
regime is in fact higher than in the pure-HV market. This outcome, while bad for consumers,
produces high total AV profit.

In contrast, with a common dispatch platform for both AVs and HVs, the average density remains
the same as long as the total number of AVs and HVs does not change. In other words, while the
share of demand served by HVs declines, there is no utilization loss from the entry of AVs. Even
so, we find that the equilibrium price does not necessarily decrease. Whether the price is lower or
not depends on the level of AV competition and the labor supply elasticity. If AVs are owned by a
monopoly supplier and labor supply is perfectly elastic, then the equilibrium price is the same as
in a pure-HV market in every demand scenario. The reason is that a profit-maximizing monopoly
AV supplier will seek to limit its supply to increase prices. But the market price can never be
higher than the pure-HV equilibrium price else HVs will enter until the price returns to the HV

equilibrium price. Hence, the monopoly AV supplier chooses supply quantities such that prices in

2The extent to which ride-hailing drivers commit to the fixed cost of a vehicle of course varies from driver to
driver. That said, human contract drivers have many alternatives for using their vehicles for other contract work
(e.g. delivery) and/or personal use that are quite distinct from an AV operating in a commercial fleet. This is why,
in our stylized model, we assume HVs have purely variable costs.



all scenarios are identical to the pure-HV prices.

Indeed, among the market configurations that we examine, a common platform is the only one that
yields lower prices (relative to a pure-HV market) in all demand scenarios and under all supply and
density elasticities; furthermore, competitive AVs lead to lower prices than monopoly AVs in every
such scenario. In other words, within the scope of our model, the only market configuration that
consistently reduces prices for the consumers while achieving the highest price reduction is when
AVs and HVs operate on a common dispatch platform and the AV supply is perfectly competitive.
In this case, for high-demand scenarios where the entire AV fleet participates along with some HVs
and HV supply is perfectly elastic, the pure-HV equilibrium price is realized because (on a common
platform) the density and utilization of vehicles are the same as in the pure-HV market. With finite
supply elasticity, prices are reduced in these scenarios due to the reduced demand for HV supply.
In scenarios where demand is too low to support HV participation, the market price is determined
by a zero-variable-profit equilibrium among the competitive AV suppliers, who have variable costs
strictly lower than HV variable costs. The result is a market price that is strictly lower than the

pure-HV market price. In short, in all cases forces are aligned to lower prices in all scenarios.

Our results illustrate the critical role that the market configuration plays in realizing the potential
welfare gains from AVs. A common dispatch platform is necessary to ensure that economies of
density are not adversely affected by introducing AVs in a market. At the same time, competition
among AV suppliers on this common platform is needed to ensure that AV suppliers do not have
market power to limit supply in scenarios where there is ample AV supply to serve all demand.
The worst outcome for consumers is a monopoly AV supplier providing service on an independent
platform; such a supplier can exploit a combination of market power and the price effects of reduced
density in the HV market to drive prices even higher than in the pure-HV market. Unfortunately,
this bad outcome for consumers is the preferred one for AV suppliers as it tends to generate the
highest AV profit. These findings reflect, in a stylized way, basic tensions emerging in the ride-
hailing industry between platform providers, like Lyft and Uber, who are promoting open access to
multiple AV suppliers on a common platform co-mingled with existing human drivers; and new AV
entrants, like GM/Cruise and (to a lesser extent) Waymo, who are pursuing a strategy of building

their own stand-alone AV-only services.

2 Related literature

Research on the economic impact of AVs is growing. Ostrovsky and Schwarz (2019) study the
relationship between autonomous transportation, carpooling, and road pricing. They show that AVs
make carpooling and road pricing more attractive by eliminating the labor cost and rider’s disutility
from congestion. Their model focuses on a pure AV market, while ours looks at a mixed HV-AV
market. Siddiq and Taylor (2022)) study the implications of AVs on the competition between two
ride-hailing platforms by examining three performance measures: platform profit, driver welfare,

and social welfare (defined as the sum of the former two terms). The focus of their analysis is the



supply-side implications. In contrast, our key insight is centered on consumers about whether AVs
will lead to a lower price. While we also examine optimal supplier decisions (i.e., fleet sizing), our
primary focus is on the consumer welfare implications of various market configurations not the profit
consequence for competing platforms. Furthermore, their model does not consider the dispatch
platform structure and density effects on utilization; thus, in their model, AVs will always make
consumers better off (due to the increase in supply) and drivers worse off (due to the displacement
of human labor). However, in our model, consumers are not better off with AVs under certain
market configurations. Mirzaeian et al.| (2021b) take a different angle and analyze the implications
of AVs on highway congestion. Instead of taking an economic viewpoint, their motivation comes
from the distinctive highway performances of AVs and HVs; that is, AVs have the ability to move
in larger batches than HVs, due to their superior communication capabilities and smoother braking
and movement patterns. They employ a queueing model to reflect highway traffic and show that
the extent to which AVs reduce congestion depends on the specific design of lane assignments for
AVs and HVs. Furthermore, Mirzaeian et al. (2021a) study how the self-parking ability of AVs
may impact the parking decisions of morning commuters. They propose policy recommendations
and suggest strategies for social planners related to toll and parking fee structures, as well as

repurposing downtown parking areas.

Our paper is also related to the operations literature on ride-hailing. |Besbes et al.| (2021) study the
spatial capacity planning for service platforms like ride-sharing. Banerjee et al. (2018) study the
dynamic assignment control of supply in a closed network where the number of supply units is finite,
and a controller dynamically assigns nodes when new demand arises. Bimpikis et al. (2019) study
the spatial pricing for networks such as ride-hailing, where riders are heterogeneous in destinations
and willingness-to-pay and drivers relocate to maximize their expected earnings. In addition,
Cachon et al.| (2017), Bai et al. (2019), [Hu and Zhou| (2020)), |Gurvich et al. (2019), |Lobel et al.
(2021)) and Dong and Ibrahim| (2020) also study the pricing and optimal staffing in the ride-hailing
market. This literature mainly considers independent contractor drivers as supply. Therefore,
these models focus more on how to optimally dispatch, price, and match the flexible workforce in
complicated market settings, such as those with spatial and temporal demand uncertainties. In
contrast, our work focuses on the market-level economic outcome when both drivers (HVs) and
AVs are capable of supplying the ride-hailing market, and the two types of supply are distinct in
the level of flexibility and cost structures. The key operational feature in our model lies in the HVs
and AVs’ service process; namely, that they must spend time waiting for requests and time picking
up riders before completing a trip — an important characteristic of real-world ride-hailing service.
Furthermore, among all these works, Lobel et al.| (2021) and |Dong and Ibrahim| (2020)) are the only
ones that investigate a hybrid model of independent contractors and permanent employees. While
there are some similarities between the employee model and AVs in their cost structures, these
papers focus on a platform’s internal staffing decision; thus, they do not consider the structure of

competition in the wider ride-hailing market.



Because we consider multiple platforms, there are connections to the literature on platform com-
petition. The seminal works of Rochet and Tirole| (2003), Rochet and Tirole| (2006 analyze the
competition among two-sided markets and discuss the optimal price allocation and user surplus
under different governance structures. Furthermore, the literature on competition among ride-
hailing platforms has been rapidly growing (for example, Bryan and Gans| (2019), | Ahmadinejad
et al.| (2019)), Nikzad, (2020), Loginova et al. (2019), Chen et al. (2020), Ahmadinejad et al. (2019),
Tan and Zhou| (2020), Bai and Tang| (2022)), Cohen and Zhang| (2018]), Bernstein et al.| (2021))).
Our paper makes an interesting contribution to the platform competition literature in that the two
dispatch platform structures (common vs. independent) can be thought of as different types of
competition between the AV and HV supply. Under a common platform market, AVs and HVs
are in coopetition (see also |(Cohen and Zhang| (2018)) for discussions on coopetition) where they
compete over the supply quantities but collaborate for scale economies; under an independent plat-
form market, AVs and HVs are in competition for both supply quantities and scale. Our findings
show that the competition between AVs and HVs (in the independent platform market) can lead
to the highest price and worst outcome for consumers, due to the efficiency loss from separating

the dispatch platforms.

Our paper is also related to work on market equilibria and driver utilization in ride-hailing. Specif-
ically, Hall et al. (2019)) study the impact of fare increases on equilibrium driver earnings. They
show that driver utilization is decreasing in price, and thus increased fares do not lead to earnings
increases due to the reduced utilization. |Asadpour et al.| (2023) study how utilization-based min-
imum earning regulations affect the stability of marketplaces such as ride-hailing. In our paper,
different market configurations (common platform vs. independent platform) of the mixed AV-HV

market have a significant impact on the equilibrium price due to their effect on HV utilizationﬂ

The next two streams of literature are not directly related to ride-hailing markets or AV technology,

but they share similar high-level trade-offs and modeling features.

One is the literature on electricity markets, where it is a common practice to have mixed power
generation from different energy sources, such as hydro-electric power and natural gas turbines.
These power generation technologies differ in their cost structure and flexibility. In the presence
of uncertain and volatile demand for electricity, a mix of generating technologies is used to serve
demand, with some technologies serving the base-load demand and others the peak-load demand,
based on their cost structure. (See Harris (2006) for a comprehensive overview of the economics
of electricity markets.) This is consistent with our findings that a combination of AVs and HVs
achieves the best market outcome; AVs are more suited to serving base-load demand due to their

low total cost when they can be highly utilized, while HVs are better suited to serving any residual

30ne difference between our definition of utilization and those in [Hall et al.|(2019) and |Asadpour et al| (2023) is
that, we explicitly consider the pickup time as part of the driver process; on average, a trip consists of three stages:
waiting for requests, picking up, and completing the trip; our utilization is defined as the proportion of time drivers
spend on completing the trip. In contrast, Hall et al.| (2019) and |Asadpour et al.| (2023) only consider the two stages
of waiting for requests and completing the trip, and thus tend to be higher than our utilization. Nonetheless, all the
works illustrate the importance of utilization as a key metric for platform efficiency in real-world ride-hailing markets.



peak demand due to their flexibility (no fixed cost, albeit higher variable cost).

The second is the literature on taxi markets, e.g. Douglas| (1972) and Arnott| (1996). In this
literature, the main driving forces are the effect that increasing both trips and taxis has on reducing
waiting times, and the focus is on the best way to regulate and subsidize the market. Our model also
includes this density effect and our assumptions on labor supply resemble those made in [Douglas
(1972). On the other hand, AVs have the unique characteristic of fixed capacity that must be
pre-committed to a market with uncertain demand. Thus, our analysis generates new insights that

have not been addressed by this literature.

3 Model

We start by summarizing the main assumptions of our model:
1. Aggregate demand is uncertain.

2. There is a density effect in dispatching, which leads to higher utilization with higher trip

volume.

3. AVsincur a fized cost and require pre-commitment, while HVs incur only variable costs and

can be utilized as needed.

4. The total of an AV’s fized cost per calendar hour and its variable cost per ride-hour is strictly

lower than the HV’s variable cost per ride-hour.

5. HVs enjoy free-entry and participation adjusts much faster than potential adjustments in AV

supply.

6. The ride-hailing platforms match real-time supply and demand, make zero profit and do not

prioritize among AVs and HVs.
7. The market for HV labor is “loose” in the sense discussed in|Asadpour et al. (2023).

We define these assumptions precisely and discuss them in more detail below.

3.1 Platforms, AVs, HVs, and the market

Platforms. Platforms are the entities that facilitate matching of supply and demand by dispatch-
ing ride requests to available (idle) supply (HVs or AVs). We assume platforms do not earn profits.
This is a stylized representation of the fact that ride-hailing firms face fierce competition for both
supply and demand and hence their margins are small relative to the cost of supply. Moreover, when
both drivers and riders multi-app, market supply and demand are effectively pooled and hence the
entire market for ride-hailing service can be approximated as a single zero-profit platform. This is

the perspective we take.



Human drivers (HVs). HVs have a cost per hour on the platform (their reservation earnings
level), which can be thought of as the sum of variable vehicle cost per hour and the opportunity
cost of the driver’s time. All time spent on the platform (idle time, pickup time, and trip time)
is assumed to have the same cost per hour. We assume that the HVs’ reservation earnings are a
non-decreasing function of the number of HVs (the HV fleet size) in the market. That is, for a fleet
size of ngy HVs to participate in the ride-hailing market, the HVs’ realized earnings per hour have

to be w(ngy). In particular, we assume that w(ngy) is a linear function of the HV fleet size nyy:
w(ngy) = wo + angy,a >0 (1)

The cost parameter a represents the marginal increase in the HV reservation earnings when the
HYV fleet size increases by one unit. All else being equal, a lower « corresponds to a higher HV
supply elasticity. When o = 0, the HV supply is perfectly elastic at constant reservation earnings
wp. That is, if the realized earnings of HVs exceed wg, then an unlimited number of HVs will enter
the market; if not, then no HV will enter the market. E|

Lastly, we assume the labor market is “loose” in the sense discussed in |Asadpour et al. (2023)) (see
Assumption [2| below), meaning that market clearing prices are lower than the aggregate revenue

maximizing price.

Autonomous vehicles (AVs). AVs are assumed to be fully capable of servicing all tripsﬁ They
are provided by fleet operators that make investment commitments to the number of AVs they will
deploy in a market. Because AVs are capital-intensive assets that must be purchased in advance and
committed to a single market, this fleet sizing decision is considered an irreversible investment. H
AVs have a fixed cost per calendar hour of ¢; > 0 and a variable cost per operating hour on the
platform of ¢, > 0. AVs are assumed to have a total cost advantage over HVs in the sense that
the sum of the fixed and variable AV costs satisfies ¢, + ¢y < wp. We formalize and highlight this

assumption in Assumption [T}

Assumption 1 (AVs have lower total cost) The sum of the variable cost per ride-hour and
the fixed cost per calendar hour of AVs is always lower than HVs’ wvariable cost per ride-hour

(reservation earnings), i.e. ¢, + cf < wo.

“The supply curve w(nmy) = wo + angy also corresponds to a market where there is a potential HV pool with
size N, and the HV’s reservation earnings follow a uniform distribution between wo and an upper bound . In this
market, the cost parameter o = (w —wo)/N. Thus, all else being equal, a higher « corresponds to a smaller potential
HV pool and a lower elasticity of the HV supply.

°In reality, AVs will have restrictions on the trips they can serve while the technology is maturing. These restric-
tions include limits on travel speeds, night-time driving, restricted pickup/drop-off locations, snow and ice restrictions,
etc. For simplicity, we will ignore these restrictions. Alternatively, one can consider our model as applying to only
the AV-addressable portion of the overall ride-hailing market.

51t is possible to move AVs from one market to another at a cost, but this is not likely something that would
make economic sense on a tactical (hourly) basis. Nevertheless, the core investment trade-off we analyze is effectively
unchanged, provided that the supplier is committing the AV to a market for a sufficient length of time (one that
spans multiple demand scenarios).



In other words, when AVs are utilized 100% of the time, it is cheaper than any HV in the market.

Market.  Aggregate demand is stochastic. In particular, let M (a random variable) denote the
“mass” of potential riders (market size) in a representative hour of operation. We assume M has a
discrete distribution consisting of I demand scenarios, M = {m;|i = 1,...1} with probability mass
function P(m;),i =1,...,I. The market price for a ride-hour of service is denoted by p. Demand

(in ride-hours per calendar hour) in scenario i is given by
di(p) = mi(1 — F(p)) (2)

where the rider value distribution F(p) is the fraction of riders whose monetary value for a ride hour
v is less than p. We assume that v is uniformly distributed on [0, V]. Thus, F(p) = min{p/V,1}.

The inverse demand function is then given by

pild) = V(- L) deom] 3)

mg

In different scenarios, the supplier(s) of the AVs may have the incentive to adjust the number of
AVs in the market. We denote the number of AVs dispatched in scenario ¢ as n4y,; and refer to
it as the AV fleet size in scenario ¢. Similarly, the number of HVs in scenario i may also vary by
scenario; we then denote the number of HVs participating in scenario ¢ as ngy,; and refer to it as
the HV fleet size in scenario ¢. When there is no ambiguity, we sometimes omit the subscript ¢ in

nav, and nyy,; for brevity.

Furthermore, the product market for the ride-hailing service is assumed to be perfectly competitive.
In other words, there is no quality difference between the service provided by AVs and HVs. HVs
and AVs therefore compete on quantity and the market price is determined by their total supply,

as in the Cournot model of competition.

Density effects. Lastly, there are dispatch efficiencies due to density. In particular, an AV or
HYV is assumed to be in one of three states: waiting for dispatch, en route for pickup, or on-trip
serving a ride. Let s denote the total number of open (idle) vehicles in the market and ¢;(s) denote
the average time to pick up a rider given s (the ETA function). From |Kolesar| (1975), this ETA
function can be well approximated as a power (constant elasticity) function of the number of vacant
servers. That is,

ti(s)=as™", 0<r<1 (4)

where a and r are parameters whose values depend on the physical characteristics of the service
region. We call parameter r the ETA elasticity parameter. When r > 0, the average pickup time
t1(s) is decreasing in the number of open cars s, meaning that less time needs to be spent on pickup
when there are more open cars. When r = 0, the pickup time #;(s) is constant in the number of

open cars s. In our analysis, we consider both settings of » > 0 and r = 0. Moreover, let t denote



the average trip time. A complete trip involves the pickup time and the transport time, so the
average total time a vehicle spends for a trip is ¢1(s) + t2, but the only revenue-generating part of

the trip is the transport time t».

3.2 Dispatch platform structure

When introducing AVs to this existing HV market, we consider two possible dispatch structures:
1) AVs can be co-mingled with HVs on the same dispatch platform or 2) HVs and AVs can serve
rides on independent dispatch platforms. If AVs share the dispatch platform with HVs, we call
this a common platform market. If AVs and HVs operate on their own platforms, we call this an
independent platform market. In both cases, we assume that the platforms themselves operate at
zero profit and only serve to clear the market between the supply and demand sides by allowing

the prices of supply and demand to adjust. |Z|

3.2.1 Common platform market

In a common platform market, we assume symmetry in the dispatch between HVs and AVs; that

is, there is no differentiation between AVs and HVs when assigning riders to vehicles.

As aresult, both the total number of open cars and the total demand served for each vehicle type are
proportional to their fleet sizes. Specifically, when there are ngy HVs and n4y AVs participating
in the market, then by dispatch symmetry, HVs must be receiving a fraction ngyv /(ngy + nay) of
all dispatches and must constitute a fraction ngy/(ngy + nay) of all s open cars. The dispatch
symmetry assumption also implies that AVs and HVs have the same expected pickup time ¢1(s)
and the same average trip time t5. This means that the proportion of time that a vehicle spends
serving trips — or utilization — is the same for AVs and HVs. Consequently, the demand served by

AVs (or HVs) is also proportional to their fleet size.

3.2.2 Independent platform market

In contrast, in an independent platform market, the expected pickup time for AVs and HVs are
not necessarily the same. Consider introducing just one AV and operating it independently from
an existing HV market with a fleet size of ngy HVs. Then the pickup time of the AV is going to
be t1(1)/ti(ngy) = (ngy)" times longer than that of an HV. Clearly, the total demand that can
be served by this single AV within a given time period (its capacity) will be much lower than that
by an HV. Hence, the proportion of demand served by the AV is going to be less than 1/(ngy + 1),
implying that dispatch symmetry no longer holds.

7 Alternatively, one can assume platform fees that are charged to either the supply or demand side are included as
part of the variable costs of HVs and AVs and/or included in the definition of the demand function, so that market
prices in our model are net of any platform fees. Admittedly, when the platform fee does not follow a fixed commission
model (e.g. when the supply and demand side pricing are decoupled), our analysis may not carry through. Still,
to our knowledge, the fixed-commission policy is a quite widely-adopted model. For example, Uber lists a fixed
commission rate of 25% as its main payment policy (Uber|2022]).



3.3 AV competition

We also consider two levels of AV competition: 1) a monopoly AV market in which a single AV
supplier provides all AV services, and 2) a competitive AV market in which each AV is operated

by a separate supplier. These represent two stylized extremes of competition among AV suppliers.

3.3.1 Monopoly AV

In this setting, AVs are provided by a monopoly supplier that makes an irreversible decision on
the AV capacity, denoted N, with the objective of maximizing its aggregate profit. The cost of
this initial investment is ¢y N per hour. Then, in each scenario i with potential demand m;, the
supplier maximizes its variable profit by choosing the optimal number of AVs to operate subject to

its capacity choice N.

Formally, the monopoly supplier’s profit maximization problem is defined as

I
mjex; P(m;) { max ﬂ?(nAv,i)nAw} —cyN (5)

nav,; <N

where 7TZ~D (nav,;) denotes the variable profit per AV per hour in scenario i at an AV fleet size of
nav,;. Superscript D represents the dispatch platform configuration. When D = I, it means AVs
and HVs operate on independent platforms; when D = C', it means AVs and HVs operate on a
common platform. The exact expression of 7riD (nav,) is driven by the interplay between AVs and
HVs under the corresponding market configuration, which will be shown and discussed in detail in
Section [6l

3.3.2 Competitive AV

To analyze how competition affects market outcomes, we also consider the extreme case of a per-
fectly competitive AV market. In this case, one can think of each AV as being owned by an
independent supplier, just as each HV is operated by an independent contractor. In contrast to
a monopoly supplier that decides on the total number of AVs to invest, in the competitive case,
the decision is whether a potential owner (supplier) of a single AV invests or not. Conditional
on deciding to invest in an AV, an AV supplier then decides whether to provide service in each

scenario.

We assume a large market and an unlimited number of potential AV suppliers, so that in equilibrium
each AV earns zero expected profit. This holds because if AVs generate a positive expected profit,
then potential AV suppliers would continue to enter the market until the expected profit drops to

zero. The AV capacity is thus determined by a zero-profit equilibrium.

More precisely, for each AV supplier, given an AV fleet size of n4y;, the variable profit per AV is
7P (nav;) per hour in scenario i, where D € {C,I} and represents the dispatch platform config-

10



uration, same as in Eq. . The AV suppliers’ decisions are simple: once they have decided to
purchase an AV, they will always provide service as long as the variable profit per vehicle 7T2-D (nav,)
is non-negative in scenario 7. Thus, if the AV capacity of the entire market is N, then in scenario 4,
all N AVs will participate unless the variable profit per vehicle 7 (N) < 0. Therefore, aggregating
all scenarios, when the AV capacity of the entire market is at N, the expected variable profit for

each AV supplier is then given by

I

> P(m;) max{x(N),0} (6)

1

Moreover, since potential AV suppliers can freely purchase AVs and enter the market, in equilibrium,
the AV capacity is such that the expected variable profit is exactly the cost of purchasing one AV
(i.e. the fixed cost cf). In other words, the net profit from owning an AV should be exactly zero,

otherwise more potential suppliers will join the market and lower the variable profit per AV.

Thus, in equilibrium, the AV capacity can be determined by solving the following implicit function

of N:
I

™ P(mg) max{x? (V),0} = ¢; (7)

1
Note that the definition of TriD remains the same as in the monopoly case, but there is no longer a
centralized decision of the AV fleet size in each scenario; all N AVs will provide service as long as

the variable profit of a scenario remains non-negative.

4 Pure-HV market

Our baseline is the market equilibrium in a ride-hailing market served only by HVs. We then look
at how this pure-HV market is impacted by the introduction of AVs. We assume that prices adjust
instantaneously and that HVs enter and exit the market instantaneously according to the earnings
they receive. Hence, equilibria over time are decoupled and it is sufficient to independently analyze

the equilibrium within each given hour and demand scenario 4.

Recall that it takes time 1(s) to pick up a rider when s HVs are open, and the average transport
time to serve a trip is to. Hence, for a given demand rate dgy, by Little’s law, the number of HVs
busy picking up or being on-trip is dgy - (t1(s) + t2). Given a total supply of cars n, the number
of open cars is then

s=n—dgy - (t1(s) + t2)

Hence, the proportion of time that the HV fleet spends on completing trips is

drv - t2 (8)

T s dmy - ((s) + t2)
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where u is the HV fleet’s on-trip utilization.

In scenario i, at demand level dgy, a rider pays p;(dgy) per hour for the ride-hailing service.
However, note that riders only pay for the time HVs are on-trip, but not for the time HVs are
waiting for rides or picking up riders. Thus, at the demand rate dgy, an HV earns (p;(dgy)u) per
hour on average. On the other hand, HVs have a supply curve w(ngy ), which means at an earnings
level of w(ngy), a fleet size of nyy HVs participates. As a result, HVs will continue to enter the
market until their expected hourly earnings no longer exceed the reservation earnings w(ngy ). The

market is in equilibrium when the marginal HV’s reservation earnings equal the hourly pay,
w(ngy) = pi(dav)u (9)

Thus, the equilibrium utilization can be expressed as the ratio between the reservation earnings

and the price:

w(n HV)
b= —"7 10
pi(duv) (10)
Combined with Eq. , this implies in equilibrium we must have
dgy -t
y o wnav) HY b2 (11)

pi(dav)  s+dgv - (ti(s) +t2)

Rearranging the equation gives

duv - pi(duv) - ta = w(ngv) - (s + duvti(s) + drvt)

Note the left-hand side above is simply the total market revenue per hour, r;(dgyv) = dgvpi(drv)ta,
while the right-hand side is the total driver cost per hour (individual driver cost per hour times
the number of drivers open, en-route to pick up and on trip). For any demand rate dpy, there is

a (unique) minimal level of supply required to support this demand, defined by
n(dpy) = msin{s +dpv(ti(s) +t2)}
which can be solved in closed form and is given by
_ =~ g1/(r+1)
@(de) = adHV + todgyy (12)

where @ > 0 and is a constant. The exact expression for a and calculation of n(dgy) can be
found in Lemmal[l} Appendix[A] This minimal level of supply must be the competitive equilibrium,
otherwise total supply costs would be strictly higher which (since demand rate dgy is fixed) implies
strictly higher rider prices. Such high prices would trigger a competing platform to enter and serve

the same demand dpy at lower prices.

Therefore, for dgy to be an equilibrium demand, we must have the number of HVs dispatched, ngy,
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r{d) w(n(d)) n(d)

dx dax

Figure 1: pure-HV equilibrium

be equal to the minimal level of supply for serving dgy. That is, ngy = n(dgy). Consequently, it
must also hold that

ri(dryv) = w(n(duv))n(dmy) (13)

That is, market revenues must just be able to cover the minimum cost of supply necessary to
support the demand rate dgy. We refer to Eq. as equilibrium condition . When the
demand rate dgy > 0, we can divide both sides of Eq. by n(dgy) and obtain the following
equation:

pi(dav)u(dav) = w(n(duv)) (14)

We refer to Eq. as equilibrium condition . We use both equilibrium conditions interchange-
ably when the demand rate dgy > 0.

Fig. 1) illustrates equilibrium condition . If there is no positive dgy that satisfies the condition,
then the only equilibrium is dgy = 0, meaning that the market cannot form. This could occur, for
example, if the mass of riders m; is not sufficient to support the cost of serving them at any positive
level of demand and price. (The “thin market” case.) There can also be multiple equilibria with
positive values of dgy; for example, in Fig. |1, both dgyv = dfj and dgy = d* satisfy equilibrium
condition . However, there is a key difference: the equilibrium with dgy = d* is a stable

equilibrium, whereas the one with dgy = djj is not.

Formally, we define the stable equilibrium as follows:

Definition 1 An equilibrium with demand rate dpy is stable if there is no € > 0 such that r;(dgy —
€) < w(n(dgy — €))n(duyv —€) and ri(dgy + €) > w(n(dgy + €))n(dgy + ¢€).

In other words, for dgy to be a stable equilibrium demand rate, the revenue curve r;(dgy) must
cross the cost curve w(n(dgv))n(dgy) from above (like in the case of dyy = d*). If not, as in the
case of dgy = dfj in Fig. [I} with slightly more (fewer) drivers participating, the market revenue
would go above (below) the cost, inducing even more (fewer) drivers to participate, which shifts

the market away from dp.
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Throughout the paper, we restrict our attention to such stable equilibria, and when there are mul-
tiple stable equilibria, we focus on the one with the highest demand rate, called the mazimal stable

equilibrium. Henceforth, whenever we refer to an equilibrium it is a maximal stable equilibrium.
We summarize the pure-HV equilibrium in the following proposition:

Proposition 1 (Proof in Appendix [B.1)) Consider a pure-HV market with a supply curve of
HVs with reservation earnings w(ngy) = wo + angy, o > 0. Consider I demand scenarios, with
potential demand mass my < mo < ... < my. Then in each demand scenario i, there exists a unique

maximal stable equilibrium (d’;lv,i,p";lw,n}n,?i,ujqw). Moreover, the following hold:

1. The equilibrium demand dyyy,; satisfies the following condition:

Ti(dfqv,z‘) = w(nfqv,i) ) nfﬁ[v,z‘ (15)

where nypy; = n(dyy,;) = &djﬁqwl/(rﬂ) + todyy ;-
2. The equilibrium demand d*HV’Z. 1$ increasing in the potential demand mass m;.

3. The equilibrium on-trip utilization rate

3
dHV,z'tQ

(&) (16)

upry; = w(dyy;) =
is increasing in i when the ETA elasticity r > 0 (i.e., when r > 0, there is higher technical ef-
ficiency of dispatch in a denser market, implying lower labor hours per unit of demand);

when r =0, uyy,,; is constant in i.
I

4. The equilibrium HYV fleet size Ny, IS increasing in m; (i.e., there is higher total demand

for labor in a denser market).

5. The equilibrium price pyy; may be increasing, decreasing, or non-monotonic in m;. The
K

expression of the equilibrium price is given by

w(npy;)
PHVI = —5 . (17)
Uy

Proposition [I| summarizes the directional results on how the equilibrium demand, utilization rate,
HYV fleet size, and price change as the potential demand mass increases. As the market gets denser,
more demand is served (Item , requiring a larger HV fleet (Item |4) which translates into higher
reservation earnings as a result of the upward-sloping supply curve. On the other hand, a denser
market implies greater technical efficiency in dispatch and greater on-trip utilization (Item ),
provided that ETA elasticity r > 0. We henceforth refer to a setting with r > 0 as one with a

density effect and r = 0 as one without a density effect.
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The equilibrium price, determined as the ratio between the reservation earnings and the utilization
rate, is thus ambiguous in how it changes with a higher potential demand mass (Item when there
is a density effect and supply is not infinitely elastic. On the one hand, a denser market leads to
more efficient use of the HV supply, which reduces the supply hours required per unit of demand.
On the other hand, it leads to a larger HV fleet, which drives the hourly cost of labor up since
the supply curve is upward sloping. The equilibrium price, which depends on both hourly labor
cost and labor utilization, could either increase, decrease or be non-monotonic in m;, depending on
which force is dominant. Such an interplay between the technical efficiency from density and the
supply effect of labor continues to play a key role in markets with both HVs and AVs, which we

discuss extensively in Section

With the pure-HV equilibrium introduced by Proposition [1}, we can now more precisely define our

assumption on the HV labor market:

Assumption 2 (Loose market) We assume a loose labor market for HVs, in which the revenue-

mazrimizing price is at or above the human driver’s equilibrium price, i.e.

arg max r;(di(p)) > Py, Vi (18)
p

If a ride-hailing market doesn’t satisfy Assumption 2] then we have an extremely tight labor market
in which revenue extraction from consumers is the limiting factor in expanding service — a case that

does not correspond to most real-world ride-hailing markets as shown in |Asadpour et al.| (2023).

Note Assumption [2] also implies that HVs always provide service in all scenarios that we consider.
That is, for each scenario ¢, a strictly positive equilibrium demand dj;y,; exists such that revenue
7i(dypy;) covers the total labor cost of w(n(dyy,;))n(djyy ;). Else, djy; = 0 and pjyy,; =V, which
under Assumption [2| would require the price on the left-hand side of Eq. to be so high that it

induces zero demand and zero revenue. Such a price cannot be the revenue-maximizing price.

5 Summary of main results and numerical example

We next summarize our main results, which are categorized based on the following supply and

density elasticity cases:

e Finite supply elasticity and no density effect. In this case, the ETA elasticity » = 0 and the
HV supply curve w(ngy) = wo + angy with o > 0. This setting reflects the later stage of
ride-hailing when demand is so high that there is no efficiency gain from a denser market,

and the HV supply is increasingly more expensive in the HV fleet size.

o Perfect supply elasticity and density effect. In this case, the ETA elasticity r > 0 and the HV
supply curve w(ngy) = wp. This setting reflects the earlier stage of ride-hailing when there

is efficiency gain from a denser market and the HV supply is relatively abundant.
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e Finite supply elasticity and density effect. In this case, the ETA elasticity » > 0 and the HV
supply curve w(ngy) = wg + angy with a > 0. This setting reflects the intermediate stage
of ride-hailing when a denser market still increases efficiency, but it is also costly to acquire
a large HV fleet.

For each setting, we examine two dispatch platform configurations (common platform vs. indepen-
dent platform) under two levels of AV competition (monopoly AV vs. competitive AV). We then
compare the four configurations with the pure-HV market described in Section [4 and explore how
the introduction of AVs may affect the market outcomes. We next provide a summary of the main
findings and numerical examples to illustrate the high-level insights. The detailed analysis of these

results is contained in Section [6l

5.1 Coexistence of HVs and AVs
Our first main finding is:

Proposition 2 (Proof in Appendix Assume that the total cost of an AV is comprised of a
fized cost per calendar hour and a variable cost per ride hour, while the total cost of an HV consists
only of a variable cost per ride hour. Then, even when AVs have a strictly lower total cost than
HVs, HVs still supply the market along with AVs, provided the demand distribution has a strict

mazimum-demand scenario (demand peak) with sufficiently low probability.

Intuitively, this result follows from the difference in cost structures of HVs and AVs combined with
demand uncertainty. While HVs are more expensive per unit of working time, they are more flexible
and do not require a large fixed-cost commitment. An AV, in contrast, requires a significant capital
investment which is only justified by the lower variable cost if the AV’s utilization is sufficiently
high. As a result, whether AVs are supplied by a monopoly supplier or through a competitive
market, the equilibrium supply of AVs is typically less than what is required to serve demand in
all scenarios. E| The residual market (the demand in excess of the AV capacity) is then served by
the HV market.

A mixed market of AVs and HVs in ride-hailing is plausible. A useful analogy is electric power
markets, which are also characterized by highly variable demand served with a mix of production
technologies for analogous cost-structure reasonsﬂ “Base-load” technologies like hydroelectric and
nuclear power require large capital investments but have low variable (and total) costs of generation.
Gas turbines, in contrast, require a much smaller capital investment but have higher variable (and
total) costs of generation. Yet despite the total cost advantage of base-load technologies, there
is a residual market for gas turbines to supply peak demand periods that cannot be supplied

economically with base-load technologies. In this sense, AVs in our analysis are akin to the base

8There are extreme cases where an AV-only market emerges. For example, when there is no demand uncertainty,
AV fixed costs are zero or the total cost of AVs is much lower than HVs.

9For example, according to the Electric Reliability Council of Texas, 99.5% of the energy in Texas came from four
generation types: 43.7% natural gas, 28.8% coal, 15.1% wind, and 12% nuclear. (ERCOT]2016])
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Figure 2: Market price comparisons under different dispatch structures and levels of competition,
compared to a pure-HV market

load technology of ride-hailing transportation while HVs play the role of peak-load suppliers.

5.2 The impact of market configuration

Our next main result shows how market configuration impacts the price and consumer welfare

effects of AVs:

Theorem 1 (Summary of propositions in Section @ Consider two dispatch platforms (com-
mon vs. independent platforms) and two levels of AV competition (monopoly vs. perfectly compet-
itive). When AVs have lower total costs than HVs, a common platform is the only one that yields
lower prices (relative to a pure-HV market) in all demand scenarios and under all supply and den-
sity elasticities; furthermore, competitive AVs lead to lower prices than monopoly AVs in every such
scenario. The price outcomes in the four market configurations compared with a pure-HV market

are summarized in Fig. [

Fig.[2] shows that, whether the lower cost of AVs leads to lower prices critically depends on both the
dispatch platform design and the level of AV competition, and the outcome may vary depending

on the supply and density elasticity settings. More specifically:

5.2.1 Finite supply elasticity and no density effect (o > 0, r = 0)

In this case, introducing AVs consistently results in lower prices compared to HVs, even under
a monopoly AV supplier. And prices are reduced even further when there is perfect competition
among AV suppliersm This finding is consistent with the conventional wisdom that the lower

costs of AVs will lead to lower prices. When the dispatch efficiency is constant in density, whether

0The complete statement and proof can be found in Section @
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AVs and HVs operate on the same platform does not make a difference; common and independent
platforms are equally efficient and lead to identical prices if all else is equal. Furthermore, the
availability of AVs reduces the demand for HV labor, resulting in lower HV reservation earnings.
In any scenario in which AVs and HVs coexist, the price is determined by these lower reservation
earnings, and if AVs serve the market alone, then the price has to be even lower to deter HVs from
entering the market. In either case, the equilibrium price is lower than when HVs serve the market
alone. When AVs are perfectly competitive, there is no monopoly incentive to limit the number of

AVs to improve profit, so the price reduction is even larger. This setting is numerically illustrated

by Fig.

5.2.2 Perfect supply elasticity and density effect (o« =0, r > 0)

In this case, introducing AVs lead to equal or strictly lower prices in all scenarios only under a
perfectly competitive, common platform market. In other words, whether the lower cost of AVs
leads to lower prices (and thus increased consumer welfare) depends critically on 1) having AVs
integrated with HVs on a common dispatch platform and 2) ensuring AV operators compete.
Indeed, in the worst-case market configuration where AVs are supplied by a monopolist supplier
and operate on an independent platform, market prices are higher in all scenarios relative to a
pure-HV market. The reason is that without a common dispatch platform, fragmenting the market
into two independent services (AV and HV service) causes a loss of efficiency due to the spatial
density (market thickness) effect. All else equal, this drives up the equilibrium price of both HV
and AV services. This effect can further be exploited by a monopolist AV provider to drive the
equilibrium price even higher than it would be in a pure-HV market. Competition in the AV market
eliminates the monopoly effect, but cannot overcome the technical loss of efficiency in having two

independent dispatch platforms.

While a common dispatch platform preserves spatial density (technical efficiency), a monopoly AV
supplier has no incentive to lower the price below the pure-HV market equilibrium price since it
can price at (or epsilon below) that price and still serve the entire market. (This is true provided
the HV equilibrium price is in the inelastic portion of the demand curve, which is the “loose” labor
market regime of Assumption ) However, when there is AV competition in a common platform
market, the equilibrium price will fall below the pure-HV equilibrium price in scenarios where the
entire market can be served by AVs. Hence, we need both the technical efficiency of a common
platform market and competition among AV suppliers in low-demand scenarios to ensure that AV

service preserves or lowers prices in all demand scenarios. This is numerically illustrated by Fig.

5.2.3 Finite supply elasticity and density effect (« > 0, r > 0)

In this case, the impact of introducing AVs becomes more ambiguous. This setting represents the
intermediate case where there is technical efficiency gain from a denser market but also a higher

labor cost from increased demand for HVs. The two effects work in opposite directions when AVs
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and HVs operate on independent platforms: on the one hand, introducing AVs leads to lower
demand for HVs, reducing the cost per supply hour; on the other hand, operating AVs and HVs on
independent platforms reduces the density of either platform, leading to efficiency loss and a higher
number of supply hours required per unit of demand. The impact on equilibrium prices is then a
joint effect of both factors. This setting is numerically illustrated by Fig. [4d and Fig. Indeed,
one can observe that under an independent platform market, there can be demand scenarios where

prices are higher after the introduction of AVs, even when AVs are perfectly competitive.

5.3 Numerical examples

Table [2] shows the parameters used in our numerical examples. HVs have reservation earnings of
$15/hour. AVs have an operating cost of $3/hour, which is only incurred when AVs are utilized.
AVs also have a fixed cost of $6.85/hour, which is incurred regardless of usage. The sum of the two

types of AV cost is $9.85/hour, which is lower than HVs’ reservation earnings.

Table 2: Parameters used in numerical examples

‘ Meaning Value
a Mean pickup time for 1 open car 50 min
to Mean trip time 25 min
r ETA function parameter 0.4
wo The HV’s reservation earnings $15/hour
Co The AV’s operating cost $3/hour
cy The AV’s fixed cost $6.85/hour
Vv Price function parameter $200/ride-hour

Note.

The demand distribution is obtained from the FHV trip record by NYC Taxi & Limousine Com-
mission (TLC) from June 1, 2019 to July 1, 2019, shown in Fig. [3] The number of trips is counted

for each hour during this period and aggregated into 30 demand scenarios, with the lowest scenario
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being 4, 720 requests/hour and the highest scenario being 51,166 requests/hour.

We emphasize that the purpose of our numerical example is to illustrate the high-level insights from
the theoretical analysis, not to provide precise estimates. For example, the data used for generating
the demand distribution is raw trip data, and thus may suffer from demand censoring. The choice
of parameters, even though backed by news articles and industry reports, can benefit from a more
rigorous empirical examinationﬂ That said, the example provides some sense of the magnitude of

the market configuration effects.

Again, we consider three types of settings: (1) finite supply elasticity with no density effect, dis-
cussed in Section m; (2) perfect supply elasticity with the density effect, discussed in Sec-
tion and (3) finite supply elasticity with the density effect, discussed in Section For
each setting, we numerically solved the four cases: two dispatch platform configurations (common
platform vs. independent platform) combined with two levels of AV competition (monopoly AV vs.
competitive AV). We then compared the market outcomes for these four configurations across the
various density and HV supply elasticity settings, with a focus on the equilibrium prices, which is
detailed in Fig. [4 In Section we discuss the AV revenues and welfare implications of the four

market configurations.

5.3.1 Finite supply elasticity and no density effect

Fig. [da] plots the equilibrium prices under the four market configurations with the ETA elasticity
r = 0. The HV cost parameter is set at o = 8¢~#, which roughly translates to a supply elasticity of
2.0. In this case, in the absence of the technical efficiency of the dispatch platform, whether there
are common or separate platforms for AVs and HVs does not make a difference; all else being equal,
the equilibrium prices are identical for the common and independent platform market. Moreover,
introducing AVs always reduces prices, regardless of the level of AV competition, but perfectly
competitive AVs lead to a more significant price reduction. Such a result is not surprising. In a
market without the density effect, two separate dispatch platforms are as efficient as one common
platform and hence introducing AVs reduces the demand for labor, which translates into strictly

lower costs of supply and lower prices.

5.3.2 Perfect supply elasticity and density effect

Fig. plots the equilibrium prices under the four market configurations with the ETA elasticity
r = 0.4 and the HV cost parameter @ = 0, which is a market with a density effect and perfectly
elastic HV supply. The equilibrium price is a function of the potential demand m; and varies by
market configuration. Note now that under an independent platform market, the equilibrium prices
for a monopoly AV supplier are higher than a pure-HV market in all demand scenarios. Even when
AVs are perfectly competitive, the prices are still higher in scenarios with high potential demand.

Under a common platform market, the equilibrium prices for a monopoly AV supplier are identical

See Appendix for explanations on how the parameters are chosen.
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Figure 4: Equilibrium prices in each demand
effect settings
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to a pure-HV market in all demand scenarios. The only market configuration that leads to lower

prices is the perfectly competitive, common platform market.

5.3.3 Finite supply elasticity and density effect

Fig. | 4d and Fig. [4d|are two examples of a mixed setting with the density effect (r = 0.4) and finite
supply elasticity. In Fig. the cost parameter is set at o = 8e~4, which roughly translates into a
supply elasticity of 2.5; in Fig. the cost parameter is set at o = 2e™*, which roughly translates
into a supply elasticity of 6.7. The two figures thus represent the equilibrium prices for the four

market configurations under low and high HV supply elasticity, respectively.

A common characteristic of Fig. [d and Fig. [Ad] is that, under the common platform market, both
monopoly and competitive AVs lead to lower prices in all demand scenarios compared to the pure
HV market, and the latter leads to a more significant price reduction than the former, consistent
with the results in Section However, the comparison under the independent platform market
is less clear-cut. In Fig. monopoly AV leads to higher prices than pure HV in low-demand
scenarios (m; < 24,000 requests/hour). In Fig. even perfectly competitive AVs lead to higher
prices in some scenarios (32,000 < m; < 35,000 requests/hour), and monopoly AV leads to higher

prices in most of the scenarios (m; < 40,000 requests/hour).

These results illustrate the tension created by introducing AVs to a ride-hailing market that is
sensitive to both the technical efficiency of a denser market and the labor market effect of reduced
demand for HVs. While the reduced demand for HVs results in a lower cost of supply, independent
platforms result in sparser demand, longer pickup time, lower utilization, and thus more supply
required per unit of demand. The price comparison with a pure HV market is thus determined by
the interplay of the two forces. As the density effect increases (e.g., from Fig. 4a] to Fig. and /or
the supply elasticity increases (e.g., from Fig. [4c| to Fig. , the density effect starts to dominate
the supply effect and customers are more likely to face higher prices after introducing AVs, even if

AVs are competitive.

5.4 Revenues and social welfare

We calculate the AV revenue and the welfare implications under the four market configurations,
under the various supply elasticity and density settings as above. The general trend remains
consistent across all settings. Therefore, for brevity, we only present the results for the setting with
perfect supply elasticity and some density effect (« = 0, 7 = 0.4) in this section. Additional results
for the rest of the settings can be found in Appendix

Table [3| compares rider surplus, AV surplus, and human driver employment across the four market
configurations as well as a pure-HV market. One can see that the competitive common platform
market leads to the highest total surplus for riders and AVs, $2,453,627, and a relatively high

average number of HVs, 1,694. In contrast, the monopoly independent platform market leads
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Table 3: Surplus and HV employment impact

Surplus Driver

Rider AV Total  Avg. #

Pure-HV $2,331,333 $0 $2,331,333 13,499
Monopoly, CPM $2,348,126 $42,282 $2,390,408 1,929
Competition, CPM $2,453,627 $0 $2,453,627 1,694
Monopoly, IPM $2,127,132 $111,678 $2,238,810 300
Competition, IPM $2,446,441 $0 $2,446,441 1,378

Note. CPM: common platform market; IPM: independent platform market. “AV surplus” is computed as the total

aggregate profit generated by AVs in equilibrium. The calculation of rider surplus can be found in Appendix [H1]

The number of drivers is calculated as the average HV fleet size in equilibrium among all demand scenarios for the
given market configuration.

Table 4: Equilibrium AV capacity, average demand fulfilled by AVs and HVs, and revenue for AVs

AV capacity Total demand AV revenue Average price

Monopoly, CPM 13,173 95,816/hr  $165,645/hr $18.32/hr
Competition, CPM 13,616 26,376 /hr $127,920 /hr $11.85/hr
Monopoly, IPM 17,832 24,567/hr  $270,173/hr $28.02,/hr
Competition, IPM 14,407 26,329/hr  $134,720/hr $11.92/hr

Note. “AV capacity” is the capacity determined by the monopoly supplier or the perfect competition equilibrium.
“Total demand” is the combined number of requests supplied by AVs and HVs per hour on average. “AV revenue”
is the total revenue generated by all AVs per hour. “Average price” is the average equilibrium price among all

demand scenarios.

to the lowest total surplus, $2,238,810, but (not surprisingly) generates the highest AV profit of
$111,678. Moreover, it leads to the lowest HV employment - with 300 HVs on average, much lower

than the other structures.

Table [ provides more details on the equilibrium market outcomes for each market configuration.
The average price for a monopoly independent platform market, $28.02/hr, is significantly higher
than the average price in all other structures. Moreover, in line with the AV surplus given in
Table [3| the revenue under this market configuration is also significantly higher than others. This
illustrates how a monopoly AV supplier can take advantage of the independent platform market,

setting high prices and making high profits at the expense of riders and HVs.

These findings further emphasize how different market configurations of AVs and HVs can result
in widely varying outcomes. To maximize the economic benefits of AVs, it is crucial to consider

both the design of the dispatch platform and the level of competition among AVs.
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6 Analysis of main results

This section contains three parts. In Section [6.1] we analyze the general setting with finite supply
elasticity and density effect (o > 0, » > 0) and discuss the effect of introducing AVs under different
market configurations. Then in Section we delve further into the special case with perfect
supply elasticity with a density effect (o = 0, > 0), which provides more explicit AV fleet sizing
and capacity solutions. Lastly, in Section we present results on the special case with finite
supply elasticity but no density effect (aw > 0, » = 0) and briefly discuss the impact of AVs in this

special case.

6.1 Finite supply elasticity and density effect (o > 0, r > 0)

We start with a proposition that summarizes our findings for a market with finite supply elasticity
and a density effect. We then discuss the implications of this result for a common and independent

platform market, respectively.

Proposition 3 (Proof in Appendix @[) Consider a market with finitely elastic HV supply and
positive density elasticity (o >0, r > 0). Comparing to a pure-HV market, the following hold:

1. Under a common platform market, AVs lead to strictly lower prices in all demand scenarios.
Moreover, the prices under perfectly competitive AVs are strictly lower than that under a

monopoly AV in all scenarios.

2. Under an independent platform market, let equilibrium demand under scenario i in a pure-
HV market be denoted dyy;, and suppose the labor cost coefficient o satisfies the following
condition: [

wo tz(gz—l) .
- — —, Vi. (19)
n(dyy,;) tg((1ﬂ+1)) + (dfy,) T

a <

Then

(a) Under a monopoly independent platform market, in any scenario i, there are three pos-
sibilities: 1) AVs and HVs serve the market together at strictly higher prices, 2) AVs
serve the market alone at strictly higher prices, or 3) HVs serve the market alone at

identical prices.

(b) Under a perfectly competitive independent platform market, in any scenario i, there are
three possibilities: 1) AVs and HVs serve the market together at strictly higher prices,
2) AVs serve the market alone at strictly lower prices, or 3) HVs serve the market alone

at identical prices.

12Note that the right-hand side of Eq. is strictly decreasing in dj;y,;. Thus, since dijy1 < diye < ... <dpv s
(Proposition , it is equivalent to require Eq. to hold for the highest demand scenario i = I.
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6.1.1 Common platform market

Item [I] in Proposition [3] shows that under a common platform market, AVs always lead to lower
prices in all scenarios with both monopoly and competitive AV supply. As discussed in the pure-
HV market setting, two main forces influence prices: the technical efficiency of dispatch due to
density (which impacts utilization) and the labor cost supply effect (which increases HV hourly
pay rates as more HV labor is used). Under a common platform market, AVs do not reduce dispatch
efficiency, since AVs and HVs still operate on the same platform and hence maintain the density
and utilization; however, AVs displace the need for the HV supply, which lowers the labor cost
rate. Thus, the supply effect of HVs is the only force at play, and the result is lower prices in all

scenarios.

6.1.2 Independent platform market

On the other hand, Item is more nuanced. We show next that Eq. is a condition guaranteeing
the density effect is, in essence, sufficiently “large” relative to the labor cost effect. Indeed, we have

the following:

Proposition 4 (Proof in Appendix [D.3|) Consider a market with an HV supply curve of w(ngy) =
wo + angy. Assume that the HV supply is finitely elastic and there is a density effect (o > 0,
r > 0). Then under an independent platform market, in any scenario i, if AVs and HVs serve the

market together, then the following hold:

1. The price is strictly higher than under the pure-HV market in scenario i, if the ratio of the
HV reservation earnings and utilization rate of the HV fleet, w(n(dnv))/u(dmv), is strictly

decreasing in dgy .

2. The above ratio condition is equivalent to the following upper bound for the HV supply cost

parameter «,
_ar _

Wo T2 (r+1)

n(diva) fy + (i)™

o <

where d}‘{w represents the equilibrium demand in a pure-HV market in scenario i. This is
the same condition as Fq. for scenario i.

Proposition 4] states that Eq. guarantees that w(n(dgv))/u(dgy) is strictly decreasing. The
ratio w(n(dgy))/u(dgy) has an intuitive economic meaning. The numerator, w(n(dgy)), is the
cost per hour of the HV supply; the denominator, u(dgy), is the utilization rate (ride-hours per
hour) of the HV fleet. Hence, this ratio is the labor cost per ride-hour, which directly determines
prices. When AVs enter the market and serve some portion of the demand, some HVs are squeezed
out of the market, leading to a lower dgy . This has two implications: on the one hand, the cost of
the HV supply is lower, due to the lower demand for the HV supply, which is a positive supply cost

effect; on the other hand, the utilization rate of the HV fleet is also lower due to the lower density
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of demand dispatched to HVs, which is a negative efficiency effect. How the cost per ride-hour,

w(n(dgv))/u(dgy), changes as a function of dgy thus depends on the interplay of these two effects.

Therefore, w(n(dgy))/u(dgy) being strictly decreasing in dpy implies that the positive supply
cost effect from AVs does not offset the negative density effect from AVs. As implied by Eq. (19)),
such a situation happens when « is sufficiently small, meaning that the HV supply is sufficiently
elastic that the supply cost effect is relatively weak. It also can occur when the pure-HV equilibrium
demand is sufficiently low, in which case that the benchmark utilization is low and the density effect

is relatively strong.

This plays out differently for the two levels of AV competition:

Monopoly. When there is a monopoly AV supplier and sufficient condition Eq. holds, AVs
always lead to a strictly higher or identical price as the pure-HV market in every scenario. This
is because in scenarios where AVs coexist with HVs, Proposition |4 guarantees that the prices are
strictly higher due to the reduced efficiency of HVs; when AVs serve the market alone, the monopoly
supplier will limit supply to maintain a high price and maximize its profit, which also leads to a
strictly higher price; the only case when the price is not strictly higher is when AVs do not enter
the market, in which case HVs serve the market alone and the price is the same as in the pure-HV

market.

Perfect Competition. When the AVs are perfectly competitive and the sufficient condition
Eq. holds, strictly higher prices can still emerge in scenarios where AVs and HVs coexist.
However, without a monopoly supplier to coordinate and limit the supply, the price will not be
strictly higher when AVs serve the market alone and can be strictly lower. Thus, perfect competition
benefits consumers to some extent, but competition alone is not sufficient to offset the negative
density effect that results from segmenting the dispatch platform when the supply cost effect of

HVs is relatively weak.

6.2 Perfect supply elasticity and density effect (o =0, r > 0)

Next we examine the setting with perfect supply elasticity and density effect. The following is a

summary of results in this setting:

Proposition 5 (Proof in Appendix Consider a market with perfectly elastic HVs and pos-
itive density elasticity (o« = 0, r > 0). Then compared with a pure-HV market, the following
hold:

1. Under a common platform market, if there is a monopoly AV supplier, then AVs lead to
identical prices as in the pure-HV market in every scenario; if AVs are perfectly competitive,

then AVs lead to equal or lower prices than in the pure-HV market in every scenario.

2. Under an independent platform market, if there is a monopoly AV supplier, then AVs lead to
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equal or strictly higher prices in every scenario; if AVs are perfectly competitive, then AVs
may lead to lower prices, but they also lead to strictly higher prices in scenarios where AVs

and HVs serve the market together.

The perfect elasticity setting depicted in Proposition [5| can be viewed as a limiting case of the finite
elasticity setting in Section [6.I] when the cost parameter a goes to zero. While being a special case,
it is more tractable and allows us to characterize the supplier’s optimization problem. For example,
under o = 0, the monopoly supplier’s capacity choice can be nicely formulated as a newsvendor

problem (Proposition , leading to simpler solutions with intuitive economic implications.

We analyze the common platform market and the independent platform market separately. Note
the setting oz = 0 corresponds to a fixed reservation earnings w(ngy) = wp, so we directly use wy

as the reservation earnings for the HVs throughout Section 6.2

6.2.1 Common platform market

We start with analyzing the market outcome in a single scenario, given an exogenous AV fleet size
nay. Then we discuss the optimal fleet sizing and capacity decisions for a monopoly AV supplier.

Lastly, we discuss the price outcome for perfectly competitive AVs.

Exogenous AV fleet size. With a fixed AV fleet size n 4y, the market equilibrium depends on
HVs’ participation. If HVs expect earnings above their reservation earnings wy, they will join. But
as the HV fleet size grows, the market price drops. The equilibrium is reached when HVs earn
exactly wg per hour. This happens when the AV fleet size n 4y is not too high and AVs serve only a
portion of the demand, ensuring high prices to attract HVs. On the other hand, when the AV fleet
size is sufficiently high, there may not be enough residual demand for HVs to reach their reservation

earnings wg. The market outcome with an exogenous AV fleet size nay is formally stated by

Proposition 6 (Proof in Appendix [E.1.1)) Consider any scenario i and a common platform

market. Given an AV fleet size nay, in equilibrium, there are only two possibilities:

1. AVs and HVs serve the market together, the variable profit per AV is (wg — ¢,) per calendar
hour, and the equilibrium total fleet size, price, demand rate, and utilization are identical
to those in a pure-HV market. This case happens when nay < ”*Hv,w where nqu is the

equilibrium HV fleet size under a pure-HV market given by Proposition [1]

2. AVs serve the entire market, the variable profit per AV is no greater than (wo — ¢,) per
calendar hour, and the equilibrium price, demand rate, and utilization solely depend on nay .

This case happens when nay > nyy ;.

Proposition [6] shows that AV profitability hinges on HVs’ reservation earnings. The earnings per
AV always equal wy when HVs are present and can’t exceed wq if AVs serve the market alone.
The difference in costs, (wg — ¢,), represents the maximum unit profit increase achievable by AVs.

Thus, as HVS’ costs rise, AVs become more profitable.
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However, AVs’ effects on consumers are more ambiguous. With AVs and HVs serving the market
together, the market operates similarly to a pure-HV market, implying no direct consumer benefit
from a mixed ﬂeet@ If AVs serve the market alone, market dynamics change based on ny, but
this isn’t always favorable for consumers either. We expand this point further in the “monopoly”
section below. Appendix contains additional technical details on the common platform market,

including the formulation of the monopoly supplier’s variable profit function 7TZ-C (nav).

Next, we consider the AV suppliers’ decisions under the two levels of AV competition.

Monopoly. Recall that the monopoly AV supplier has two decisions: in the first stage, it chooses
the AV capacity N; then in the second stage, in each demand scenario, it chooses the AV fleet
size nay, subject to the capacity constraint. We analyze the monopoly supplier’s problem in a
backward fashion. We start with solving the optimal fleet size in a scenario, given an arbitrary
AV capacity N; then we solve for the optimal AV capacity N*. Proposition [7| gives the optimal

solution for the supplier’s second stage problem given a capacity N:

Proposition 7 (Proof in Appendix [E.1.2)) Consider a monopoly AV supplier and a common
platform market. Then in scenario i, given an AV capacity N, the monopoly supplier’s fleet size

decisions are the following:

1. If N < njy,;, then the optimal AV fleet size is its capacity N; Moreover, (n*HV,L — N) HVs

join the market to supply the residual demand.

2. If N > nyyy,;, then the optimal AV fleet size is Ny, which is the supply level that ezactly
keeps HVs out of the market.

In both cases, the total fleet size and equilibrium market price are identical to the pure-HV market.

When the AV capacity N is relatively low, AVs and HVs serve the market together, and the total
fleet size of AVs and HVs is exactly the same as the equilibrium HV fleet size nj;y,;. When the AV
capacity IV is relatively high, AVs serve the market alone, and the monopoly supplier deploys the
exact number of AVs that just keeps HVs out of the market. Such a decision reflects the monopoly
power of the AV supplier. In a loose market (Assumption , it is not optimal for the AV supplier to
expand the supply level beyond the pure-HV equilibrium level, because the marginal benefit from
serving one more unit of demand does not make up for the reduction in price from the extended
supply. The supplier’s profit starts to decrease when the AV fleet size is above n*HVZ Thus, to

maximize its profit, the supplier chooses to keep the fleet size same as the pure-HV market.

Proposition [7] also implies that, despite having lower costs, AVs lead to the identical price as the
pure-HV market in every scenario, when in a common platform and the HV supply is perfectly

elastic. The hourly earnings per AV are thus constant and the same as the HV reservation earnings

13This is under the assumption that AVs and HVs provide identical quality of service. If the quality provided by
AVs is inferior (or superior) to that by HVs, then the composition of the supply will also makes a difference to the
consumers.
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wp in all scenarios. Hence, the AV supplier’s net aggregated profit can be simplified as:

I
(wo — ) 3 Plmy) min{ N, nfpy,;} — ¢sN (20)

1
This simplified objective function has the structure of a newsvendor problem, with an underage
cost being the variable profit per AV, (wy — ¢,), and the overage cost being the fixed cost, c;.

Hence, we can fully characterize the optimal capacity choice of the monopoly AV supplier:

Proposition 8 (Proof in Appendix [E.1.3)) Suppose the potential demand m; is increasing in
i, i.e. my < mg < ... <my. In aloose market, the optimal AV capacity for a monopoly AV supplier

in a common platform market is given by

N* = nquK (21)
where K 1s the smallest i such that
I ¢
Z P(m;) < P
K+1 0 v

The optimal choice of the AV capacity is determined by its fixed cost, the variable profit, and the
demand distribution. In a world where AVs’ fixed cost is low, the critical fractile c¢/(wo — ¢) is
low, and thus the optimal AV capacity is high. In an extreme case where the fixed cost ¢y is close to
0, it is optimal to choose an AV capacity that can fulfill the demand in all scenarios (N* = Ny, 1)
In this case, in any scenario ¢ < I, there are a number of (n}‘ﬂ/ I ”*Hvz) AVs being idle. HVs are

then driven out of the market completely.

On the flip side, when AVs’ fixed cost is high, the optimal capacity is low. In an extreme case where
cy is close to the variable profit (wg — ¢y), it is optimal to choose a capacity such that all AVs are
operating 100% of the time (N* = nfqv,l)- In other words, if AVs are an expensive investment, the
supplier cannot afford to let AVs be idle, and AVs and HVs will coexist and operate together for

all scenarios except for the lowest one.

Another way to interpret the results in Proposition [§| is by looking at the demand distribution.

Consider a simple distribution of only two scenarios, high (H) and low (L), with m, < myg. Suppose

the probability mass of the high scenario is less than the critical fractile, i.e. P(mpg) < wDCf - Then
by Proposition [8] the optimal AV capacity is nqu, 1,» which is the fleet size that exactly drives all
HVs out of the market in the low scenario but leaves some residual demand for HVs in the high
scenario. In other words, when there exists demand peaks with high potential demand mass but a
low probability of occurrence, the monopoly supplier is better off working with HVs during those
demand peaks rather than maintaining a large capacity of AVs solely for those demand peaks.

Additional discussion on how the demand distribution impacts the market outcomes can be found
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in Appendix [G.2]

Perfect competition. In this section, we analyze the market outcome under perfectly compet-
itive AVs. Unlike the monopoly setting, no supplier has market power; instead, the AV capacity
and fleet sizes in each scenario are joint decisions of all AV suppliers in the market. Without the
power to limit supply to increase AV profit, it is expected that the prices are lower than in the

monopoly case. Proposition [9] confirms that this is indeed the case:

Proposition 9 (Proof in Appendix [E.1.4) In a perfectly competitive common platform mar-
ket, the equilibrium price is never higher than in a pure-HV market under any demand scenario,

and it is strictly lower than in a pure-HV market in at least one scenario.

Note that this is the only market configuration that leads to unambiguous improvement in consumer
prices. Similar to the monopoly setting, in high demand scenarios, when the AV capacity N is at
or below the equilibrium HV fleet size in a pure-HV market (n’jﬂ/ ;), AVs and HVs serve the market
together and the price is the same as in the pure-HV market. Each AV earns a positive variable
profit (wg — ¢,), incentivizing all N AVs to participate and provide service. The difference from
the monopoly setting lies in those low demand scenarios where the AV capacity N is above Ny
While a monopoly supplier chooses to only dispatch nj‘IV,i AVs to maximize its variable profit
(Proposition , perfectly competitive AVs will provide service as long as the variable profit is non-
negative; thus, in those scenarios, the equilibrium price is strictly lower than under a monopoly

supplier, which also means the price is strictly lower than in the pure-HV market.

6.2.2 Independent platform market

The results in this section are similar to the first setting with finite supply elasticity and the density
effect in Section Under perfect supply elasticity, the sufficient condition Eq. always holds
in any scenario, implying that the prices are identical or strictly higher than that under a pure-HV

market.

Appendix provides additional details on the analysis of the market equilibrium and price com-
parison under this market configuration, including Proposition [I[I] which provides the expressions of
the equilibrium price in every scenario for an exogenously-given AV fleet size nay. Appendix
has an analysis of the monopoly AV supplier’s fleet sizing and capacity decisions. One interesting
finding of the analysis is that even with lower total costs, AVs can be unprofitable and unable to
break even even when operated by a monopoly supplier (Proposition . This highlights the ex-
treme outcome that the loss of density can bring to the market. Proposition [13|and Proposition
provide results on the equilibrium prices under a monopoly AV supplier and perfectly competitive
AVs, respectively. They are natural extensions of Item and Item in Proposition |3 in the
sense that o = 0 always satisfy the sufficient condition Eq. .
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6.3 Finite supply elasticity and no density effect (o > 0, r = 0)
Next, we introduce the results for a market with finite supply elasticity and no density effect.

Proposition 10 (Proof in Appendix Consider the HV supply curve w(ngy) = wotangy, a >
0 and no density effect (r = 0). Suppose HVs participate in all scenarios in a pure-HV market,

which is the case under Assumption[3. The following statements hold:
1. The common and independent platform markets lead to identical outcomes.

2. AVs always enter the ride-hailing market, at both levels of AV competition (monopoly & perfect
competition). That is, a monopoly supplier can make a strictly positive profit from AVs, and

there is a strictly positive AV capacity in equilibrium for perfectly competitive AVs.
3. In any scenario, AVs always lead to strictly lower prices compared to the pure-HV market.

4. All else being equal, perfectly competitive AVs lead to strictly lower prices than the monopoly
AV supplier.

Proposition [10] posits that, when there is no density effect, the dispatch platform design no longer
makes a difference. With r» = 0, the average pickup time ¢;(s) defined in Eq. is a constant,
implying that there is no utilization gain from having a denser dispatch platform. Thus, AVs never
lead to a worse outcome in any scenario, although perfectly competitive AVs are still more beneficial

to consumers than a monopoly AV supplier.

7 Conclusions

Our model provides a theory to help understand the potential economic impact of AVs on ride-
hailing markets. By examining market outcomes with AVs and HVs under various market settings,
we find the lower cost of AVs does not necessarily lead to the expected outcomes of lower prices
and expanded service. Our findings also show that even when AV technology has strictly lower
costs, in cases of high demand variability, a mixed market of AVs serving the base demand and

HVs helping serve the peak demand becomes the most cost-effective market state.

More surprisingly, we show that even with lower costs, AVs do not necessarily lead to lower prices.
Indeed, an independent platform market with monopoly AVs and highly elastic HV supply can
even lead to higher prices in all demand scenarios. Across all configurations that we examine, the
only market configuration that consistently reduces prices for the consumers while achieving the
highest price reduction is a perfectly competitive, common platform market. The result illustrates
the important roles that the dispatch platform design and the level of AV competition play in
realizing the benefits of AVs.

There are several worthwhile extensions of our work. Most importantly, we have assumed fully
functional AVs that can serve the same set of trips as HVs. Although our results can carry through

by only considering the areas that AVs are able to serve, it is worthwhile considering in more detail
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how the cost structure of AVs will impact different trip types. An equilibrium that looks not only at
total AV capacity overall but also the mix of trips that AVs serve and how to prioritize dispatching

AVs can provide further insights into how AVs might affect market outcomes.
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A Technical lemmas and proofs

We start with a number of technical lemmas and their proofs, which the rest of the proofs are
based on. We start with Lemma [I} which formally introduces the definitions and computation
of important functions such as n(d), d(n), and %(d), which appear throughout the paper and the
appendix. Lemma [2| next analyzes the property of @(d). Finally, Lemma [3| introduces a specific
function, f(d;n), which represents the hour earnings per HV (or AV) when the residual demand

for HVs (or AVs) is (d — d(n)). This function is useful in analyzing the market equilibrium when
both AVs and HVs are present. Furthermore, properties of f(d;n) are also discussed in Lemma

A.1 Optimal level of open cars

Lemma 1 Given the ETA function t1(s) = as™", for any demand level d, there exists a unique

minimal supply level n(d), for which the following holds:
1. n(d) has a closed-form expression, given by

n(d) = ad™1 + tod

1 1 o 1
where @ = rr+iqr+l 4 rHlgrHl,

2. n(d) has an inverse function, denoted as d(n). d(n) represents the highest demand rate that

a fleet size of n vehicles can supply.

3. When using n(d) to serve the demand level d, the utilization of the HV fleet is mazimized.
Denote this utilization as u(d). Then its expression is given by
dto dto

(@) = oo = e (22)

U

Proof. We provide proof for each item.

Proof for Item As discussed in Section [3] to serve a demand level of d, the number of vehicles
required is given by
n=s+d(ti(s) + t2) (23)

where t1(s) = as™". Take the first-order derivative of n over s gives

on 1

1 —pra-s L. 24
s ra- s d (24)

2
g;; =r(r+1a-s"2-d>0 (25)
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Thus, the minimum of n for a given d can be derived by setting 86—2 = 0, which gives
11
s = (ra)™1dr+1 (26)

Therefore, the minimal supply level to serve the demand level d is given by

n(d) = (m)ﬁ%dﬁ +d- (tl((m)ﬁdﬁ) +t2) (27)
= (rri-ﬁl-laﬁ + T_H'Llaﬁ)di + tod <28)
= adﬁ + tod (29)

Proof for Item The function n(d) is a polynomial in d of degree Tj%l for the first term and
degree 1 for the second term, and the coefficients are strictly positive. Therefore, n(d) is strictly
increasing in d. Thus, by the inverse function theorem, its inverse function d(n) exists and is strictly

increasing in n.

Proof for Item Since the utilization is defined as the quotient of the demand hours served,
dts, and the level of supply, n, the highest utilization is achieved when the same level of demand
dts is served with the lowest possible n. Therefore, the maximum utilization rate given the demand

level d is given by
U=—= (30)

This concludes our proof. O

A.2 Utilization
We first introduce Lemma [2f that discuss the characteristics of utilization function @(d).

Lemma 2 (Utilization) The mazimum utilization u(d) defined in Lemmoa (1] is increasing

and strictly concave in d. Moreover, u(0) = 0, limg_, o u(d) = 1.

In other words, with a higher level of demand rate, the fleet can have higher utilization.

Proof. By Lemma
dta 1

u(d) = ad/ ) + hd  ad /D 417

1 1 __r 1 .. . .
where @ = rr+lar+1 4 1~ r+1gr+1. The limit can be easily checked from the expression.

Then

() = —(ad="/ D 4 1) 25(— " \g—r/(r+1)-1
u'(d) (ad +1)""a( r—i—l)d

ar 1
Cr+ 1 (ad—/r+D) 4 1) (ad + dr/(r+D+1) >0
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Then

ar a(—r/(r+1))d="/0+*D=Yad 4+ /D) 4 (ad /) L 1)@+ (r/(r + 1) + 1)d/ D)

—1 d — _
U < ) r4 1 ((&d—r/(r+1) + 1)(dd + dT/(T+1)+1))2
e (ad"/CHY 4 D)@/ (r+ 1) + (r/(r 1) + Dar/ ) 0
o+l ((@d—"/T+D + 1)(ad + dr/(r+1D+1))2
Thus, the concavity and monotonicity of 4(d) is confirmed. O

A.3 Hourly earnings per vehicle (AV, HV)

The next lemma is about the hourly earnings that a vehicle (either AV or HV) may make given

the demand level and the market configuration. In particular, we define the following function:

f(d;n) = pi(d)u(d — d(n)) (31)

When n = 0, f(d;n) is the product of the market price p;(d) and the utilization @(d), which
represents the per vehicle hourly earnings for a market with just one type of supply (HVs or AVs)
to satisfy the demand rate d. It is also the per-vehicle hourly earnings under a common platform
market when AVs and HVs are supplying the demand together, because the utilization rate is

shared among vehicles on the same dispatch platform.

When n > 0, f(d;n) represents the hourly earnings per AV (HV) as a function of the total demand
served when a fleet size of n HVs (AVs) are providing service in an independent platform market.
We show that all else being equal, as the fleet size of HVs (AVs) n increases, the residual demand

(d —d(n)) for AVs decreases, which leads to a lower utilization rate and reduced hourly earnings
per AV for AVs.

Lemma 3 (Hourly earnings per vehicle) Let n be a fleet size that satisfies d(n) < m;. For a
given n, define function f(d;n) = p;(d)u(d — d(n)), d(n) < d < m;, which represents the hourly

earnings per vehicle at demand rate d when the residual demand for this type of vehicle is (d—d(n)).

Then f(d;n) has the following properties:
1. Fizing n, f(d;n) is strictly concave in d.

2. Fizing n, f(d;n) is unimodal with a mazimizer d' that can be uniquely determined by the
first-order condition f'(d';n) = 0.

3. Define g(n) = MAX () <d<m,; f(d;m), which represents the highest per vehicle hourly earn-
ings for HVs (AVs) when n AVs (HVs) are operating on an independent platform platform.

Moreover, g(n) is continuous and decreasing in n; g(n(m;)) = 0.

4. Under Assumption[d, when n =0, it must hold that

9(0) = max pi(d)i(d) > wo (32)
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That is, the highest hourly earnings per vehicle must be strictly higher than wy when there is

only one type of supply.

Proof. We prove each property one by one.

e Item (I} The first-order derivative is given by

f1(d; n) = pi(d)u(d — d(na)) + pi(d)a'(d — d(na))

The second-order derivative is given by

f"(din) = pi(d)a(d — d(n)) + 2pi(d)d'(d — d(n)) + pi(d)u"(d — d(n))
Moreover, since p;(d) is linear and decreasing in d,
p;(d) = 0,p;(d) <0

By Lemma [2| @(+) is increasing and strictly concave; hence,

@'(d —d(n)) > 0,u"(d — d(n)) <0

Therefore, f”(d) < 0 for d > d(n).

e Item [2t When d = d(n), f'(d) — oo; when d = m;, f'(d) < 0. Since f’(d) is decreasing in d,

and [d(n), m;] is a compact set, by the intermediate value theorem, f’(d) = 0 has a unique
solution on [d(n), m;]. Moreover, f'(d) > 0 for d < d' and f'(d) < 0 for d > df.

e Item [3} The continuity of g is implied by the continuity of @ and p;. By the envelop theorem,

¢n) = ) = (@ — () (~d () < 0

In addition, one can easily check that f(d;n(m;)) =0 for any d. Thus, g(n(m;)) = 0.

e Item [4} By definition, g(0) is the highest hourly earnings per vehicle when only one type of
supply (AVs or HVs) serve the market. By Assumption [2| the scenarios in consideration are
those in which HVs provide service under a pure-HV market. Thus, it must be true that
there exists a demand d such that the hourly earnings per HV (i.e. f(d;0)) are strictly above
the lowest possible HV reservation earnings wg, otherwise no HV provides services. Since
g(0) > f(d;0) for all d, it must also be true that g(0) > wo.
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B Pure-HV market

In this section, we provide the mathematical details for our benchmark case.

B.1 Proof of Proposition
B.1.1 Existence and uniqueness of equilibrium

First, we restate the loose labor market assumption (Assumption [2) here. That is, the revenue
curve r;(dpgy) intersects with the cost curve w(n(dgyv))n(dgy ), on its right branch. This condition

is equivalent to
ri(mi/2) > w(n(mi/2))n(mi/2) (33)

which translates into a lower bound on the maximum trip value V. That is,

V' > dw(n(mi/2))n(m;/2)/ (tam;) (34)

We prove that under Eq. , there is precisely one solution that satisfies equilibrium condition
in the interval dyv € [m;/2, m;]; moreover, it is a stable equilibrium (Definition[L)). Therefore,

this solution is the unique maximal stable equilibrium.

For convenience, we repeat the equilibrium condition (13| here:

ri(dayv) = w(n(dgv))n(dmy)

At dgy = m;/2, by Eq. (33)), the revenue r;(dgv) is strictly higher than the cost w(n(dgv))n(duv).
At dpv = m;, the revenue is given by

ri(m;) = pi(mi)mita = 0 (35)
The cost is given by
w(n(m;))n(m;) >0 (36)
Then it must be true that
ri(mi/2) —w(n(mi/2))n(mi/2) > 0,ri(m;) — w(n(m;))n(m;) <0 (37)

By continuity, there must exist dgy € (m;/2, m;) such that

ri(dpv) —w(n(dgv))n(dgyv) =0 (38)

This confirms the existence of an equilibrium.

Furthermore, such a dgy must be unique. To see why, note that n(dgyy) and w(n(dgy)) are
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both strictly increasing in dgy; in the meantime, r;(dgy) is strictly decreasing in dgy for dgy €
[m;/2,m;]. Therefore, the function r;(dgy) — w(n(dgv))n(dmy) is strictly decreasing for dpgy €
[m;/2, m;], implying that there is only one dgy € [m;/2, m;] such that r;(dgv)—w(n(dgy))n(dgy) =

0. This confirms the uniqueness of the equilibrium.
We can also verify that this unique solution on (m;/2,m;) is a stable equilibrium. Since r;(dgy) —
w(n(dgy))n(dmgy) is strictly decreasing, it must hold that for a small disturbance € > 0,

Tz‘(dHV — 6) — w(@(de — 6))Q(de — 6) >0
and

ri(dpyv +¢€) —w(n(dgy + €))n(dgy —€) <0
which satisfies Definition [I} This confirms that the equilibrium in consideration is stable.
Since this solution is the only stable equilibrium on (m;/2, m;), it must also be the largest solution of
Eq. . Therefore, we have proved the uniqueness and existence of a maximal stable equilibrium.
B.1.2 The expressions of the equilibrium demand and HV fleet size (Item
The equilibrium demand definition is just a repetition of the equilibrium condition Eq. . The
expression of the HV fleet size nj;y,; is given by Lemma
B.1.3 The monotonicity of the equilibrium demand dj;y,; (Item

In this section, we prove that the equilibrium demand dEV,i is increasing in the potential demand
mass m;. We first visually illustrate the comparison with Fig. [f] and then formally prove the
monotonicity of dgy,; in i. Consider the equilibrium point d = dj;y,;. Now suppose the potential
demand mass increases from m; to m;41. Then the revenue immediately increases due to higher

prices from the increased demand mass. That is,

rit1(dpv,) > wngy,)nhy, (39)

where nyy,; = n(dyy,;). Thus, more HVs enter the market, which increases the right-hand side of
Eq. , until the point where the revenue exactly covers the cost of the HV supply. That is, the
demand level at which the following holds:

Ti+1 (d*HV,i+1) = w(n*HV,i+1)n*HV,i+1 (40)

* _ *
where Niryic1 = ﬂ(dHWH).
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riv1(d)

rid) w(n(d)) n(d)

% *
dHV,i dHV,i+1

Figure 5: Illustration of the comparison between dj;y-; and dpy,; .,

B.1.4 The monotonocity of the equilibrium utilization rate uj, (Item }

In this section, we show that the equilibrium utilization rate w7, is increasing in ¢, providing the
ETA elasticity r > 0; when r = 0, uJ;y; is constant in 7. The proof of this item is based on proving

that the utilization function @(dgy ) is decreasing in dgy, which is defined as
_ B (1)
u(dgy) = dgvta/n(dgy), where n(dgy) = adHV + todgy (41)

Once we have shown this, together with Item |2} it directly follows that in a scenario with a higher

potential demand mass, the equilibrium utilization rate is also higher.

The utilization rate can be directly written as

dpvt t
Hv12 2 (42)

ﬂ(dHV) = r = —r/(r
dd}{/‘(f +1) + todgy &dHV(( +1) + to

(r+1)

When r > 0, the denominator, (dd;;;// + ta), is strictly decreasing in dgy. Thus, u(dgy) is

strictly increasing in dgy. Consider two scenarios, ¢ and ¢ + 1, with m; < m;11. Then by Item
dyv < dpvis (43)

which implies that
ugry,; = Wdyy,;) < W(dpyp1) = Unyier, whenr >0 (44)

When r = 0, the denominator in Eq. , (&d;{f(rﬂ) + t2), is a constant and equal to (a + t2).
Thus, both the numerator and denominator of Eq. are constants, implying that the utilization
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is also a constant. That is,

to
ugv’i = U*H‘/,’L'+1 = m, when r =0 (45)

B.1.5 The monotonicity of the equilibrium HYV fleet size njy. (Ttem

In this section, we show that the equilibrium HV fleet size nj;y,; is also increasing in m;. Similarly,
we prove this item by showing that the fleet size n(dgy ) is strictly increasing in dgy. By Eq. ,
n(dgy) is a positive power function of dgy. (when r = 0, it is linear in dgy.) Thus, n(dgy) is
strictly increasing in dgy. Then, by Item 2| dyy,; < dyy;. 4, and it must hold that

niv = (dyy:) <nldpyii) = Vv (46)

B.1.6 Driving forces in the equilibrium price pjy; (Ttem )

In this section, we show that the equilibrium price p7;,; may be increasing, decreasing, or non-

monotonic in m;. For this item, we would like to discuss the monotonicity of p;y,, defined as

w(ﬂ(d}kqv,i)

W(igys) (47)

>k . 3 k .
prv; = Pi(dyv;) =
As stated in Proposition (I, p7;,; can be either increasing, decreasing, or non-monotonic in m;.

This can be seen from the two forces that determine p}‘{W:

The numerator, w(n(djy,;)), represents the HV reservation wage when the market is in equilibrium
in scenario ¢. In a scenario with a higher demand mass, say scenario ¢ + 1 with mass m;41, the
equilibrium demand is higher, requiring a larger HV fleet to serve the demand. That is nyvi41 >
npv,. If HVs have an upward-sloping supply curve, then it becomes more expensive to acquire
HVs in scenario ¢ + 1 compared with scenario . Such an increased cost of labor requires the price

to be higher to cover the cost.

On the other hand, the denominator, ﬁ(d}IV7i), represents the equilibrium utilization rate of the HV
fleet in scenario i. In Item |3} we have shown that the equilibrium utilization is strictly increasing
in the potential demand mass when r > 0. Therefore, in a scenario with a higher demand mass,
there is higher utilization of the HV fleet, which means it requires fewer units of labor to complete

each unit of demand.

The joint impact of both factors thus depends on the value of the parameters. For example, when
the density elasticity » = 0 and the supply elasticity is finite (a > 0), the utilization rate is constant
across scenarios, but the reservation wage is still increasing in the HV fleet size. In this case, there
only exists the supply effect of labor, but no technical efficiency from density. The equilibrium

price is thus strictly increasing in m;.
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Another special example is the setting with a positive density elasticity » > 0 and perfect supply
elasticity (o = 0). In this case, the utilization rate is increasing as the demand gets denser, but
the reservation wage remains constant across scenarios. In other words, there is technical efficiency

from density, but no supply effect of labor. The equilibrium price is thus strictly decreasing in m;.

B.2 Extension of the equilibrium concept to a market with both AVs and HVs

As a preparation for the analysis of markets with AVs, we extend the equilibrium concept in
Definition [I] to a market with both AVs and HVs. Similarly, the market reaches an equilibrium

when the total revenue (expected earnings) for HVs equals the total cost (reservation earnings) of
HVs. That is,

Definition 2 (Equilibrium with AVs) Consider a market with both AVs and HVs serving the
demand. Suppose AVs serve a demand level of day and AVs serve a demand level of diy. More-
over, the HV fleet size is ngy. Then the market is in equilibrium if and only if the revenue of HVs

exactly equals the cost of HVs:
Ri(dgv;dav) = w(ngv)ngy (48)
where R;i(dgv;dav) = dgy - pi(dpy + dav) - ta. When ngy > 0, Eq. s equivalent to

pi(dayv +dav)u(duv) = wngy) (49)

Compared with the equilibrium condition Eq. for a pure-HV market, Definition [2| differs in
that the price is impacted by the number of AVs in the market. Moreover, the number of HVs
ngy needed to supply a demand level of dpy depends on the dispatch platform design, which we
formally discuss in Appendix [F] Appendix [E] and Appendix [D] Here, for completeness, we preview

the results here:

1. Under a common platform market,
ngyv +nav = n(dgy + day) (50)

where ’rle/’rlAV = dHV/dAV~

2. Under an independent platform market,

ngv = n(dgv) (51)

Furthermore, we can define the stable equilibrium with AVs similar to Definition [1| for the pure-HV

market:

Definition 3 (Stable equilibrium with AVs) Suppose AVs serve a demand level of day. Then
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a market is not stable if Ri(dgy — €;day) < w(ngy — €)(ngy — €) and Ri(dgy + € day) >

w(ngy+e€)(ngy—+e) for a small disturbance € > 0. If not, then the market is in a stable equilibrium.

Similar to the pure-HV market, we call the stable equilibrium with the largest HV demand level dgy
as the maximal stable equilibrium. In the main body, for brevity, we use the term “equilibrium”,

“stable equilibrium”, and “maximal stable equilibrium” interchangeably unless otherwise stated.

C Conditions for AVs and HVs to coexist (Proof of Proposition (2]

Proof. Here, we present sufficient conditions under which HVs will participate in at least one
scenario for each market configuration. Since Proposition [2]is a summary result for the four market
configurations analyzed in Section 6] as well as Appendix[F] Appendix[E] and Appendix[D] the proof
in this section may depend on propositions and lemmas that appear subsequent to Proposition
and Appendix [C]

Note that the conditions under which HVs participate in each market configuration under “perfect
supply elasticity and density effect” and “finite supply elasticity and no density effect” are ana-
lytically derived and presented in Appendix [C.I] and Appendix [C.2] respectively. In the setting of
“finite supply elasticity and density effect”, the analytical results are intractable, but the HV par-
ticipation can be validated through the numerical example [9 and [TT] in Appendix [H.4]in the sense

that both charts have a positive average driver participation across the four market configurations.

The condition is defined as an upper bound on the probability mass of the highest demand scenario,
denoted by P(my). The intuition behind this is that when the demand distribution exhibits peaks
with both high mass and low probability of occurrence, it becomes uneconomical for AV suppliers
to maintain a capacity so high that it can supply the peak demand independently. The criteria
for what constitutes low probability and high demand mass for each configuration are illustrated
below in Table |5 for a market with perfect supply elasticity and positive density elasticity, and in
Table [6] for a market with finite supply elasticity and zero density elasticity.

C.1 Perfect supply elasticity and positive density elasticity (o =0, r > 0)

First, we formally introduce and revisit some definitions for notations that appear in Table

1. dyy,; and nyy ;2 The equilibrium demand and HV fleet size in scenario ¢ under the pure-HV
market. Proposition [I| gives full definition of them.

2. dTAV ;, and nLV ;2 The maximum demand served by AVs and AV fleet size that allow HVs to

participate in scenario i under an independent platform market. The definitions of ”ilv ; and
dJLW , are given by Eq. 1) and Eq. 1) respectively.

3.d av;i and 74y, The optimal demand rate and the AV fleet size that maximizes the total

variable profit of a monopoly AV supplier in scenario ¢ when AVs serve the market alone
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Table 5: Conditions for HV to participate in at least one scenario under o« =0, r > 0

Common Platform Independent Platform
Monopol P(my) < -2 P(mp) < cRavia—n)  and plo o >
poly I wo—cy I pl(dixv,])ﬁ(djév,l)_c” AV, I
AV,
_ . o + I-1 N _o ot ~ A\t
Competitive P(m]) < Cf_Z{ 1P(mi)(Pi(dHV,I)u(dHV,I)_Cv) P(m[) < cr—> i1 P(mz)(Pz(dAvJ).u(dAvJ) cv>

Wo—Cv pI(dLv,I)ﬂ(dLV,I)*Cv

”qu,l > nav,r, and pl(djrw,f)ﬁ(dzv,l) > Cy

Note. Note: The content presented in this table and its proof are based on analysis and definitions that are detailed
further in the subsequent text Section [6] as well as Appendix [F] Appendix[E] and Appendix [D] The paragraph
below offers an overview of the definitions and notations necessary for understanding the conditions in this table.

(Eq. (250))). In other words,

JAV,z’ = arg max{p;(d)dta — c,n(d)} (52)
d

The fleet size f14y; is the corresponding supply level that supports d AV, 1.e. Ay = @(J AVi)-

4. Nay;: the maximum of n4v,; and nTAV ;- In other words,

Ravi = max{iiav, nlyy ) (53)

In the monopoly, common platform market, regardless of how high the potential demand mass
is, as long as P(mj) is below the threshold, AVs will share the market with HVs in scenario i.
In the rest three cases, the demand mass m; also plays a role. Furthermore, under a common
platform market, the threshold for the competitive case is lower than that for the monopoly case.
In other words, all else being equal, AVs are more likely to serve the market alone when they are
perfectly competitive in a common plftform market; The difference between the two thresholds,

=1 p(my) (pi(dj‘qM puldiy ) — cv) (normalized by (wp — ¢)), is the aggregate variable profit
an AV extract from all but the highest demand scenario under the competitive setting. In other
words, AVs will participate and squeeze out HVs as long as they can still break even; in contrast,

the monopoly supplier will strategically coexist with HVs to maximize its total profit.

Next, we provide details on how we derive conditions for each of the four market configurations

under various supply and density elasticities.

C.1.1 Common platform market, monopoly.

Proposition [§|shows the structure and the optimal choice of the AV capacity. It can be easily verified
that, when P(mj) < —Z— the optimal capacity N* will be lower than the total equilibrium fleet

wo—Cy’

size ny, ; in scenario I, implying that HVs will participate at least in the highest demand scenario.
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C.1.2 Common platform market, competition.

We start from the intuition of the proof. A sufficient condition for the HV participation is that, at
any AV capacity that can drive HVs out of the market in all scenarios, AVs cannot break even (i.e.

the aggregate variable profit per vehicle is below cy).

Recall that under a common platform market, AVs can supply the market alone in scenario ¢ if and

only if the AV fleet size is no less than n};,;; thus, the condition is equivalent to:

I
ZP(mi)(pi(d)ﬂ(d) —¢y)T < ¢y, forall d > dyv.r (54)

i=1
This condition can be simplified as

1

Y Plmi)wildiyy )a(diy,) — o)t < (55)
i=1

To see why, we show that the left-hand side of Eq. , which represents the variable profit per
vehicle at demand rate d, is decreasing in d for d > dJ;y, ;. Essentially, we show that in any scenario

i, the variable profit per vehicle, ((pi(d)u(d) — ¢,)*, is decreasing for d > djy .

Consider two functions, 7;(d) (defined in Section [4)), and the variable revenue per vehicle p;(d)u(d).
Both functions are strictly concave and unimodal. (r;(d) is just a quadratic function of d; Lemma
shows the characteristics of p;(d)u(d)) By Assumption [2} it is true that d7;y,; > argmax;r;(d). By
definition, r;(d) = p;(d)dta, which can further be written as

ri(d) = (pi(d)u(d))n(d)ts

Then arg max,r;(d) > arg maxyp;(d)u(d) must hold; to see why, taking the first order derivative
of ;(d) gives the following:

ri(d) = (pi(d)a(d)) n(d)ts + (pi(d)u(d))n' (d)t

when the revenue per vehicle p;(d)u(d) reaches its maximum (i.e. (p;(d)a(d)) = 0), ri(d) > 0,

meaning that r;(d) is still increasing. Thus, we have
dyy > dyy; > argmaxri(d) > arg max p;(d)u(d)
d d

for all ¢ = 1,...,I. The leftmost inequality is by the monotonicity of dj;y,; in Proposition |1} Since

pi(d)u(d) is unimodal, it is strictly decreasing once d is over the peak. Therefore, p;(dj;y.,)u(dfyy,;) >
pi(d)u(d) for any d > d7;y,;. Since this is true for every i, this completes the proof for the equivalence

between Eq. and Eq. .

Therefore, Eq. (b5)) is a sufficient condition for the HV participation. Next, we rewrite it to make
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it more readable. By definition of dj;y.;, pi(dyy;)u(dyy,;) = wo. Thus, Eq. can be rewritten

as the following:

-1
P(mp)(wo — eo) + Y Plma) (pi( gy )il dpy, ) —eo)™ < g
i=1
By rearranging the terms, we have an inequality about P(m;) with the same expression as the

expression in Table [5| under “Competitive, Common Platform”.

C.1.3 Independent platform market, monopoly.

Our proof contains three steps. First, we compute an upper bound for the net profit of a monopoly
supplier (Eq. ), subject to the constraint that AVs serve the demand alone in every demand

scenario. That is, we require the AV capacity N to satisfy
N > mgx{nlw} = ”ixv,[
and the AV fleet size in each scenario to satisfy

T
NAv; =2 N AV,

Next, we compute a lower bound for the net profit of a monopoly supplier (Eq. ), subject to
the constraint that HVs participate in at least one demand scenario. That is, we require the AV
capacity N’ to satisfy

N' < nly, (56)

Thus, under the AV capacity N, HVs at least will participate in scenario I.

Last, we compare the net profit of the AV supplier under N and N’ and prove that the net profit
is strictly higher under N’ than under N, when the condition for “independent platform market,
monopoly” in Table [5] holds. Hence, any AV capacity that leads to AVs serving the market alone in
every scenario is a dominated strategy, and thus cannot be the optimal capacity for the monopoly

supplier.

Step 1: The monopoly supplier’s net profit when AVs serve the market alone in
every scenario. When N > maxi{nzv = ”Lv ;> the profit of AVs only depends on its own

fleet sizing decision. The monopoly supplier’s profit can be simplified as

I
> P(my) max  (pi(dav)davts — cyn(day)) — ;N (57)
1 dlyy ;<day <d(N)

The variable profit term, (p;(day)daytes — cyn(day)), is formally proved in Eq. (292).

Now recall the definition of CZAV,z‘ and nay,; in Eq. . The term CZAV,z‘ is the maximize of the
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variable profit term, (p;(dayv)davte — cyn(day)), when there is no constraint on d4y. Thus, the

variable profit in scenario i is strictly decreasing when d 4y > d AVi-
Moreover, under the condition in Table [5] it is required that
nLV,I > ﬁAV,I (58)

which is equivalent to
dTAv,J > davir (59)

Thus, we have the following inequality for Eq. 1} for any N > ”i&v I

I
> P(my) max  (pi(dav)davts — con(day)) —cfN (60)
1 dlyy ;<day <d(N)
I
< Z P(m;) max (pi(dav)davts — con(day)) — Cfni“,[ (61)
f o <day<d’ ’
1 dAV,zfdAvfdAV,I

That is, the capacity IV will not be greater than nTAM I

Define the following
dav; = max{dav,,dl,;} (62)

which represents the optimal demand rate in scenario 7 that maximizes the variable profit (p;(day)dayta—
cyn(day)) while keeping HVs out of the market. Let n; = @(CZ Av,i)- Then Eq. 1) can be further

written as

1

> P(m;) max  (pi(dav)davts — con(dav)) — ety (63)
1 dLV,iSdAVSdLV,I

-1

= P(my)(pr(dlyy )iy to — conldly, ) + D Pmi)(pi(davi)davits — con(dav,)) — cpnly, g
1
(64)

Eq. is then an upper bound for the net profit Eq. when AVs serve the market alone in

every scenario. This upper bound is tight and is achieved at N = n:EW I

Step 2: A lower bound of the monopoly supplier’s net profit Eq. when HVs par-
ticipate in at least one scenario. Next, we compute a lower bound of the net profit Eq.
when HVs serve the market in some scenarios. In particular, we choose the AV capacity N’ such

that

N' =fiav, -1 = max{fiav,_1, TLLVJ_l} (65)

In other words, capacity N’ equals the AV fleet size that maximizes the variable profit (p;(day )dayta—
cyn(day) while exactly keeping HVs out of the market in scenario I — 1.
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Note that N’ < niﬂw ; must hold. This is because, by the monotonicity of nJLW ; and Ay,

nixv,[q < ”LVJ (66)

nav,i—1 < nav,y < nfw,[ (67)

The last inequality is by the condition in Table Thus, with an AV capacity of N’, HVs must

participate in scenario I.

Now we derive a lower bound for the Eq. when the AV capacity is N'. Let the AV fleet size
be nay,; = gy, for all scenarios i = 1,...,1 — 1 except for scenario I. Since nay,; > nTAW by its
definition in Eq. , in all scenarios except for scenario I, AVs serve the market alone. Therefore,
the profit Eq. can be written as

N—1
P(mr) max mi(nav.)navi + Y P(mi)(pi(davi)davits — con(davi)) — cppaviior - (68)
Av, 1< 1
which must be no less than
N—-1
Z P(m;)(pi(dav,)dav,ita — con(dav,)) — cfav,—1 (69)

1

Therefore, Eq. is a lower bound for the monopoly supplier’s net profit Eq. when HVs

participate in some scenarios.

Comparison Now we show that the lower bound Eq. with HV participation is strictly higher
than the upper bound with no HV participation Eq. , under the condition in Table . Deducting
the lower bound Eq. by the upper bound Eq. , we have

1

Nf
{ Z P(m;)(pi(dav,)dav,ita — con(dav,)) — CfﬁAV,I—l}
1

I—-1
- {P<mz><pz<dzv,f>dzv,ftz —con(dly )+ > Pmi)(pi(davi)davits — con(dav,)) - cfnzv,f}
1

(70)

which equals
— CfNAV,I-1 — P(ml)(PI(dLV,I)dTW,Ib - CU@(dLVJ)) + Cf”TAv,J (71)
:Cf(”ixv,l —favii-1) — P(mf)(pl(alTAv,l)dTAv,l252 - CUnLV,I> (72)
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By Table [5]

ci(l—navi-1) Cf(nLV,I —cfhav,i-1)
Pl(d:rcxv,f)ﬂ(d,tlv,f) — & - pI(dLV,I)dLlV,It? - Cvnixv,l
Therefore, Eq. is strictly above zero, implying that the lower bound Eq. is strictly higher
than the upper bound Eq. .

P(m[) < (73)

C.1.4 Independent platform market, competition.

Consider an arbitrary AV capacity N that allows AVs to serve the market alone in every demand

scenario. Then by the analysis of the independent platform market, N must satisfy that i.e.
N > mzax{nlv’i} = n;VJ, (74)

Recall that de and nlw are defined as the maximum demand served by AVs and AV fleet size

that allow HVs to participate in scenario ¢ under an independent platform market. The definitions
of nJLW ;, and dLV , are given by Eq. 1) and Eq. |j respectively.

Suppose we can show that for any N that satisfies Eq. , the aggregate variable profit per AV
(@ is strictly lower than the AV fixed cost cy, i.e. the net profit per AV is strictly negative. Then
this is a sufficient condition for the statement that HVs participate in at least one demand scenario

(otherwise AVs can never break even).

Thus, in the rest of the proof, we show that the condition in Table [5|under “Competitive, Indepen-
dent Platform” implies that the net profit per AV is strictly negative for any AV capacity N that
satisfies Eq. . More precisely, we prove that
I - —
> P(my) (pi(d(N))a(d(N)) — e,)* < ¢y, for any N > nlyy, . (75)

=1

Our proof takes two steps. We prove that under the condition in Table [5] the following two things
hold true:

1. The variable profit per AV in scenario ¢, p;(d sy )u(day ) —cy, is strictly decreasing for d > dTAV’ 7
in all scenarios. This guarantees that the right-hand side of Eq. ,

Y Plma)(pi(d(N)a(d(N)) — eo)™, (76)

is maximized at N = nLV I

2. At capacity N = nLV 1 Eq. is strictly lower than cy. This guarantees that for any
N > niﬂm 7 Eq. is also strictly lower than cy.

Combining the two statements, we prove that Eq. holds under the conditions in Table 5| Next,
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we prove each statement, respectively.

Proof of Item First, we show that the variable profit per AV, p;(day)u(day) — ¢y, is strictly

decreasing for d > dixv ; in scenario I. The reason is the following:

By the condition in Table [5], in scenario I, it holds that
dLVJ > dav, (77)

Recall that d Av,1 maximizes the total variable profit

pr(dav)davts — con(dav) = (pr(dav)u(dav) — c,) - n(day) (78)

in scenario I. Then it must be true that

dqu,f > CZAVJ > ar% max(pr(day)u(day)) (79)
AV

In other words, dLV ; must be greater than the demand rate that maximizes the variable revenue
per AV. To see why, we take the first-order derivative of the total variable profit , which gives:

(pr(dav)u(dav)) - n(dav) + (pr(dav)i(dav) — ¢v) - 0/ (dav) (80)

At day = dTAVJ, Eq. is zero.

Now consider the value of Eq. when day = argmaxg,  (pr(dav)u(day)). Since the function
p1(dav)u(day) is strictly concave (Lemmay3)), it must be true that when day = argmax,, , (pr(dav)u(day)),

the derivative
(pr(dav)u(dav)) =0 (81)

Furthermore, regarding the second term of Eq. , Then there are two possibilities:

1. maxg,, pr(dav)a(dav) < ¢y. Then AVs cannot break even in scenario I, which implies that

AVs also cannot break even in any other scenario (p1(dayv) < pa(dav) < ... < pr(day) for
any d4y). Then in this setting, AVs can never make a non-negative net profit and will never
enter the ride-hailing market. This is not the setting that we are interested in as implied by

Assumption [2}

2. maxq,, pr(dav)u(day) > ¢, Then in this case, at d = argmaxg,  (pr(dav)i(day)), it must
hold that the first-order derivative is strictly positive, i.e.

(pr(dav)u(dav)) - n(dav) + (pr(dav)i(day) — cy) - n'(dav) > 0 (82)

In other words, at day = argmax,,  (pr(dav)u(day)), the total variable profit Eq. is
strictly increasing. Then it must be true that the maximizer of Eq. , d AV,I, is greater
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than argmaxg,  (pr(dav)i(day)). This verifies Eq. (79).

With Eq. , by concavity, it must be true that the variable profit per AV, p;(dav)u(day) — ¢y,

is strictly decreasing for d > dLV ; in scenario 1.

Next, we show that the variable profit per AV, p;(dav)u(day) — ¢y, is strictly decreasing for
d> dJLW ; in scenario ¢ = 1,...,I — 1. The reasoning is similar to that for i = I. We leverage the

proof for i = I, and additionally, we show that

argmax p1(day)u(day) < argmax pa(day)u(day) < ... < argmax pr(day)u(day) (83)
day day day
In other words, the demand rate that maximizes the variable profit per AV, p;(dav)u(day), is

strictly increasing in the potential demand mass (and therefore the scenario index 7). Once we have
shown Eq. , it is directly implied by Eq. that

dilv,[ > argmax(pr(dav)u(day)) > argmax(p;(day)u(day)) for all ¢ (84)

AV day

which will conclude our proof that the variable profit per AV, p;(dav)u(day) — ¢y, is strictly

decreasing for d > d];‘VI in scenario 1 =1,2,..., 1 — 1.

Thus, in the rest of the proof for this step, we focus on proving Eq. . To do this, we compute
the first-order derivative of p;(day )u(day ) over d 4y and examine its relationship with the potential

demand mass m;. The first-order derivative is given by

pi(dav)u(dav) + pi(dav)d (dav)
Setting the above term to zero and rearranging the terms gives

pi(day) @' (dav)
Tpilday)  aldav) (85)

Given the same d 4y, the right-hand side of Eq. is the same regardless of i. The left-hand side
of Eq. can be further simplified by plugging in the expression for p;(d):

pi(dav) —V/m; 1

pildav) V(A —day/mi)  m;—day
Then the first-order condition Eq. is equivalent to

1 @' (day)
m; —day  u(day)

Note that the function u(d4y) is strictly increasing and concave (Lemma , implying that the
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a(dav)
ﬂ’(dAv) )

term on the right-hand side, is strictly increasing in d 4y/. Thus, the entire right-hand side,

ﬂ(dAv)
u (dAV)’

day + (86)

~

is strictly increasing in d4y. Therefore, as the potential demand mass m; (and the corresponding
scenario index 4) increases, the maximizer argmax,,  pi(dav)u(day) is strictly increasing. This
completes the proof for Eq. .

To summarize, we have proved that p;(day)u(day) is strictly decreasing in day for day > dLV I
for all 4. As a result, the net profit per AV is maximized at N = nLV ;- That is, the maximum

of Eq. is given by
I I

S P(mi)(pr(d(nly, ))ald(nly, ) — c)™ =D Pma)(pr(dly, aldly ) — )™ (87)
=1 i=1

Proof of Item We now prove that under the condition in Table 5] the maximum of the net
profit per AV, Eq. , is less than the fixed cost cy. By Table [5, we have that

_ B +
e = S Pma) (pr(dlyy, ) adly ) = )

P(my) < - (88)
pl(dilv,f)u(dixv,[) — G
By Table it also holds that pj(dim I)ﬂ(dim ;) — ¢y > 0. Then Eq. is equivalent to
I-1 4
P(mp)(pr(dly, )aldly ) — co) + > P(mg) (pr(dly, ) aldly ) —c) <e (89)
I\PI\C@ v 1 AV, I v i) \PI\Qqy 1 AV,I v f
i=1
which can be further written as
! -
>~ Pimy) (prldly ) aldhy) — ) <e (90)
i=1

Note that the left-hand side is just Eq. . This concludes our proof for Item

C.2 Finite supply elasticity and zero density elasticity (« > 0, r = 0)

By Proposition when the density elasticity » = 0, there is no differentiation between common
and independent platform markets. Therefore, in this setting, we only need to derive the conditions
for the two levels of AV competition. Table [6] summarizes the sufficient conditions under which
HVs participate in at least one demand scenario under monopoly and perfectly competitive AVs.
Appendix and Appendix provide formal proofs for the two settings, respectively.
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Table 6: Conditions for HV to participate in at least one scenario under a > 0, » = 0 under a
two-scenario demand distribution

cf((ﬁV;wO)tQ_@(ml)) n(m )
u*V m n 1
Monopoly P(msg) < Viad o 2 > @ —wo)a @V)

(aV—wg)ty  Vitg mq

oy cf a2v 4 m.
Competitive P(mg) < o Vi 2 mg > (w_wg?m Vig
cr a2/ (52)

Note.

C.2.1 Monopoly

Consider two scenarios, ¢ = 1,2, with m; < mg. We prove that the following condition is a sufficient

condition under which HVs participate at least in scenario 2:

cf( (ﬁVf;t‘t;o)tz _ ﬂEZ’;l) )

Vits/4

n(m;)
(’L_LV — wo)tg/(ﬂ2V)

P(my) < , My > (91)

We prove the statement by contradiction:

Suppose not. Then under Eq. , HVs do not participate in any scenario, i.e. ngy; = 0. Denote
the AV fleet sizes in scenario 1 and 2 as nay,1 and nay,2, respectively. By Eq. (308) in Appendix

the necessary and sufficient condition for ngy; > 0 is given by

uV —wp)t
nav,; < (112‘/0)2771’2'7 (92)
Therefore, if HVs do not participate in any scenario, it holds that
uV — wp)t )
navi > (aw““m i=1,2 (93)
Moreover, the total profit of the monopoly AV supplier is given by
> P(mi)(mi(navi)navi) — epN (94)

7

where 7;(nay;) is the variable profit per AV in scenario ¢ and N is the AV capacity. The capacity

N must be no less than the AV fleet size in any scenario. That is,

N >navi, N > nave (95)
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Thus, it must be true that the total profit

Z P(m;)(mi(navi)navy) — cfN (96)
< Z P(m;)(mi(navi)nav,) — crnave (97)
(ﬂV — ’wo)tg

< Z P(m;)(mi(navi)nav) — cf( ma) (98)

2

u?V

The last inequality is by Eq. . Moreover, since AVs serve the market alone, it must also hold

that the variable profit in scenario 2 satisfies:

mo(nav2)nave =pi(dave)davats — conay, (99)
<max pi(davz) - davz - t2 (100)
dav,2
|4 ma
=0t 101
2 2 % (101)

Combining Eq. with Eq. (101)), we have the following upper bound on the total profit when

HVs do not participate in any scenario:

m2

ma (TLV — wo)tQ
2

v ™)
(102)
Now consider a smaller AV capacity N’ < N, where N = n4y,;. That is, let the AV capacity be

'tQ—Cf(

| <

Z P(mi)(m(nAV’i)nAV’i)—CfN < P(ml)(m (’I?,AVJ)TLAVJ)—FP(WLQ)'

)

the AV fleet size in scenario 1. We prove that at N’, HVs will participate in scenario 2, and the

resulting total profit for the AV supplier is strictly higher than under AV capacity N.

Claim 1: Under AV capacity N’ = nayv,1, HVs participate in scenario 2. The proof is the
following. First, it must be true that
navy < n(mi) (103)

Recall that n(m;) is the number of AVs needed to satisfy all the potential demand m;. Whennay; =
n(m;), the price p;(m;) = 0, leading to zero revenue and a negative variable profit. Therefore, a
monopoly supplier never extends the AV fleet size in scenario i beyond n(m;). Furthermore, Eq.

implies that
(fLV — wo)tg

n(my) < oy e (104)
which combined with Eq. (103]) leads to
;o ('ﬁV — ’U)())tg
N =mnavy < =5 m2 < nava (105)

Since the largest possible AV fleet size in scenario 2 is the capacity N’, by Eq. , HVs must

participate in scenario 2.
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Claim 2: Under AV capacity N’ =nay 1, the total profit of the monopoly AV supplier
is strictly higher than the total profit Eq. when HVs do not participate in any
scenario. The proof is the following. Denote the AV fleet size in scenario 1 and 2 as ”/Av,l and

anVQ, respectively. It must be true that

nay1 = navi, (106)

and

nlave < navi (107)

Eq. (106|) holds because the n 4y, is the AV fleet size that maximizes the variable profit in scenario
1 when the capacity is N > N’, i.e. when there are more choices for the AV fleet size. Eq. (107) is
simply the capacity constraint. Therefore, we have that the total profit at N’ = nay; is given by

P(m1)(mi(navia)nava)) + P(ma)(me(nlyy2)naye)) — crnava (108)

Since the variable profit in scenario 2 must be non-negative, the total profit at N’ = nqy; must

satisfy:
P(my)(mi(navi)nava)) + P(me)(me(nlyy0)nlay2)) — cpnava (109)
>P(my)(mi(navi)nava)) — cfnava (110)
>P(my)(m(nav,)nava)) — ¢gn(ma) (111)

The last inequality is by Eq. (103)). Moreover, by Eq. ,

(ﬂv — ’u}o)tg

n(mi) < ma( oy P(mQ)E) (112)
Combined with Eq. , we have
P(my)(mi(navi)nav,)) + P(me)(me(nay2)nlay,e)) — efnavi (113)
>P(my)(mi(nava)nava)) — cpn(my) (114)
uV —wo)t Vi
>P(my)(mi(navi)nava)) — Cme((uQ‘/O)z — P(mg)ﬁ) (115)
=P(m1)(m1(nav,)nava)) + P(mz) - % : % “ty — cf((uva_z‘z/uo)hmg) (116)

But Eq. (116) is just the upper bound Eq. (102)) of the total profit when HVs do not participate in
any scenario. Therefore, we have proved that under Eq. , the monopoly AV supplier will never

choose AV fleet sizes and an AV capacity to keep the HVs out in every scenario.
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C.2.2 Perfect competition

Similar to Appendix consider two scenarios ¢ = 1,2, with m; < msy. We prove that the
following condition is a sufficient condition under which HVs must participate in at least one

scenario under perfect AV competition:

(ﬂvfwo)tz Vits
Cf—2vy Tml/mQ mi
Plms) < gl S e > (117)
Y2(1—mi/mg cp 2 [ (42)

The intuition of the proof is the following:

Item [2] of Proposition states that AVs always enter the ride-hailing market under perfect AV
competition. In other words, there exists a strictly positive AV capacity N* satisfies the AV
equilibrium condition Eq. @; that is,

ZP(mi) max{m;(N*),0} = ¢; (118)

However, we show that under Eq. ((117)), for any AV capacity N such that HVs do not participate
in any scenario, AVs make a strictly negative profit. That is, for any N such that ngy,; = 0 for all
i,

ZP(mi) max{m;(N),0} < ¢cf (119)

Thus, in equilibrium, under the AV capacity N*, it must be true that HVs participate in at least

one scenario.

Next, we provide the formal proof. Denote the AV fleet size under capacity IV as n4y,1 and n4y2 in
scenario 1 and 2, respectively. As we have discussed in Appendix[C.2.1] HVs participate in scenario
1 if and only if Eq. holds. Therefore,

uV — wo)ts .
nNgv; = 0< NAV,; = (uw)mi, 1=1,2 (120)
Since the AV fleet size cannot go above the AV capacity, it must hold that

(fLV — wo)tQ (ﬂV — wo)tg

N > mzax{nAW} > rnzax{ -3y m;} = oy e (121)
Now consider the left-hand side of Eq. (119)):
> P(m;) max{m;(N),0} = 1/N > P(m;) max{m;(N)N,0} (122)

The term 7;(IN)N is just the total variable profit of all AVs in scenario i. Therefore, it must be
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not greater than the total revenue of all AVs in scenario 7. That is,

V. m;
(N)N pl(dAVl)dAVth - CUN < pz(dAVz)dAVth ( 9 )( 9 )t2 (123)
Therefore, we can derive the following bound of the left-hand of Eq. (119)):
> P(m;) max{m(N),0} (124)
<1/NZP(m-) max{(L)(™)t,, 0} (125)
: ) 2 2 )
_1/NZ Pm;)( V JRaaTS (126)
2
Then by Eq. ,
Z P(m;) max{m;(N),0} (127)
<1/NZP (m)(%- (ml)tg (128)
2
P(m; iy
P 120)
Ty 2
(1= P(m2)) (%) ("8 )ta + P(ma) (%) ("2 )t
= . (130)
(quwo)tgm
a2V 2
~ (F)ma/ma + P(ma) () (1 = ma/ms) (131)
- (uV Qwo)tz
u?V

But one can check that by applying the upper bound of P(ms) in condition Eq. (117)), it must be

true that
(Y2)my /mg + P(ma)(Y%2)(1 — my /mo)

oI < (132)

a2V

Therefore, we have proved that under Eq. (117]),
Y " P(m;) max{m(N),0} < ¢ (133)

if HVs do not participate in any scenario under AV capacity N. Thus, in equilibrium, it must be

true that HVs participate in at least one scenario. ]

D Finite supply elasticity and some density effect

In this section, we prove each item in Proposition [3| and Proposition |4} respectively.

61



D.1 Common platform market (Proof of Proposition 3, Item [1])

In this section, we examine the market outcomes when the supply of HVs is finitely elastic (a > 0)
and the dispatch market has positive density elasticity (r > 0), under a common dispatch market
between AVs and HVs. In particular, in the first part of this proof, we want to show that the price
is strictly lower under a common platform market compared to a pure-HV market. The high-level
idea of the proof is that, after introducing AVs, the total demand served by AVs and HVs in any
scenario is higher than that served by HVs in a pure-HV market; thus, the price is strictly lower
with AVs; in the second part of this proof, we show that prices under perfectly competitive AVs

are always strictly lower than that under monopoly.

D.1.1 Part 1. AVs lead to strictly lower prices.

Consider scenario ¢. We use the notation of dav,cpy and dyv,cpum to represent the demand served
by HVs and AVs, respectively, and omit the subscript ¢ since we are focusing on one particular
demand scenario. When dyv,cpy > 0, it means that HVs serve some demand in scenario ¢. Since
HVs and AVs share the dispatch platform, they also have the same utilization rate, determined by

the total demand served in the market. That is:

ugv,cpm = uav,eprm = w(dpv,epm + dav,epm) (134)

The AV and HV fleet sizes are then given by

dav,cpmto dav,cpmts
NAV,CPM = = — , (135)
vavierm  W(davepm +daviepmr)
and d t d t
HV,cPMt2 HV,cPMt2
NHV,CPM = : = : (136)

- _ 9
upverm  w(daviepm + daviepw)

respectively. Then there are two cases:

d
w(n(d)) . | wn(d)
w(n —-n
pd)i(d) T e i)

: | w(n(d) — ”AV,CPM)
|

| | |

| | |

| | |

WO - - -"-"-—"==-""="=-"="=-"="=-= -L - -I' - T\ -"—--"—=-"=-=-= Wo = AR l [, T —

| | |

| | 1

| | |

| d ! d

dyy  dyy,cem + dav.crm dyy
(a) Small nay,cpm (b) Large nav.cpm

Figure 6: Comparison of the equilibrium demand under a pure-HV market and a common platform
market with an AV fleet size of nav,cpm
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1. ngv,epm > 0. That is, HVs participate in the ride-hailing market. In this case, it must
be true that the marginal HV’s reservation earnings are equal to the price discounted by

utilization. That is,

w(ngv,cpm) = pi(depar)u(dopar) (137)

where dcpys is the total demand served by AVs and HVs. That is, depy = dav,epm +
drv,cpm- On the other hand, under a pure HV market, it should also hold that in equilibrium

the reservation earnings of the marginal HV should equal the price discounted by utilization:

w(npy,;) = pildyy,)u(dyy,) (138)
In other words, dj;y,; is the root of the following equation:
w(n(d)) = pi(d)u(d) (139)
To compare dj;y,,; and dopy, we also rewrite Eq. in a similar format:
w(n(d) —naverm) = pi(d)u(d) (140)

That is, given an AV fleet size nav,cpar, the total demand dopas is a root to Eq. (140)).

Fig. [6a] visually compares the two roots under Eq. (I139) and Eq. (140). It must hold that
there is a root dopys that satisfies Eq. 1| and dcpm > dyy,;. This can be proved by
the Intermediate Value Theorem: Consider the interval d € [d;y,;,m;]. Define the following

function
I(d) = w(n(d) — nav,cpm) — pi(d)u(d) (141)

which is simply the left-hand side of Eq. (140 deducting the right-hand side of Eq. (140).
l(d) is a continuous function because w(n), n(d), p;(d) and u(d) are all continuous functions.

Then at d = dgy, we have

ldpv) = w(n(duv) — naviepm) — (pi(dayv)a(dmy)) (142)
<w(n(dnv)) — (pi(duv)i(duv)) =0 (143)

The last equality is by Eq. (139). At d = m,;, we have

L(mi) = w(n(mi) — nav.orm) — (pi(mi)u(m:)) (144)

w(n(m;) —nav,epm) > 0 (145)

The last equality was by the definition of the price function that at d = m;, the price goes down

to zero. Therefore, by the intermediate value theorem, there must exist a root d € (dgy,m;),
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such that
I(d) = w(n(d) — nav,epm) — pi(d)u(d) =0 (146)

This root is dopps defined in Eq. (140)). Therefore, we have proved that when HVs participate
in scenario i, the equilibrium demand dgpys under a common platform market is strictly
higher than dpy in a pure-HV market, which further implies that the price is strictly lower

under a common platform market than a pure-HV market.

2. ngv,cpm = 0. That is, the price is so low, that p;(dcpa)u(depa) is below wg (which is
the lowest possible reservation earnings for HVs), and HVs do not participate in scenario
i. This case happens when the AV fleet size nav,cpar is high, which drives down the price
and makes it impossible for HVs to join. Fig. visually illustrates this case. (Note that
the market outcome, in this case, depends on the AV supplier(s) fleet size decision and no
longer depends on the HV supply curve. Therefore, Fig. [6b] does not contain an equilibrium
point for the common platform market.) Clearly, the total demand served under a common

platform market must be strictly greater than dgy. We prove this rigorously below:

Suppose not. Then d*HV’i > day,cpm. Consider the function I(d) defined by Eq. . Then
the analysis of [(d) on the interval d € [d};y,;, m;] continues to hold here, and it remains true
that [(dpv) < 0, [(m;) > 0; therefore, it must be true that there exists d € (djy,;,™m;) such
that {(d) = 0. In other words, if d;IV,i > dav,cpm, then there must exist a demand rate

d > dj‘fV,i that allows a positive number of HVs to participate. This contradicts the premise

that ngv.cpm = 0. Contradiction.

Therefore, combining both cases, we conclude that under a common platform market, the total
demand served must be strictly higher than that under a pure-HV market; consequently, the price

is strictly lower than that under a pure-HV market.

D.1.2 Part 2. Perfectly competitive AVs lead to strictly lower prices than monopoly.

Next, we prove the prices under perfectly competitive AVs are strictly lower than that under a

monopoly AV supplier in all scenarios. The structure of our proof is the following:

1. Denote the optimal AV capacity under a monopoly supplier as N*. Prove that the equilibrium
AV capacity under perfect competition, N’, must be strictly higher than N*

2. Compare the price in every scenario under capacity N’ with that under capacity N*.

Proof of Item We prove this item by showing that, when the AV capacity under perfect
competition, N’ = N*, the variable profit per AV, Eq. @, is strictly higher than the fixed cost cy.

That is,
I

Z P(m;) max{r{ (N*),0} > ¢y (147)
1
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where 7 (N*) represents the variable profit per AV at the AV fleet size n4y = N* in scenario i.
If this holds true, then more than N* AVs must enter ride-hailing in the zero-profit equilibrium

under perfect competition, which implies that N/ > N*.

We start with characterizing some properties of N*. We leverage the fact that N* is an optimal

solution to the monopoly supplier’s profit maximization problem . We then use these properties
to prove Eq. (147)).
First, note that NV* is the optimal solution to the monopoly supplier’s profit . That is,

I
N* = arg mj\a}xZP(mi) { max W?(nAV’Z-)nAW} —cfN (148)
1

nav,; <N

Let nav,cpm,; denote the optimal AV fleet size in each scenario ¢, under the optimal AV capacity
N*. Then we can write the profit function in the neighborhood of N = N* as below:

I
Z P(mi) {n¥ (nav.epmi)naviera,i} — ¢fN (149)
1
= Z {W?(HAV,CPM,Z')”AV,CPMJ} + Z {Wf(N)N} — CfN (150)
Lnav,cPM,i<N Jmav,cpm,j=N

Since N* maximizes the profit of the monopoly supplier, it satisfies that the derivative of Eq. (150)
over N is zero at N = N*. That is,

(r¢(N)N
3 { ( ja(N) )|N:N*} =0 (151)

jnav,epm,j=N*

We can further expand the derivative in side the bracket for scenarios that satisfy nav.cpar,; = N*:

(& (N)N) o (N)

N |N=N+ = W‘N:N*N* + 7 (N¥) (152)

Furthermore, for these scenarios, it must be true that

87T]C(N)

In other words, the variable profit per AV, 7rJC(n AV), is strictly decreasing in the AV fleet size
nay, when nqy = N*. In fact, we can show that this holds in general. In other words, under a
common platform market, the variable profit per AV 7rjc(n Av) is always strictly decreasing in the
AV fleet size nay. To keep the flow of the proof, We leave the proof of this item at the end of this
subsection, and for now take it as given. Then we have that for all j such that nav,cpaj = N7,

(& (N)N)

N |N=n+ < 7TJC(N*) (154)
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Then by Eq. (151)), it must be true that

¢
Z Ty (N*) > Z {WW—N*} =cy (155)
N

Jnav,epm,j=N* Jmnav,epm,j=N*

Now consider the variable profit per AV under perfect competition, which is the left-hand side of
Eq. (147). It must hold that

I
> P(my) max{x{ (N*),0} > > TS (N*) > cf (156)
1 Jmav,cpm,;=N*

Thus, we have verified Eq. (147). Therefore, at the same AV capacity N* as the monopoly supplier,
under perfect competition, AVs make strictly positive profits; this cannot happen in the perfectly
competitive equilibrium, becuase competition will drive more potential suppliers to purchase AVs,

increasing the AV capacity.

Finally, we prove that under a common platform market and finite supply elasticity, the variable

profit per AV 7r]C(n Av) is always strictly decreasing in the AV fleet size n 4y . There are two cases:

1. nay is small. AVs and HVs serve the market together. Then in equilibrium, it must be true
that the earnings per AV is the same as the earnings per HV. This is because AVs and HVs
face the same price and utilization under a common platform market. In this case, when HVs

reach equilibrium, it holds that
pi(d)u(d) = w(n(dav)) (157)

where d represents the total demand served by AVs and HVs. w(n(dgy)) is then the earnings
for each AV and HV in the market. The variable profit per AV is then equal to

7 (nav) = wnldpy)) — ¢ (158)

where dpy represents the demand served by HVs when HVs provide service together with n 4y
AVs. When n 4y increases, it must be true that its corresponding HV equilibrium demand
dpy decreases and the corresponding earnings w(n(dgy)) also decreases; otherwise, more
HVs can enter in equilibrium. Therefore, 7TiC (nay) is strictly decreasing in n4y, when AVs

and HVs serve the market together.

2. nay is large. AVs serve the market alone. Then the variable profit per AV is given by

7 (nav) = pi(dav)u(day) — c, (159)

where dgy = d(nay). Function d(n) is the inverse function of n(d) and is the maximum

66



demand level satisfied by a fleet size of n. This case happens when n 4y is so large, that

pi(dav)u(dav) < wo (160)

and there does not exist any dgy > 0 where p;(day + dgv)u(day + dgy) = w(n(dgy)) can
hold. Then it must be true that p;(day)u(day) is also strictly decrasing in d 4y in this case,
otherwise by the continuity of p;(dav)u(day) (proved in Lemma [3), Eq. cannot hold
for all d4y in this region.

Therefore, we have proved that the variable profit per AV, 7TZ-C (nav), is strictly decreasing in the
AV fleet size nay in general. This concludes our proof for Item [I] that the AV capacity under

perfect competition must be strictly higher than that under monopoly.

Proof of Item For this item, we compare the price in each scenario under perfect competition
and monopoly. Recall that we denote the optimal capacity of the monopoly supplier as N* and the
equilibrium capacity of perfectly competitive AVs as N’. In Item [1, we have proved that N > N*.

We discuss each scenario from the perspective of the monopoly supplier. Again, denote the optimal
AV fleet size chosen by the monopoly supplier in scenario ¢ as nav,cpar,i. That is, nav.cpm, =

C
arg maxy, ,,, Ty (nAV)nAv.

Then it must be true that 7TZ-C (nav.cpm,i) > 0, since the monopoly supplier has no incentive to
choose a fleet size that leads to negative variable profit in scenario i. In the mean time, in scenario

i, under perfect competition, there are two possibilities:

1. All N’ AVs participate. That is, perfectly competitive AVs run out all of their capacity. Thus,
it must hold that N’ > N* > nay.cpari. At the beginning of the proof, we have shown that
the total demand served is a strictly increasing function of the number of AVs participating
in a scenario. Thus, it must be true that AVs supply more demand and the price is strictly

lower under perfect competition.

2. A fraction of the N’ AVs participate. That is, perfectly competitive AVs particpate to the
point where the variable profit per AV is zero. Since a monopoly supplier never has the
incentive to choose a demand that leads to zero profit, the demand served is also strictly

higher and the price is strictly lower under perfect competition.

This concludes our proof of Item

D.2 Independent platform market
D.2.1 Proof of Proposition [3], Item

In this section, we prove that under the condition Eq. , the equilibrium price under a monopoly

independent platform market is no less than that under a pure-HV market, and strictly higher than
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that under a pure-HV market in at least one demand scenario. We also discuss the price when AVs

and HVs coexist, when AVs serve the market alone, and when HVs serve the market alone.

Our proof takes two steps. First, we show that in any demand scenario, for any arbitrary AV
capacity N > 0, under Eq. , a monopoly AV supplier never chooses an AV fleet size n 4y that
leads to a lower price than in the pure-HV market. Then we show that there must exist at least

one demand scenario under which the price is strictly higher than in the pure-HV market.

Step 1. Consider an arbitrary AV capacity N > 0 and demand scenario ¢. Then there are three

possibilities:
1. AVs and HVs serve the market together.
2. AVs serve the market alone.
3. HVs serve the market alone.

We show that if the monopoly supplier chooses an AV fleet size that leads to case[[]and case[2] then
the price is strictly higher than that under a pure-HV market. If the monopoly supplier chooses
an AV fleet size that leads to case [3] then the price is identical to that under a pure-HV market.

Below, we analyze each case, respectively.

1. AVs and HVs serve the market together. We start with an exogenously given AV fleet
size n4y. The corresponding demand served by n.4y is then given by day = d(nay). Note
that the function d(n) is defined in Lemma [1| and is the inverse function of n(d). We analyze

the equilibrium outcome when AVs serve a demand level of day .

We first characterize the conditions under which both AVs and HVs participate, which are
given by
pi(duv + dav)u(dgy) = w(ngy) = w(n(dgy)) (161)

and
pi(dav +dav)u(dav) > ¢ (162)

Eq. is the equilibrium condition . The left-hand side of Eq. is the earnings
per AV, which is required to be at least the variable cost ¢,. When Eq. has a solution
with ngy > 0 and nay > 0, and Eq. holds, then in equilibrium, AVs and HVs serve
the market together.

Then given d v, the exogenous demand level served by AVs, in equilibrium, the price, denoted
as prpum,i, and the demand served by HVs, denoted as dgv, ]PM’Z'E satisfies the following

relationship:

prpmyi = pi(davipm, +dav) =

w(i(de,IPM,z’)) (163)

duv,ipM;i)

14%We do not add the superscript * for these two quantities because day is exogenously given and not a choice of
the monopoly supplier.
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Recall that a similar relationship holds for the pure-HV market between its equilibrium price

p}lw and equilibrium demand d*HV’i:

w(n(dyy;))
u(dyy;)

Prv, = (164)

We prove the following two statements:

(a) The equilibrium demand served by HVs reduces after AV participation for any d 4y > 0.
That is,
duv,ipmi < dyy; (165)

Moreover, dgv,rpi,i, defined by Eq. (163), is strictly decreasing in d4y. That is, for
dav < dyy,
duv,ipm,; > d/HV,IPM,i (166)

(b) Under the condition Eq. (19), the function

w(n(d))

(
167
u(d) (167)

is strictly decreasing in d for 0 < d < dfy .
These two statements, combined with Eq. (163]) and Eq. (164), gives
w(n(dyy,)  wn(dpvrpa))

* .= d — d 2 = . 168
Prv, a d;IV,i) a( dHV,IPM,z‘) PIPM,i (168)

for any day > 0. Moreover, the equilibrium price, prpas,, is strictly increasing in d 41,. That
is, for day < dyy,

wn(duvipmi)  wldyyviea,)
PIPMi = — CHVIPM) gt 169
" alduvipmy) G/ IPM,i (169)

This proves that the price when AVs and HVs serve the market together under an independent
platform market is strictly higher than that under a pure-HV market for any exogenously
given AV fleet size n 4y, and the price is strictly increasing in n4y. Next, we prove the two

statements, respectively.

Proof of Item[Id: Suppose not. Then

duvipum,i > dyy; (170)
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Then since dj;y,; is an equilibrium point, for any d > djy,;, it must hold that

pi(d)u(d) < w(n(d)) (171)

Since dgv,rpm,; > dj‘qv,i, it means that

pi(dav,ipmi)i(davipig) < wn(dyyipa,)) (172)

Then for day > 0, by the monotonicity of the price function p;(d), it must be true that

pi(dav + dyvipa) Wdnvipa) < Pilduvipa:) W diy i) < wddyvipa))  (173)
But this contradicts the definition of dj;y ;pys; in Eq. 1} which requires the left-hand side
and the right-hand side of Eq. (173)) are equal. This concludes our proof for Eq. (165)).

In fact, this proof can be extended to prove that the equilibrium demand served by HVs,
drv,ipm,i, is strictly decreasing in day. Let d’HV’ IPM. be the equilibrium demand served by
HVs when the demand served by AVsis d/,,. Let d'y;, > day. Again, we prove the statement

by contradiction:
Suppose not. Then d’HV’ IPM, > dpv,rpmy- Then since dyy,rpay; is an equilibrium point, it
must be true that for any d > dyv,rpa i, it holds that

pi(day + d)u(d) < w(n(d)) (174)

Then by dyy ;pari = dEV.IPM,i, We must have that

pildav + dyyrpa)Wdiy rpar) < wldiypari)) (175)

Furthermore, since day < d'yy,, we have that

pz‘(d;xv + d/Hv,IPM,i)ﬂ(d}IV,IPM,z‘) < pi(dav + d/HV,IPM,i)a(d}{V,IPMJ) < w(n( }{V,IPM,i))
(176)

This contradicts the definition for d’y, [PM,i- Therefore, it must be true that dgv.rpa,
defined by Eq. (161]), is strictly decreasing in dy .

Proof of Item|1h We take the first-order derivative of the function in Eq. (167]) and show that
it is strictly negative under condition Eq. ([19).

The first-order derivative is then given by

9u5(d) — w(n(d)) 28
u(d)?

(177)

70



Thus, the sign of the first-order derivative of Eq. (167) is the same as that for the numerator

ow _ ou

%u(d) - w(ﬂ(d))% (178)

ow on _ ou
:@%U(d) - w(@(d))% (179)
—an'(d)a(d) — w(n(d))i(d) (180)
L (enl(d) @)
=) wta0)- (35055~ ) sy

Thus, the sign of the numerator Eq. is the same as the term
an/(d)  u'(d) (152)

We then compute the sign of the term Eq. (182)). We first restate the definition of n(d) and
u(d) in Eq. and Eq. , respectively:

n(d) = ad"" + tod (183)
_ dto dts
u(d) = n(d) ~ 7 T hd (184)
Thus,
1o t2-n(d) — dty - n'(d)
W' (d) = 2 @(d); (185)
which implies that
u'(d) tr-n(d)—dty-n'(d) 1 n'(d)
a(d) dts - n(d) d  n(d) (186)
Then the term Eq. can be written as
an/(d)  @'(d)
() ald (s7)
_an'(d) 1 n'(d)
“u(@) 4 w@ (15%)
__on/(d) 1 n'(d)
~wo + an(d) d + n(d) (189)
n'(d) 1 n'(d)
Twofatn(d) d ' ad) (190)

Since n(d) is an increasing function in d, Eq. (190) is strictly increasing in «. Thus, the

inequality

IRCAC R (191)
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is equivalent to an upper bound for a. More specifically,

an/(d)  @'(d)
win(d) ~ ad) (192)
n/(d) 1 n/(d)
wo/a + n(d) S n(d) (193)
For now, we will assume that

(194)
Later we will formally prove that Eq. (194]) indeed holds. Then by Eq. (194)), the inequality
Eq. (193) is equivalent to

n/(d) 0
T @ < — + n(d) (195)
d  n(d)
n/(d) — 2 4+ 0'(d)  wy
T _w@ o (196)
d  n(d)
n/(d
4:)(2£((d)) — ) ld)

(197)
Again, by Eq. (194)), we can rearrange the terms and obtain the following inequality:

wd)
a < (198)
n’/(d
2n(d) (218 — 57)
Eq. (177) strictly negative.

Eq. (198) is then a sufficient and necessary condition for making the first-order derivative

We now verify Eq. (194). This requires the calculation of n'(d), which is given by

n'(d) =a
Thus,

1
dr+1 + to

1
r+1 (199)
n(d) —d - n'(d) (200)

R N 1
=ad ™+t + tod — CLT n 1d +1 — dto (201)
r 1
=a dm+1 >0 202
e > (202)
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Similarly,

n(d) — 2d-n'(d) (203)
1
—ad™T + tod — 24 1d$ 2ty (204)
T
r—1 _1
=G dm — tyd 205
ar 1 2 (205)
1—r 1

=g —thd <0 206
ar+ 1 20 < (206)

The last inequality is by r» < 1, which is required when we first introduce r in Eq. . Dividing
both sides of the inequality Eq. (202) and Eq. (206) by n(d), we verify both inequalities in
Eq. (194).

With Eq. (202) and Eq. (206]), we can further expand Eq. (198) as a function of the demand
d:

1 n/(d) ~ 7
wola ~ ) _ wo g (207)
2n(d) (207 — ) 2d) aleh 4+ todih
_ wo ) tQ((’II:T-‘f—l) (208)
a(l—r -
n(d) tg((l—l-r)) +dr

That is, if the following inequality holds, then the function Eq. (167)), w(n(d))/u(d), is strictly

decreasing in d:
ar

Wo tao(r+1)
a < C—= - (209)
a(l—r X
n(d) tz((1+r)) +dr

Note that the right-hand side of Eq. (209) is strictly decreasing in d. Thus, Eq. (209) can
also be viewed as an upper bound for the demand d to keep w(n(d))/u(d) strictly decreasing.

Now consider Eq. . Under Eq. , we have that

ar
wo (D) .
2 —, for all 4 (210)

Wiy 22 + () 7

a <

Since the right-hand side is strictly decreasing in dj;y;, it is equivalent to

ar

Wo 2 (r+1) (211)

n(dyyr) Z((lrjr?) + (dpy )

a <

Thus, by Eq. (209)), when Eq. holds, it implies that the function w(n(d))/u(d) is strictly

decreasing for 0 < d < dJ;y,;. This concludes our proof for the second statement.

Therefore, under Eq. , the price under a monopoly, independent platform market, is
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strictly higher than that under a pure-HV market, as long as AVs and HVs serve the market
together.

Now we consider the monopoly supplier’s decision for the AV fleet size n4y (and
correspondingly, dav), given an AV capacity N. Given capacity N, in scenario i, the

monopoly supplier solves the following problem:

max (prpm,i - w(day) — ) - n(day) (212)
day <d(N)

Now we have proved that under Eq. (161) and Eq. (162)), the price term prpas,; is strictly
increasing in n4y. Then the condition Eq. (162]) can then be written as

prpyi - U(dav) > ¢ (213)

which holds when d4y is above a certain threshold.

Now we go back to the objective function Eq. . Then as long as the HV equilibrium
condition has a solution with dgy > 0, we have the monopoly’s objective Eq.
being strictly increasing in the AV fleet size n4y. This is because, both the variable profit
margin, (prpm,i - @(dav) — ¢y), and the quantity, nay, are strictly increasing in n4y, when
AVs and HVs coexist.

Therefore, when a monopoly supplier chooses an AV fleet size in scenario ¢ while AVs and
HVs coexist, the optimal solution is either the capacity N, or the highest AV fleet size that
keeps AVs and HVs serving the market together (i.e. Eq. has a solution). In either
case, the resulting price is strictly higher than the pure-HV equilibrium price p’}lvﬂi. That is,

* *
Prpm,i = PHV

if the optimal AV fleet size falls into the range where AVs and HVs serve the market together.

. AVs serve the market alone. In this case, the HV equilibrium condition (161)) does not have
a solution with dgy > 0, but AVs can make a non-negative variable profit (i.e. Eq. (162)
holds).

Therefore, in this case, given capacity N, the monopoly AV solves the following problem:

max (pi(dav)-u(dav) —c) -n(dav) = max pi(dav)davits — con(day) (214)
day <d(N) day <d(N)

subject to the constrain that HVs do not participate:
pi(dHV + dAv)ﬂ(de) < w(ﬂ(de)) for any dHV (215)

All else being equal, the left-hand side of Eq. (215)) is strictly decreasing d4y. Thus, Eq. (215)

74



is a lower bound of day. Then there are two possibilities:

(a) pi(dgy + d(N))a(dgy) > w(n(dgy)) for some dgy. In other words, in scenario i, even
when the monopoly supplier uses up all of its capacity N, Eq. (215) still does not hold,
and HVs will participate. Then this setting with AVs serving the market alone does not

exist.

() pi(dpv +d(N))u(dpy) < w(n(dgy)) for all dyy. In other words, in scenario i, AV can
serve the market alone at least when AVs use up all of the capacity N. We show that
in this case, the monopoly supplier never extends the demand served, day, at or above
the pure-HV equilibrium demand dj‘qw, which implies that the corresponding price is

strictly lower than the pure-HV equilibrium price p}‘{w.

We prove this by leveraging Lemma [4] in the appendix. Lemma [ states that the total
variable profit function, p;(dav)dayta—cyn(dav), is strictly decreasing in d g4y for day >
d}'EIV, ;» Where d*HV’i is the equilibrium demand in a pure-HV market in scenario . Then

there are three possibilities:

i N < nj‘qw Then even if all AVs are dispatched, it must be true that the price is

strictly lower than py;, because day < d(N) < d(nyyy,;) = djy;-

ii. N > nyy,, and pi(duv + CZ(nEV’i))a(de) < w(n(dgy)) for all dgy. Then by

Lemma [4] the monopoly supplier must choose an AV fleet size that satisfies:

nav < npy; (216)
This implies that
and
pidav) > pildyv,) = Phv. (218)

iil. N >njy,,and p,;(dHV—i—J(n}IW))ﬂ(de) > w(n(dgy)) for some dgy. In this case,
the total variable profit is strictly decreasing for the entire support where AVs
serve the market alone. Thus, the monopoly supplier chooses the AV fleet size at
the boundary that exactly keeps the HVs out of the market, i.e. the AV fleet size
nav,1pM,; Satisfies:

pi(dav + d(navrpm,))u(dpy) = w(n(dgy)) (219)

and for any nay > nav,rpay, it holds that

pi(duv + d(nav))u(dpyv) < w(n(dgy)) for all dyyv (220)
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for which the analysis in the coexisting case will apply. Thus, the price is also strictly

higher than that in a pure-HV market.

Therefore, when AVs serve the market alone, under a monopoly, independent platform
market, it must be true that the price pjp Mi > p?{V,i if the optimal fleet size falls into

the region where AVs serve the market alone.

3. HVs serve the market alone. This is the only setting where the price is the same as in the
pure-HV market. This happens when AVs cannot break even (i.e., the condition Eq.
cannot hold), while the HV equilibrium condition has a solution with dgy > 0. In this
case, the monopoly AV supplier chooses not to dispatch any AV, i.e. nav rpa,; = 0. The total
variable profit for AVs is zero. And since AVs do not participate, the price is just identical

to that under a pure-HV market, i.e. p7py;: = Py

This concludes our proof that in any scenario, the price under the monopoly independent platform

market is no lower than that under a pure-HV market.

Step 2. Next, we show that there exists at least one scenario under which the price is strictly

higher than the pure-HV market. We prove it by contradiction:

Suppose not. Then it must be true that in every demand scenario, Prvi = PIpm.i- Among all the
cases analyzed, the only setting where this can happen is Item [3] when AVs do not participate and

HVs serve the market alone. If this is true for all scenarios, i.e.
nz‘/’IPM;L’ = 0, fOl“ all ¢ (221)

then the total aggregate net profit for the monopoly supplier with capacity N is just (—cyN), which
is strictly negative. Contradiction. This concludes our proof that pj‘qui <pip M holds true for at

least some 3.

D.2.2 Proof of Proposition [3, Item

This item states that when the AVs are perfectly competitive under an independent platform market
and if Eq. holds for all scenarios, then the price is higher than under the pure-HV market when
AVs and HVs coexist. This is directly implied by the proof in Appendix Item

The high-level idea is that when the condition Eq. holds, the function w(n(d))/u(d) is strictly
decreasing in d. And when AVs and HVs coexist, the equilibrium price must be exactly w(n(dgv))/a(dgy),
where dgy is the equilibrium HV fleet size. Since the equilibrium HV fleet size dyy decreases in

the presence of an AV fleet, the price increases after the introduction of AVs.
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D.3 Proof of Proposition

Proof. In this section, we prove the statement that in demand scenario ¢, under an independent
platform market, if AVs and HVs serve the market together, then the price is strictly higher than
that under a pure-HV market, providing that the function w(n(dgv))/u(dgy) is strictly decreasing

in dgv for d < dj;y,,; (Item ; moreover, the aforementioned condition is equivalent to

ar

wo fa(rt1) (222)

mdiy;) 200 4 (dyy )70

a <

where dj;y,,; represents the equilibrium demand in a pure-HV market in scenario i (Item .

We then prove the two items, respectively. Note that a large portion of the proof also appears
in the proof for Proposition [3] because Proposition [4] is an intermediate step for establishing the

results in Proposition

D.3.1 Proof of Proposition [4, Item

We first show that dgv,rpar,:, which represents the equilibrium demand served by HVs under the
independent platform market when AVs and HVs serve the market together, is strictly lower than
dftlv,w which represents the equilibrium demand served by HVs under a pure-HV market. Then we

compare the prices under the two settings.

First, by definition, the prices in the two settings are given by

w(n(duv,rpm,i
prpm, = pi(daviipa + dav) = (, ( i) (223)
w(drv,ipm,i)
for the independent platform market when AVs and HVs coexist, and
PHV: = —— 7 5 (224)
t aldyy,)
for the pure-HV market.
Next, we prove the statement that dyv,rpa; < djpy; by contradiction: Suppose not. Then
duv,ipmi = Ay, (225)
Then since dj‘qw is an equilibrium point, for any d > dfqv,w it must hold that
pi(d)u(d) < w(n(d)) (226)
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Since dgv,rpm,i = dypy;, it means that

pi(duv.rpymi)u(dav,ipa) < wn(dyyrpa) (227)

Then for dqy > 0, by the monotonicity of the price function p;(d), it must be true that

pi(dav +dyv.rpm )W dirvrpa:) < Pildivrpa ) Wdayrpa:) < w@(diyyripa) (228)

But this contradicts the definition of d}'EIV, P> Which requires the left-hand side and the right-hand
side of Eq. 1) to be equal. This concludes our proof for duv,rpm,i < djpy ;-

Now assume that w(n(dgv))/u(dgy) is strictly decreasing in dgy when dyy < diry;- Then since

duv.ipm, < djpy,, it must be true that

w(n(dgvipa) _ wnldyy,)) (229)

u(duv,ipai) u(dyy ;)

which by the definition of dgv,rpar,; and d}lw is equivalent to
PIPM,i > PHv,i (230)

This concludes our proof of Item

D.3.2 Proof of Proposition [}, Item

We take the first-order derivative of the function w(n(dgyv))/a(dgy) and show that it is strictly
negative for d < dj;y,, if and only if

ar

wo to(r+1)

a < ~ - (231)
* a(l—r %
(i) oy + () ™
The first-order derivative is given by
u(d)?

Thus, the sign of the first-order derivative is the same as its numerator:
aiu(d) —w(d)gi O i(d) — w(n(d) 2% < 0 (233)

u(d)? od — 7od

78



The numerator can further be expanded as

ow _ ou
5g d) —w(n(d) o (234)
ow on _ ou
=on 0a @) —wld) 7, (235)
=an/(d)u(d) — w(n(d))u'(d) (236)
N 4 G R A C)
) wta®)- (5~ ) (23
Thus, ) ,
2q4(d) — w(n(d)) 5 an'(d)  w'(d)
u(d)? <V v @ <° (238)

We can further compute the term (5(% ((5))) — %/((5)) ). We first restate the definition of n(d) and u(d)

in Eq. and Eq. , respectively:

n(d) = ad" " + tod

_ dto dts
Wd) = ) = a1 iyd
e (@ (@
, to -n(d) — dty - n'(d
u (d) = 2 ﬂ(d)QZ
which implies that
u(d) ty-n(d)—dtz-n'(d) 1 n'(d)
a(d) dts - n(d) —d  n(d)
Therefore,
9uu(d) — w(n(d) %y an/(d)  u/'(d) an/(d) 1 n'(d)
od ad _ _(Z _
W@ <0 @)~ wd) < wl@) a " w@) <°

_onld) 1 w)
wo +an(d) d  n(d)
_ n'(d) 1 n n/(d)
wo/a+n(d) d  n(d)
Therefore, 5 o
Wai(d) — w(n(d))< n'(d 1 n'(d
il )u(d)(Q( )z <0< wo/; :-)n(d) Sa” n((d>) 259



For now, we will assume that

% < Z((j)) < % (240)

Later we will formally prove that the above inequality indeed holds. Then we can write Eq. (239)
as

d
; (241)
2n(d)(%F - 57)

. wo(§— "5
Thus, the condition that a < )

()2~ 1)

is a sufficient and necessary condition for the function
n(d) — 2d

w(n(dgy))/u(dgy) being strictly decreasing in dgy. We now verify Eq. (240). This requires the
calculation of n/(d), which is given by

1
/d:~
n(d) ar+1

S
dr+1 + t9
Thus,

n(d) — d-n'(d)

—ad™T +tod — @
T
r+1

1
dr+t —dt
r+1 2

=a

_1
dr+1 >0
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Similarly,

n(d) — 2d - n'(d)

1 1 1
=ad™+1 4 tod — 2a dr+1 — 2dt
@ T ar+1 2
r—1 1
=a dr+1 —tad
ar—i—l 2
1—r 1
=—a dr1 —ted < 0
ar+1 2

The last inequality is by r < 1, which is required when we first introduce r in Eq. . Dividing
both sides of the above two inequalities by n(d), we verify both inequalities in Eq. (240)).

We can then further expand the sufficient and necessary condition:

1 n/(d) ~
a< w0l ~ w) sa< 2 T (242)
@)y 50 2@ G+ td
wWo tz(iq—ﬂl—l)
&S a< C = (243)
a(l—r) I
E(d) m + dr+1

Thus, the function w(n(dgy))/u(dry) being strictly decreasing at dgy is equivalent to

ar

wWo ta(r+1)
a < = S
a(l—r) I
n(d) 2 Ty T

Moreover, the right-hand side of the above inequality is strictly decreasing in dgy. Thus, when the
above inequality holds at dgy = d*HW7 it must be true that it also holds for all dgy < d*HV’i. This
proves the sufficiency of the condition Eq. . Moreover, this condition must also be necessary,
otherwise the function w(n(dgv))/u(dmyv) will not be strictly decreasing at dgyv = dj;y/;. O

E Perfect supply elasticity and some density effect (Proof of Propo-
sition |5))

Proposition |5 describes how the prices under the two dispatch platform designs (common, indepen-
dent) and two levels of AV competition (monopoly, perfect competition) compare with a pure-HV
market. We prove Proposition [5| by analyzing the market outcomes in each market configuration.

Since the proof is quite lengthy, we break it down into several parts.

Appendix contains the analysis of the common platform market. Appendix contains an
intermediate analysis of the equilibrium outcomes (prices, utilization rates, earnings) as a function
of an exogenous AV fleet size, denoted by n4y. Appendix [E.I1.2] analyzes the AV fleet size choice in
a demand scenario for a monopoly supplier. Appendix analyzes the AV capacity choice of a
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monopoly supplier. The above propositions fully characterize the optimal decision of a monopoly
supplier and show that the prices are identical to those under a pure-HV market. Appendix
leverages this result and compares the equilibrium prices under perfectly competitive AVs with a
monopoly AV to show that perfectly competitive AVs lead to equal or lower prices than a pure-HV

market.

Appendix contains the analysis of the independent platform market. Similar to the common
platform market setting, we start with Appendix which analyzes the market outcomes for
an exogenously given AV fleet size n4y. Appendix and Appendix analyzes the market
outcome of the fleet sizing and capacity decisions made by a monopoly supplier and by perfectly

competitive AVs, respectively.

Combining the analysis of all four cases, we conclude the proof of Proposition

E.1 Common platform market

In this section, we analyze the equilibrium outcomes under a common platform market.

E.1.1 Exogenous AV fleet size (Proof of Proposition E[)

Consider scenario 7 and an AV fleet size n 4. Recall that n};,,; represents the equilibrium HV fleet

size under a pure-HV market. Then, there are two possibilities:

1. nav < njpy,;. Suppose HVs do not participate. Then the expected earnings per AV solely

depend on n 4y, which is given by the product of the price and utilization:
pi(dav)u(day), where n(dav) = nay
Then it must be true that
pi(dav)u(day) > pi(dyy,)u(dyy,) = wo, where n(dyy,;) = nhv, (244)

Otherwise, in a pure-HV market, HVs will stop entering the market before the HV fleet size
reaches nyy ;. Therefore, when AVs serve the market alone and the AV fleet size nay < n?lv,w
the expected earnings of a marginal HV to participate in the market is strictly above wg, which

will incentivize HVs to participate.

Thus, it must be true that HVs participate and serve the demand together with AVs. More-
over, in equilibrium, the demand served by AVs and HVs, d 4y and dpy, must satisfy that

pi(duv +dav) - ugy = wo (245)

where ugy represents the HV fleet utilization. Since AVs and HVs share the same dispatch
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platform, the utilization is a result of the total demand served by AVs and HVs. That is,
upy = U(dgy + dav) (246)
Combining Eq. and Eq. , the following must hold in equilibrium:
pi(dav +dav) - u(dry + day) = wo (247)

But this is the same as the pure-HV equilibrium condition by replacing the demand
served by HVs (dpy) with the total demand served by HVs and AVs (dgy +day ). Therefore,
the total equilibrium fleet size, demand, utilization, and price are identical to that under a

pure-HV market.

Moreover, the variable profit per AV is then given by

pilday +dpv)u(day + dgy) — ¢y = wo — ¢

This concludes our proof of Item [I] in Proposition [6]

2. nav > njpy,;. Suppose HVs do not participate. Then the expected earnings per AV is again

the product of the price and utilization and satisfies:
pi(dav)u(dav) < pi(dyy,;)u(dyy,;) = wo (248)

In other words, HVs cannot make wq by participating in the ride-hailing market and therefore
do not participate. Moreover, the variable profit per AV is a function of the demand served
by AVs. That is,

pi(dav)u(dav) — ¢y < wo — ¢y (249)

where n(day) = nay. The total variable profit of a monopoly AV supplier is then given by
(pi(dav)u(dav) — co)nav = pi(dav)davts — conav (250)

where n(day) = nay. By Item [2] of Lemma (1, we can also write d4y based on the inverse
function of n(-), that is, day = d(nay), which makes Eq. (250 a function of n4y. This
concludes our proof for Item [2] of Proposition [6}

As a summary, in scenario ¢, for a common platform market, the variable profit per AV is given by

wC(nay) =4 o . nAV < gy (251)
pi(d(nav))u(d(nav)) — cv, nav = ngy,
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E.1.2 Optimal AV fleet size for a monopoly supplier (Proof of Proposition |7))

In this section, we consider a monopoly AV supplier. Given scenario ¢ and an exogenous AV
capacity NN, we analyze the optimal AV fleet size that maximizes the monopoly supplier’s total
variable profit in scenario i. Recall that n’qu ;, represents the equilibrium HV fleet size in scenario

1 in a pure-HV market. Then there are two cases:

1. N < nyy,;.  Here we leverage the results in Proposition @ Since the AV fleet size nay
cannot go above the AV capacity, any choice of n4y falls into Item [I] of Proposition [6] Thus,
the variable profit per AV is constant at (wg — ¢, ). The total variable profit of all AVs is then
given by

(wo — cy)nay (252)

which is strictly increasing in the AV fleet size nay. Thus, it is optimal to let the AV fleet
size as large as possible. That is, the monopoly supplier will choose n 4y = N. Furthermore,
since N does not exceed n}‘qw ;» there will be leftover demand for HVs; HVs will continue to
join until the total fleet size of HVs and AVs is exactly at njy,;, as analyzed in the proof of
Item [T] of Proposition [} This concludes our proof for Item [I] of Proposition [7]

2. N > n}‘{vl In this case, the monopoly supplier has two types of strategies in choosing the
AV fleet size nay:

(a) nav < nyy,. As shown in Item |1} the dominating strategy is nayv = njyy;:

(b) nay > n“;{w By Proposition@, AVs serve the market alone, and the monopoly supplier’s
total variable profit is a function of the AV fleet size nay (Eq. (250)).

We show that under Assumption [2 the total variable profit of the monopoly AV supplier,
Eq. (250), is strictly decreasing in the AV fleet size nayv when nay > njyy,;. We formally

present this result in Lemma [4] and provide its proof right after the statement of the lemma.

Lemma 4 Suppose Assumption[q holds. Consider the total variable profit of a monopoly AV
supplier (250), pi(dav)davte — cynay. In scenario i, if nay > Nyry,s then Eq. lb s a
strictly decreasing function in the AV fleet size nyy .

Proof. First, we rewrite the total variable profit (250) as a function of the demand served
by AVs, day, and prove the monotonicity for day > dy;y,;, where dj;y,, is the equilibrium
demand in the pure-HV market defined in Proposition [1| and nyy,, = n(djy,;). This is
equivalent to the statement in Lemma [] because when AVs serve the market alone, there

is a one-one correspondence between the demand d4y and the AV fleet size nay, given by
nay = n(dav). Eq. (250) is then equivalent to

pi(dav)davts — cyn(dav) (253)
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which can be further written as
ri(dav) — con(dav) (254)

Then the first-order derivative of Eq. is given by
ri(dav) — con’(dav) (255)
Note that the revenue function, r;(day ), is strictly concave in d 4y . Thus,
dav > digy; & ri(dav) < ri(digy) (256)

Furthermore, Assumption [2] requires that

Prrv, < argmaxri(d(p)) (257)
P
which is equivalent to
dpy,; > argmaxr;(d) (258)
d

Combined with Eq. (256), it implies that
day > dyy,; > argmaxr;(d)
d

and therefore
ri(dav) < ri(dyy,;) <0

The last inequality is because the revenue-maximizing demand, arg max,r;(d), must satisfy

ri(d) = 0. Since n(day) is a strictly increasing function in dqy (Lemma (1), n/(dav) > 0.

Hence, when d 4y = d}}w, we have
ri(div,) — con/(djgy;) <0 (259)
which by concavity implies that for day > dj;y;
ri(dav) — cyn/(day) <0 (260)

which confirms that the total variable profit Eq. (250) is strictly decreasing in d4y when
day > dj‘qw. O

With Lemma 4, we confirm that the monopoly supplier does not have an incentive to choose
an AV fleet size nay > n;IV, ;- Thus, in the case of the capacity N > nj‘qw, it is optimal for
the AV supplier to choose the AV fleet size nay = n}"qw This concludes our proof for Item
of Proposition [7]
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E.1.3 Optimal AV capacity for a monopoly supplier (Proof of Proposition

In this section, we prove that the optimal solution N* to the monopoly supplier’s capacity choice
problem Eq. is given by Eq. in Proposition |8 The proof takes two steps.

First, we show that the optimal AV capacity N* must be one of the equilibrium HV fleet size in the
pure-HV market, i.e. N* = n;ﬂ/,K for some K in {1,2,...,I1}. The reason is the following. Consider

any arbitrary AV capacity N. Then there are three possibilities:

1. N< n*HVJ. In other words, the AV capacity N is smaller than the equilibrium HV fleet size
in the pure-HV market in any scenario, i.e. N < n}lu ; for all .. As shown by Proposition
in this case, the monopoly supplier chooses to dispatch all N AVs in every demand scenario
and the variable profit per AV is a constant, (wg — ¢,). Therefore, the monopoly supplier’s
total net profit is given by

I
TI(N) = P(mi)(wo — c,)N — ¢pN = (wo — ¢y — cf)N. (261)
1
where we write the net profit Eq. as a function of the AV capacity N and denote it as
II(N). Since wg > ¢y + ¢f (Assumption , Eq. (261) is strictly increasing in N. Therefore,
any AV capacity N < njy, is strictly dominated by nj,; and cannot be the optimal AV

capacity.

2. N > nf‘iV, - In other words, the AV capacity IV is larger than the equilibrium HV fleet
size in the pure-HV market in any scenario, i.e. N > nj,,; for all i. Then again, as shown
by Proposition (7] in this case, the monopoly supplier chooses to dispatch exactly n}lw in
scenario ¢. Therefore, the monopoly supplier’s total net profit is given by

I
I(N) =Y P(m;)(wo — co)nipy; — ¢fN (262)

1

Eq. 1) is strictly decreasing in N. Therefore, any AV capacity N > nypyn s strictly
dominated by nj, n and cannot be the optimal AV capacity.

3. nj‘qVJ <N n%v,l' Then there must exist an index K, 1 < K < I — 1, such that
npvx <N <npvii (263)

Then the monopoly supplier’s total net profit is given by

K I
I(N) =Y P(mi)(wo — co)nfry; + Y P(mg)(wo — co)N — g N (264)
1 K+1

Eq. (264)) is linear in the AV capacity N. Thus, it is maximized at the endpoints of the
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interval, i.e. either n*HV’K or "?JV,KH‘

Then finding the optimal AV capacity N* that maximizes Eq. is equivalent to finding the
optimal K. Let N = nyy ;- and we can further write Eq. (264)) as the following:

K I
M(ngy,x) = Z P(m;)(wo — co)ny,; + Z P(m;)(wo — co)ngv,x — ¢k (265)
1 K+1

Similarly, let N = nj;y ., and Eq. (264)) is given by

K+1 I
H(”EV,K—H) = Z P(m;)(wo — cv)n*HV,z' + Z P(m;)(wo — Cv)”?{V,KH - Cfn*HV,K—H (266)
1 K+2

Deducting Eq. (266]) by Eq. (265]) gives

I

P(m 1) (wo — Cv)”*Hv,K+1 + Z P(m;)(wo — Cv)(”EV,KH - an{V,K)
K+1

— P(mpgi1)(wo — co)ny ki1 — ¢f(Mpvk1 — avk)  (267)

which can be consolidated into a function of (njy k1 — npy k)

H(”EV,K—H) nHVK Z P(m;)(wo — ¢y) — Cf) : (n*HV,K—i-l - n*HV,K) (268)
K+1

Note that n*HV’ Kil— nj‘w, x > 0 holds for all K (Item |4} Proposition . Thus, if the optimal AV

capacity N* = nj;y j, one necessary condition is that

I

(v 1) — Mgy ) <06 Y Pmi)(wo — cy) — cf <0 (269)
K+1

Another necessary condition is that

I
H(”EV,K) —(nyyvr_1) >0 ZP(mi)(wo —¢y) —cp >0 (270)

Combining the two conditions gives

1

I
3 Pm) < —L— <3 P(my) (271)
K

woy — Cy
K+1 0 v

It turns out Eq. 1) is also a sufficient condition. This is because the term, Zﬁ{ P(m;), is strictly
decreasing in K. Thus, if there is a K that satisfies Eq. (271)), it must be unique.
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Moreover, a K that satisfies Eq. (271) must always exist. This is because the critical fractile,
ct/(wo — ¢y), by Assumption (1} is between 0 and 1, which means

I
S Pm)=0< —L— <1=3" P(m)

woy — C
KeJ 0 v

Thus, (Z%H P(m;), % P(my)], K =1,...,T — 1, covers all possible values of cr/(wo — ¢y).

Hence, the optimal AV capacity is nj‘qv’ x» Where K is the smallest index 4 such that Zﬁ( 11 <
ct/(wo — ¢,), which confirms Eq. .

E.1.4 Equilibrium price for perfectly competitive AVs (Proof of Proposition @

In this section, we prove that under a common platform market and perfectly competitive AVs, the
price in any scenario is no higher than under a monopoly AV supplier, and there exists at least one
scenario where the price is strictly lower than under a monopoly supplier. That is, if we denote
the equilibrium price in scenario ¢ under a monopoly AV supplier and perfectly competitive AVs
as Prono,i and pzompvi, respectively, and recall that pjT{V,i represents the equilibrium price under a
pure-HV market, then it must hold that

p}IV,i = p:nono,i > pzomp,i for all ¢ (272)

and

PHVi = Pmonoyi > Peomp,i for at least some i (273)

We first characterize the equilibrium condition under this market configuration. Denote the equilib-
rium AV capacity under perfect competition as N’. Then it must satisfies the equilibriuim condition
Eq. , which we restate here:

1

> P(m)max{r{ (N'),0} = c;
1

The function 7TZ-C (+), which is the variable profit per AV when an AV fleet size of n 4y AVs participate
in scenario 4, is given by Eq. (251)), which we also restate here:

- Loy < I 3
wClnay) =4 O v nfv’l (274)
pi(d(nav))u(d(nav)) — cv, nav = njy,;

Next, given the equilibrium AV capacity N’, for any scenario i, there are two possibilities:

1. N' < npy;. Then by Proposition@ all N’ AVs participate and (ny,; — N') HVs participate.
The equilibrium price is identical to the pure-HV market. That is, p7,,.,; = Prv;-
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2. N’ > njy;. In this case, AVs must serve the market alone (i.e. the AV fleet size nav > njy;);
otherwise, the variable profit per AV, (wg — ¢,), is strictly positive, which will attract more
AVs to participate. As suggested by Eq. (274)), in this case, the variable profit per AV is then

(pi(d(nav))u(d(nay)) — ¢y) with an AV fleet size of n4y. Within this setting, there are two

subcases:

(a) pi(d(N"))u(d(N")) > ¢,. That is, the variable profit per AV, 7 (N'), is non-negative,
when all N/ AVs participate. Thus, all AVs participate, i.e., nqy = N’. Moreover,

ey < pi(d(N"))a(d(N')) < wo (275)

(b) pi(d(N")a(d(N")) < ¢,. That is, the variable profit per AV, 7&(N’), is strictly negative,
when all N’ AVs participate. Then AVs participate up to the point where the variable
profit per AV is exactly zero. That is, the AV fleet size n 4y satisfies

pi(d(nav))u(d(nay)) = ¢, < wy (276)

In both cases, the AV fleet size nay is strictly higher than Nyy,;» implying strictly more

demand served and lower prices. Therefore, p7,.,..; < Piy;-

Combining Item [I] and Item [2} we have shown that pj,,, ., ; < pjy,; for all i. It remains to be shown
that strict inequality holds for at least some scenarios. In other words, we need to show that the

case of Item [2] above always exists. We prove it by contradiction:

Suppose not. Then the equilibrium AV capacity N’ < iy for all 7. But this will imply that the
variable profit per AV, 7¢(N’) = wg — ¢, > 0, for all 4. This further implies that the aggregate
variable profit per AV satisfies:

I
Z P(m;)(wo — ¢y) = wo — ¢y > ¢f (277)
1

which contradicts the equilibrium condition .

Therefore, there must exist at least one scenario 4, such that N’ > n};,.,. In this demand scenario,
Peomp,i < Pry,i- This concludes our proof.

E.2 Independent platform market

In this section, we consider the independent platform market. Similar to the analysis for the
common platform market in Appendix [E.I] before we analyze the capacity choice, we first analyze

the market outcome under an exogenously given AV fleet size n4y and demand scenario .
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Figure 7: Equilibrium in an independent platform market

E.2.1 Exogenous AV fleet size

Consider scenario i. Suppose HVs serve a demand level of dgy and AVs serve a demand level of
day. The total ride-hours supplied by AVs and HVs is just (dgy + day). The market price is then
a function of day and dpy, given by

p =pi(duv +dav) (278)

Thus, the total HV revenue is given by
Ri(duv;dav) = pi(dav + day)dgvts
Ri(dpv;day) is defined in Definition [2| and represents the HV revenue curve when AVs serve day

level of demand.

Moreover, the number of HVs required to supply dgy is just n(dgy ). Thus, the total HV cost is
given by

won(dgv)
By Definition [2] in equilibrium, it must hold that
Ri(dgv;dav) = won(dpv) < pi(duyv + dav)drvts = won(dpy) (279)

which is equivalent to
pi(dav + dav)a(dpv) = wo (280)

when dgy > 0. Moreover, the equilibrium demand dzy must be the largest root that satisfies
Eq. (280) such that it is a stable equilibrium (Definition [3).
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Fig. [7] illustrates the equilibria at different AV fleet sizes. All else being equal, the HV revenue
R;(dpv;day) strictly decreases as the demand served by AVs, d 4y, increases. When the AV fleet
size is sufficiently large and AVs serve a high demand level (the curve with “R;(dpv;day) with a
high d4y”), the residual demand for HVs is so low that the revenue no longer covers the cost. In
this case, the only equilibrium is dgy = 0, meaning that AVs serve the market alone. When the
AV fleet size is smaller and AVs serve a lower demand level (the curve with “R;(dgy;day) with a
low day”), the residual demand for HVs is sufficient to generate enough revenue for HVs to cover

the cost. In this case, there exists a positive equilibrium point for dgy .

Thus, we define a threshold, dLW, to denote the highest level of demand served by AVs that allows
Ri(dmv;day) to intersect with won(dgy) at dgy > 0. In other words, dLW can be determined by
solving Eq. below:

max{Ry(dnv; dyy;) = won(dpy)} =0 (281)

Dividing both sizes of Eq. (281)) by @(dlw) yields an equilvalent definition of dLV,Z-:

max{pi (v + dlyy)a(dpy)} = wo (282)
HV

That is, dTAV ; is the highest demand by AVs that still allows HVs to participate in scenario i.

Denote the corresponding AV fleet size as nTAV ;s 1€

”Bv,i = ﬂ(dixv,i) (283)

We then introduce Proposition which describes the equilibrium price in scenario ¢ for an ex-
ogenously given AV fleet size n 4y, using nixv ; as the threshold that separates two different cases.

The proof of Proposition [L1]is given right after the statement.

Proposition 11 Consider scenario i in an independent platform market. Given an AV fleet size

nav, in equilibrium, there are only two possibilities:
1. AVs and HVs serve the market together. The equilibrium price is given by

* * 7, wWo
prpai = Pildpy ey +d(nay)) = ———— 7 ) (284)
u( HV,IPM,i)

where dypy, pyy 18 equilibrium HV demand rate determined by Eq. 1) with the demand

served by AVs being d(nay). Moreover, all else being equal, the equilibrium price p?PM’Z- 18

strictly increasing in nay. This case happens when nay < nj&lvﬂ..

2. AVs serve the entire market alone. The equilibrium price is given by p;(d(nay)). This happens

when nay > nLW.

Proof. Given an AV fleet size n4y and a scenario i, there are two possibilities:
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1. nay > nLV ;- By definition of nLV ; in Eq. 1’ there does not exist dgy > 0 such that the
expected earnings of an HV meet wg. Therefore, AVs serve the market alone. The price is

then a function of the demand served by AVs, which is d(nav).

2. nay < nLW. By definition of nLVJ. in Eq. , there exists dgy such that the expected
earnings of an HV are at least wg. Thus, in equilibrium, AVs and HVs serve the market
together. Moreover, the demand level served by HVs, denoted as dftlv, IPM.i» satisfies the
equilibrium condition Eq. :

Pi(dirv.rpar: + dav)u(dipy rpar) = wo (285)

where day = d(nay). Rearranging Eq. (285) gives Eq. (284)).

Our last step is to prove that the equilibrium price p7p ;18 strictly increasing in the exoge-

nous AV fleet size n4y. We prove it by contradiction:

Suppose not. Then there exists nay > n'yy,, such that pjp i < Dip Mﬂ-’ , where pip,,; is the
equilibrium price under an AV fleet size of n 4y and pjp,, Z-/ is the equilibrium price under an
AV fleet size of nays. Then by the definition of the equilibrium price in Eq. (284]), it must

be true that

Wo wo

PIPM,; = ) <Pipmi = a(d (286)

u(dyy rpari Ve )

where d*HV’ rpar; and d}‘{u P M,l-' represent the equilibrium demand served by HVs under n 4y
and n'yy,, respectively. By the monotonicity of the utilization @(d) (Lemma, we must have

dirvrpai = divipai (287)

In other words, with a larger AV fleet size n4y, there is more HV participation. But this
cannot be true. To see why, consider the equilibrium definition Eq. (280]). It must hold that:

Pidiry.rpari + d(nav))u(dyy.pa i) = wo (288)
and
pidiry.rpari + d(nlay)u(dy rpasd) = wo (289)

By Eq. 1) it must be true that for any dgy > d*HVJPM’i', it holds that

pi(duv + d(nlyy))a(day) < pi(d*Hv,IPM,i/ + J(n;ﬂ/))a(d?ﬂ/,IPM,i/) = wo

Otherwise, d};y ;pysi cannot be an equilibrium. Furthermore, by our assumption that n4y >
n'yy, we have
pilday + d(nyy))aldry) > pi(day + d(nav))u(dmy) (290)

This is by the monotonicity of the price function p;(d) and the inverse function d(n). Thus,
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it must be true that for any dgv > djy;pyrs the right-hand side of Eq. (290) satisifies

pi(dgv + d(nav))u(dpyv) < wo

But this contradicts the definition of dj;y ;py,,; in Eq. 1'
Therefore, we have proved both items in Proposition [l

One thing to note is that, as the AV fleet size n 4y approaches zero, the equilibrium price pjp M0

Item [1| of Proposition [11]| converges to the equilibrium price in the pure HV market p’{gv’i. That is,
nAl‘/TgOPIPM,z Prv;

Combined with the result that pjp,,, is strictly increasing in n4y, we immediately obtain the
following: for any AV fleet size nay > 0 that allows HVs to coexist with AVs (nay < nLV ;) it
holds that

PIPM,i > PHV,i (291)
We formally present this result in Corollary

Corollary 1 For an independent platform market, in scenario i, if the AV fleet size nay satisfies
0<nay < nzw, then AVs and HVs serve the market together, and the equilibrium price is strictly
higher than that in a pure HV market (i.e. Inequality (291) holds).

Corollary [1| plays a key role in proving that the prices are strictly higher under an independent

platform market than under a pure-HV market.

Therefore, in an independent platform market, in scenario ¢, given an AV fleet size of n4y, the

variable profit rate per AV is given by:

i(d d; ) - a(d — Cy, < nlyy,
ol (nav) = { pi(d(nav) + diy rpar) - @ld(nav)) — co, nav <nyy, (202)

| pild(nay)) - @(d(nay)) — co, nay > RLW

where dj;y, 1)y is the equilibrium demand served by HVs given by Item [I] in Proposition [T1] and
nTAV ; is the threshold value defined by Eq. 1) and Eq. 1)

E.2.2 Monopoly

A monopoly AV supplier in an independent platform market faces a similar tradeoff as in a common
platform market: if the capacity is too high, the supplier incurs high fixed costs and a lot of
idleness of AVs; if the capacity is too low, the supplier incurs high opportunity costs from lost
demand. However, the difference is that, under an independent platform market, the trade-off is
more extreme. When the AV capacity is too low, not only does the supplier lose the opportunity
to serve more demand, but the AV fleet also becomes less efficient, making AVs less competitive

than HVs. In certain demand scenarios where an HV can still make hourly earnings of wg, an AV
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Figure 8: An example of an independent platform market in which a monopoly supplier only
generates negative profits

Note. Parameters: Demand distribution: M = {m; = 15 requests/hour,mas =
1,000, 000 requests/hour}, P(m;) = 0.2, P(mg) = 0.8; cost and price parameters: wg = 5,
¢y = 3.85, ¢y = 1, V = 11; trip parameters: a = 0.1, to =2, r = 0.4

may not even be able to make ¢, if its capacity is too low to achieve a break-even utilization. (See
more on this in Appendix ) With some demand distributions, this nonviable regime leads to
surprising results, as shown in Fig. [§| where there exist cases where any AV capacity choice produces

negative profit. In effect, the market may be “too thin” to support AV technology.
We summarize this observation in the following proposition:

Proposition 12 In an independent platform market, even though AVs have lower total costs, there
exist demand distributions under which AVs cannot make positive aggregate profits even when they

are supplied by a monopoly.

Proof. The numerical example in Figure 8| proves the existence of a market in which AVs cannot
make a positive profit in a monopoly, independent platform market. A sketch for an analytical
proof: consider two demand scenarios, Low (L) and High (H), with m < myg. Then the optimal
AV fleet size under the two scenarios will be significantly different. We denote the optimal AV
fleet sizes under the two scenarios as anM rparr, and njim 1P H - Tespectively. If the monopoly AV
supplier chooses a capacity closer to njy /p M,L> then under the high scenario, AVs may make zero
profit because the fleet size is too low, which leads to low AV utilization and AVs cannot break
even. If the monopoly AV supplier chooses a capacity closer to Wy PM,H> then under the low
scenario, a high proportion of the AV capacity remains idle. We can construct the distribution of
the potential demand mass in these scenarios, such that in the former case, a monopoly supplier
only makes revenue in the low scenario, which is too low to support the fixed cost; and in the latter
case, a monopoly supplier makes revenue in both scenarios, but the fixed cost is too high. The

result is that there does not exist an AV capacity that generates enough revenue to cover the costs.
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This is particularly surprising given that AVs have strictly lower costs than HVs and are managed by
a profit-maximizing monopoly supplier. The driving force behind this result is the loss of technical
efficiency from independent dispatch platforms. Separating the dispatch network and the rider pool
for two platforms means AVs and HVs need to “compete” for density and scale. As AVs require

pre-committed capacity investment but HVs do not, AVs can be disadvantaged in this competition.

However, when the demand distribution and cost parameters allow AVs to profit, the monopoly
supplier can exploit the density effect. If AVs are profitable at a reasonably large capacity, this
leaves little residual demand for HVs, which lowers the HV utilization and drives up the equilibrium
HYV price. A monopoly AV supplier recognizes this price effect of crowding out HVs and chooses a
large capacity in order to drive up prices. From Proposition [11]in Appendix we know that
when AVs and HVs coexist in the market, the price is strictly increasing in the AV fleet size, which
consequently implies that the price is strictly higher than in a pure-HV market. This combined

with the monopoly AV’s incentives gives us the following proposition:

Proposition 13 Conditional on AVs being viable, in a monopoly independent platform market,
the equilibrium price will be no less than that in a pure-HV market for each scenario, and strictly

higher than in a pure-HV market in at least one scenario.

Proof. Our proof takes two steps. First, we show that given an arbitrary AV capacity N and any
demand scenario i, a monopoly AV supplier never chooses an AV fleet size n 4y that leads to a
lower price than in the pure-HV market. Then we show that there must exist at least one demand

scenario such that the price is strictly higher than in the pure-HV market.

Consider an arbitrary AV capacity N and demand scenario i. Then by Proposition there are

two possibilities:

1. N < ”,TAW ;- In this case, with any AV fleet size nqy < N, HVs can break even and will
participate, and the equilibrium price p7p,,; is a strictly increasing function of the AV fleet
size nay. By Eq. (292), the total variable profit for the AV fleet is given by

i (nav)nav = (Piv, - W(d(nav)) — co)nay (293)

The total variable profit Eq. l) is strictly increasing in nav, providing that py;y- su(d(nay) >

¢y. Therefore, there are two cases:

(a) Phvi- w(d(N)) > ¢,. That is, if the monopoly supplier dispatches all of its capacity
N, the variable profit is non-negative. In this case, the optimal AV fleet size is just
nay = N. Moreover, AVs and HVs serve the market together, and the equilibrium price
Dip M, 18 strictly higher than the pure-HV equilibrium price pj‘qV, ; (Corollary .
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(b)

Phvi - u(d(N)) < ¢,. That is, if the monopoly supplier dispatches all of its capacity N,
the variable profit is negative. Given that pjy, - u(d(N)) is the highest earnings that an
AV can make in this scenario, this means that AVs cannot break even at any fleet size
in this scenario. In this case, the monopoly supplier is better off not providing service,
i.e. nay = 0. Thus, HVs serve the market alone. As a result, the price is identical to

that under a pure-HV market, pjy ;.

2. N> an. In this case, the supplier has two types of choices for the AV fleet size nay:

(a)

(b)

nay < nLVi. This has been analyzed in Item If phy; - ﬂ(d(ni‘w)) > ¢y, then the
optimal AV fleet size in this region is nay = nLV ;- Otherwise, nqy = 0. In the former
case, Prpyr; > Py in the latter case, p?PMﬂ- = p}‘{w.

nay > nLV ;- By Proposition AVs serve the market alone. By Eq. 1D the total
variable profit for the supplier is then given by

pi(d(nav)) - @(d(nav)) - nay — conav = pi(d(nav)) - d(nav) - ta — cynav (294)

Note that Eq. (294) is just the same variable profit function as Eq. (250 in Lemma
Therefore, Lemma [4| applies here, which states that the variable profit Eq. (294)) is
strictly decreasing in n4y for nay > ”Evz Therefore, the largest AV fleet size that
the monopoly supplier may possibly choose is n7;y,,. In order to discuss the ordering of
nj‘qw, nLV,i’ we present the following lemma, with its proof immediately following the

statement

Lemma 5 In any scenario, it must hold that
nTAW < nyy; for alli (295)

In other words, given the same AV fleet size nay, if HVs cannot break even under
a common platform market, then they also cannot break even under an independent

platform market.

Proof. We prove Lemma [5| by contradiction:

Suppose not. Then there exists scenario 7 such that

nhvi > v (296)

Recall that dTAV,i and nJLW, ; are defined as the maximum demand served by AVs and AV

fleet size that allow HVs to participate in scenario ¢ under an independent platform mar-
ket. The definitions of nLV ; and dlv , are given by Eq. l} and Eq. 1) respectively.
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Thus, for any nay < ”i&vw it holds that

pi(dayv +d(nav))u(duyv) = wo (297)

has a solution for some dgy > 0. Then by Eq. (296)), it must also be true that
pi(dnv + d(njy,))a(dry) = wo (298)

has a solution for some dgy > 0. Since the utilization u(d) is strictly increasing in d
(Lemma [2)), it must be true that

pilday + d(nfv,))a(day + d(niy,)) > pildav + d(ngy,))aldav) =wo  (299)
In other words, there exists d = dgy + J(”qu) > J(n*HW), such that
pi(d)u(d) > wo (300)

But this contradicts the equilibrium definition of nyy; that ny.,; is the largest root of
pi(d)u(d) = wo and that for any d > nj;y,,, it holds that p;(d)u(d) < wo. Contradiction.
OThat is, the optimal AV fleet size in this case must satisfy nlv,i < nav < nyy,;. One
can check that the inequality is, in fact, strict; in other words, a monopoly supplier will
not choose nay = njy,; in this case, because the total variable profit Eq. 1} is strictly

decreasing at nay = njy,;. Therefore, it must be true that

pi(d(nav)) > pi(d(ngy,)) = Phv, (301)

Thus, we have verified that the price is strictly higher than the pure-HV market if the
supplier chooses an AV fleet size nay > nLV i

Therefore, we have confirmed the first part of the proof. Now consider the second part of the proof.
We want to show that there exists at least one demand scenario under which the price is strictly

higher than the pure-HV equilibrium price. We prove it by contradiction:

Suppose not. Then it must be true that under the optimal capacity IN* chosen by the monopoly
supplier, the prices are identical to the pure-HV equilibrium price in any demand scenario, i.e.
pf}PM’i = p*HV,i for all 7. In the first part of the proof, we have shown that the only case where
DPip Mi = p*HV’i holds is under Item when AVs cannot break even in scenario i. Therefore, the
statement that p7p Mi= p;IV, ; for all ¢ implies that AVs do not participate in any demand scenario,
which leads to zero variable profit and negative aggregate total profit. The AV capacity N* thus

cannot be an optimal capacity. Contradiction. U

The rationale is that in scenarios in which AVs and HVs coexist, the equilibrium price is strictly

higher than the pure-HV price due to the efficiency loss for HVs. In scenarios where AVs serve
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the market alone, a monopoly AV supplier does not benefit from extending supply above the HV

equilibrium supply level; hence, prices are no less than that in the pure-HV case.

In conclusion, a monopoly supplier in an independent platform market faces extreme situations: it
is either nonviable or capable of extracting higher prices than in a pure HV market. In either case,

consumers do not stand to benefit.

E.2.3 Perfect competition

With perfectly competitive AVs, suppliers no longer jointly optimize profit. In the absence of a
central decision-maker to coordinate the dispatch decision, perfectly competitive AVs are more
likely to be nonviable than a monopoly supplier. Therefore, we have the following corollary of
Proposition [I2}

Corollary 2 In a perfectly competitive independent platform market, even though AVs have lower

total costs, there exist demand distributions where AVs cannot make positive aggregate profits.
Furthermore, the results in Proposition [11] from Appendix continue to apply here:

Proposition 14 For a perfectly competitive independent platform market, the equilibrium price is

strictly higher than that in a pure-HV market when AVs and HVs serve the market together.

Proof. To prove this, we leverage the result from Proposition [I1] Proposition [I1]and its Corollary
show that, whenever in a scenario where AVs and HVs coexist, the price must be strictly higher
than the pure-HV equilibrium price. Then, it is sufficient to show that, in a perfectly competitive

independent platform market, there exist demand scenarios under which AVs and HVs coexist.

In Appendix[C| we provide sufficient conditions under which HVs will supply the market along with
AVs at least in the scenario with the highest potential demand. Then under this set of conditions,
at least in the highest demand scenario, AVs and HVs coexist, and the price must be higher than
the pure-HV equilibrium price. Numerical example Fig. [4b] also exhibits a wide range of potential
demand m; under which AVs and HVs coexist under a perfectly competition common platform

market (the region with a strictly decreasing market price of the dashed red curve). O

That is, under an independent platform market, even when AVs are perfectly competitive, the
prices are still strictly higher than that in the pure-HV market, as long as HVs participate. In
other words, the welfare gain from AVs can only be realized when HVs are completely out of the
market. This result underscores the significant impact of the efficiency loss when separating the
dispatch platform between AVs and HVs.

To summarize, in a perfectly competitive, independent platform market, the equilibrium prices are

not uniformly lower than those in the pure-HV market.
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F Finite supply elasticity and no density effect (Proof of Propo-

sition

Proof. We start with a benchmark analysis of the pure-HV market when the density elasticity
r = 0, which is the result from Proposition [I| under the specific parameter » = 0. Then we prove

each statement in Proposition [10| one by one.

F.1 Baseline Analysis: a Pure-HV Market

We start by characterizing the baseline price in the pure-HV market. Eq. in Proposition
characterizes the implicit function that determines the equilibrium price p}iv’i; for convenience, we
repeat the result here: in a pure-HV market, under scenario ¢, the equilibrium price p*HV’Z- = pi(d)

where d can be solved by
pi(d) u(d) = w(n(d))

where n(d) is the minimal HV fleet size that can satisfy a demand level of d, and @(d) = dta/n(d) is
the highest utilization rate that can be achieved at a demand level of d. The closed-form expressions
of n(d) and u(d) are also given in Item [1|in Proposition [1} It can be easily verified that when the

density elasticity = 0, the minimal supply level n(d) is a linear function of d:
n(d) = ad" "V 4 tod = (a4 to)d

As a result, the utilization @(d) is a constant in d. That is,

7(d)— tzd . tgd . to
M= 0@ T adtted  atts

when d > 0. Thus, with a slight abuse of notation, we use % to denote the utilization in the case
of 7 = 0 to reflect the fact that the utilization rate is constant regardless of the demand level.

@ = ta/(a + t2). Therefore, under a pure-HV market, the equilibrium price satisfies

Prv, = pi(d), where p;i(d) = w(n(d))/u (302)
Closed-form solutions of the equilibrium price and demand can thus be derived by solving Eq. (302)):

V- wo/ﬂ
diq, = ————— 1
HV,i V/mz n Oét2/ﬂ2 (303)

and
prv,; = V({1 —dyy,;/mi) (304)

providing that (V —wg/@) > 0. If not, then the price does not cover the reservation earnings, and

the equilibrium demand d*HV’i = 0. Nonetheless, such a case will not happen under the scenarios
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in consideration, as implied by Assumption [2}

F.2 Equivalence between common and independent platform markets (Item

We start with the common platform market; then we show that the analysis for the independent

platform market is identical, both when HVs participate and when they do not participate.

F.2.1 Common platform market.

Recall that we denote the HV fleet size as ngyy and the AV fleet size as nay. We also denote the
demand served by HVs and AVs as diy and day, respectively.

Case 1: HVs participate (ngy > 0). Then in equilibrium, it must be true that the marginal HV’s

reservation earnings are equal to the price times the utilization rate. That is,
w(ngy) = pi(dav +dpv)u (305)

where @ = to/(a + t2) is the constant utilization rate under » = 0. Furthermore, since AVs and
HVs are dispatched from a common platform, they must also share the same utilization «, which

means the following equations must also hold in equilibrium:
nuv = dpyvta/i, nay = dayta/u (306)

That is, the ratio between the demand hours served and the fleet size for AVs and HVs is the same
and equal to u. Therefore, given an AV fleet size nay, the rest terms day, dgy and ngy can be
uniquely determined by combining Eq. (305) and Eq. (306)). One can check that ngy is in fact a

linear function in n4y:

=2
aV —wo) — EVny
( 0) = ingts AV (307)

u2V
a+ mito

nNHV =

by which ngy > 0 is equivalent to:

(’L_LV — wo)mitQ

v (308)

nay <

Case 2: HVs do not participate (ngy = 0). This is a trivial case; without HVs, AVs are the only
type of supply; thus, there is only one dispatch platform, making the two dispatch platform designs

(independent & common platforms between AVs and HVs) identical.

F.2.2 Independent platform market.

Now consider an independent platform market. Eq. remains to hold; Eq. in general
does not hold because HVs and AVs operate on separate platforms and typically do not serve the
same level of demand, and thus will have different utilization rates; however, in the case of r = 0,
the utilization rate is constant regardless of the density of demand. Therefore, Eq. also holds
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for an independent platform market. Therefore, given the same AV fleet size n 4y, the two dispatch

platforms yield the exact same outcome.

F.3 AVs always enter the ride-hailing market (Item |2

We provide proof for a monopoly AV supplier and perfectly competitive AVs, respectively.

F.3.1 Monopoly.

First, we restate the aggregate function for the monopoly AV supplier in Eq. :

nav,; SN

I
Plm. . . LN
mj\z}mx; (my) { max Wz(nAv,z)nAv,z} cy (309)

Since the dispatch platform design does not make a difference when r = 0 as proved in Item [I], we
omit the superscript on the total variable profit function m;(nav,;). Instead of deriving the optimal
capacity decision, we instead prove that there exists an AV capacity IV, such that the aggregate
profit in Eq. is strictly positive. Since the optimal capacity decision can do at least as good,

this is sufficient to show that the monopoly supplier will enter the market.

We start by considering an AV capacity sufficiently small. That is, let N = ¢, where ¢ > 0
and is infinitely close to zero. Then we solve the AV dispatch problem in each demand scenario
by maximizing the total variable profit (m;(nav,i)nav,), subject to the capacity constraint that
nay,; < €. Since the AV capacity is infinitely small, HVs will remain in the market even if all AVs
participate. Thus, each AV must make the same earnings as each HV, since they face the same

price and utilization. Therefore, the variable profit per AV, m;(nav,;), should satisfy:
mi(nav,s) = pi(dav, + dav,)u — ¢y, = w(npv,) — ¢y > wWo — ¢y (310)

That is, for each AV that is dispatched in scenario i, they must make at least (wy — ¢,) per hour

per AV in this scenario.

Furthermore, it can be shown that if the AV capacity e is sufficiently small, the AV supplier will
choose to dispatch all of its capacity in every demand scenario. The high-level intuition is that the
choice of how many AVs to dispatch in each scenario depends on the trade-off between the variable
profit margin m;(nay;) and the demand served by AVs; when the AV fleet size is extremely low,
the latter dominates the former, and it is beneficial to increase the demand served by AVs at the
cost of slightly reducing the profit margin. This statement can be formally proved by taking the
first-order derivative of the total variable profit m;j(nav,)nay; over the AV fleet size nay,;, which

is given by
or;

onav,

nav; + m(navy) (311)
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Moreover, the partial derivative can be computed from Eq. (310 by the chain rule:

or; 5] 5] ; 0 ;
ﬂ-’b — w X nHV,Z = - nHV,Z < 0 (312)
Onavi Onpgvi Onav, Onav,

In fact, we can show that Om;/Onay; is not only strictly negative but also a constant. This is

ongvy,
because n

sz is strictly negative and a constant, which can be directly computed from Eq. (307)).

Here we also provide an alternative proof using the chain rule, which may give the readers a better

idea of the multiple forces that drive the direction of change in ngv;.

ongv,;
onav,;

nav,, which can be jointly determined by Eq. (305 and Eq. (306]):

The proof is as follows: the partial derivative relies on the relationship between nyyv,; and

(nav,i +npv,)u
to

w(ngv,) = pi(dya, d= (313)

Then again, by the chain rule, we can compute the partial derivative of nyv,; over nay,;, which

givens

[

op;
ongv, ad ts

. ow _ 8p¢ E
8”AV,7, 877'HV,1' ad to

<

ISY
o~

It happens that the partial derivatives on the right-hand side above are all constants:

Opi B
9 —V/m; <0,

=a>0 314
onpv, “ (314)

o] i . . . .
Thus, 5% is also a constant and is strictly negative.
? dnAV,’L

Now if we go back to Eq. (311)), the first-order derivative of the total variable profit is strictly

positive if and only if

mi(nav,) _ mi(nav,)
—0m;/Onav;  a-(=0ngv,/Onav,)

nav,; <
It can be verified that this condition holds as long as n4y; is sufficiently small.

Therefore, in any demand scenario ¢, there exists an AV fleet size n4y; > 0 such that the total
variable profit of AVs in this scenario is strictly increasing in the AV fleet size as long as nay,; <
nav,;. Let the AV capacity e < min;{nnay,;}. Hence, in any scenario, a monopoly supplier will
choose to dispatch all € AVs in every demand scenario. Combined with Eq. , it must also be
true that every AV earns at least (wg — ¢,) per hour per AV in every scenario. The aggregate profit
of the AV supplier must be no less than the following:
I
Z P(m;){(wo — cy)e} — cpe = (wo — ¢y — cp)e >0

1

which means at an AV capacity of €, the monopoly supplier can make a positive profit. Since the
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supplier’s optimal capacity decision should lead to at least as good as this outcome, the AV supplier

will always choose to enter the market with a positive AV capacity.

F.3.2 Perfect competition

Similarly, we start by repeating Eq. that determines the equilibrium AV capacity N for the

perfectly competitive setting:
I

> P(m;) max{m;(N),0} = c; (315)
1

Note that we omit the superscript D because the dispatch platform design does not make a difference
under r = 0. Eq. computes the AV fleet size N such that the aggregate variable profit per
AV exactly equals the fixed cost ¢y, which is a result of the free entry of AVs in the perfectly
competitive market. We show that the example constructed above for the monopoly AV setting

also applies here.

Consider an AV capacity € < min;{nayv,;}, where n4y,; represents an AV fleet size at or below
which the total variable profit of AVs is strictly increasing in the AV fleet size (see details on this
in the bullet point above for the monopoly case.) That is, in any scenario 7, if the AV fleet size
nav; < Mav,, the total variable profit, (m;(nav,i)nav,), is strictly increasing in nay,;. Thus, it
must be true that m;(nay,;) > 0 for nay; < fiay,;. Indeed, as shown in Eq. , the variable profit

per AV is not only strictly positive but in fact strictly higher than (wy — ¢,). That is,

mi(nav,) > (wo — ¢), for nay; < nav,

Hence, with an AV capacity ¢, in all scenarios, all of the AVs will choose to be dispatched because
the variable profit per AV is strictly positive and above (wg — ¢,). The aggregate variable profit
per AV on the left-hand side of Eq. (315]) can then be simplified as

I I

> P(my) max{m(€),0} = > P(m;)mi(e) (316)
1 1
1

> P(mi)(wo — cv) (317)

1
= (wo — ¢y) > ¢ (318)

In other words, at an AV capacity of N = ¢, the aggregate variable profit per AV is strictly
higher than the fixed cost of purchasing the AV. Therefore, more AVs will be purchased, and the
equilibrium AV capacity will be strictly higher than e.

Before we conclude the proof for the perfect competition case, the final step is to prove that the
equilibrium AV capacity exists. In other words, we need to show that there exists a capacity N
such that Eq. (315)) does hold true (instead of having the aggregate variable profit per AV to be

103



above ¢y all the time and leading to infinite AV capacity). This can be proved by verifying the
following characteristics of the aggregate variable profit per AV, Z{ P(m;) max{m;(N),0}:

e [t is continuous and non-decreasing in N. By Eq. (312), m;(N) is strictly decreasing in N for
any scenario ¢. Thus, the maximum of 7;(/N) and 0 is then a non-increasing function of N;
Z{ P(m;) max{m;(N),0} is then a linear combination of I non-decreasing functions. And its

continuity is implied by the fact that it is differentiable.

e Its value spans from above cy to below cy. We have shown that at NV = ¢, the aggregate variable
profit per AV is strictly above ¢y (Eq. ); it can be verified that with NV sufficiently large,
mi(N) < 0 by the fact that m;(N) is strictly decreasing in N. Thus, with a sufficiently large
N, 1 P(mj) max{m;(N),0} will eventually equals to zero.

Combining the two characteristics, by the intermediate value theorem, it must be true that E{ P(m;) max{m;(N), 0

cy will hold for some AV capacity N > 0.

To conclude, we have proved that under perfect competition among AVs, there will be a positive
number of AVs being purchased and dispatched in equilibrium.

F.4 AVs lead to strictly lower prices in all scenarios. (Item

For this item, we compare the equilibrium price when an AV fleet size of n 4y > 0 is dispatched

and when only HVs serve the market (the pure-HV market).

Consider scenario i. Again, denote the demand served by AVs and HVs as day and dgy, respec-

tively. Denote the HV fleet size as ngy. Then in equilibrium, there are two cases:

a. ngy > 0. That is, HVs participate in the ride-hailing market. In this case, it must be true that

the marginal HV’s reservation earnings are equal to the price discounted by utilization. That is,
w(ngy) = pi(day + dgv)u (319)

which implies the equilibrium price satisfies

pi(dav +duv) = w(ZHV) (320)

In contrast, the equilibrium price in scenario ¢ under a pure-HV market is given by:
Prv, = pi(d), where p;i(d) = w(n(d))/u (321)

This is the same as Eq. (302) in the pure-HV market analysis at the beginning of this proof,

which we just repeat here for convenience.
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Comparing Eq. (320) with Eq. (321)), it must be true that
d <dav +dnv, pi(d) > pi(dav +duv)

If not, then d > day + dgy, which implies that n(d) > nay + ngy, which further implies
n(d) > nyy; in other words, the HV fleet size under the pure-HV market is larger than that
under the common platform market. Since the HV supply curve is upward-sloping, this implies

that the reservation earnings w(n(d)) > w(ngy ), which implies

w(n(d w(n
pi(d) = (u( ) > ( UHV) = pi(dav +duv) (322)
Since price is a strictly decreasing function of demand, Eq. (322)) implies that d < day + dgv,

leading to a contradiction.

Therefore, in summary, it must be true that introducing AVs under a common platform market
strictly increases the total demand served and decreases the price in equilibrium, providing that
HVs still participate in the ride-hailing market after the introduction of AVs. Next, we analyze

the second case where HVs do not participate.

b. ngy = 0. That is, HVs no longer participate in the ride-hailing market after the introduction
of AVs. Then it must be true that

_ Wo

pi(dav)u < w(0) = wo & pi(dav) < —

which means

pi(dav) < w(z(d))

In other words, the price, in this case, must be lower than any price that can support a positive

HV fleet size, which includes the price under a pure-HV market.

F.5 Perfectly competitive AVs lead to strictly lower prices than the monopoly
AV supplier in all scenarios. (Item

In this section, we prove that monopoly AV leads to a strictly higher price than perfectly competitive
AVs in every scenario. Note that the decisions under monopoly and perfect competition are different
both at the stage of choosing the AV capacity as well as the AV fleet size (the number of AVs to
dispatch) in each scenario. Therefore, we analyze and conduct a comparison for both steps, the

results of which are summarized in the following lemmas:

Lemma 6 (Monopoly vs. Competition: Capacity) The equilibrium AV capacity under per-
fect competition is always strictly higher than the optimal AV capacity selected by a monopoly
supplier. That is, compared to a perfectly competitive setting, a monopoly AV supplier will limit

capacity to optimize profit.
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Lemma 7 (Monopoly vs. Competition: Dispatch and Pricing) Assume that AV capacities
are set as described in Lemma[6. Then in all scenarios, a monopoly supplier consistently dispatches
fewer AVs than in a perfectly competitive setting. That is to say, a monopoly supplier not only pur-
chases fewer AVs but also deploys fewer of them in every scenario. Moreover, in each scenario, the

price is strictly higher under a monopoly than under perfect competition.

Combining the two lemmas together, one can immediately draw the conclusion that the prices are
always lower under perfect competition than under monopoly in every scenario. Next, we prove

each lemma.

F.5.1 Proof of Lemma

In this section, we prove that the equilibrium AV capacity under perfect competition is strictly
lower than the optimal AV capacity under monopoly. Our proof for Lemma [6] takes the following

steps:

Step 1. Characterize the optimal AV capacity N* that maximizes a monopoly supplier’s net ag-

gregate profit, which is given by

I
arg max 21: (m;) { max (nAVﬂ)nAv,@} cy

nay,; <N

which involves two sub-steps:
Step la. (Proof) Given an arbitrary AV capacity N, derive the optimal AV fleet size in

every scenario ¢. In other words, solve

max_m;(nav;)nav,, for all i (323)
nav,; <N

Step 1b. (Proof)) Solve for the optimal AV capacity N*.

Step 2. ([Proof]) Derive the equilibrium AV fleet size N' under perfect competition, where N’ satisfies
the perfect competition equilibrium condition Eq. :

1

> P(my) max{m;(N'),0} = cs (324)
1

Step 3. (Proof) Prove that Eq. (324) can only hold under N’ > N*.
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Proof of Consider an arbitrary fleet size N. Consider any scenario ¢. Then a monopoly
supplier solves the following constrained optimization problem (a sub-problem of Eq. (309)):

. 325

,max mi(nay)nav (325)

We omit the subscript ¢ from n4y,; for brevity since we are focusing on one scenario in this part.
At this point, we have known a number of characteristics of m;(nay). When ny4y is low, AVs and
HVs coexist in the market, and the relationship between the equilibrium HV fleet size ngyy and
the AV fleet size n 4y is characterized by Eq. (307)). In this case, the variable profit per AV in this

scenario is given by

w2V
@ + mito

mi(nav) =w(npy) —cy =w ((uV — o)~ e AV) — Gy (326)

which is a linear function in n4y. The simplicity of the linear form allows us to solve an uncon-
strained problem, maxy, ,,, mi(nAv)nav, by setting its first-order derivative to zero; in fact, one can
check the unconstrained problem is strictly concave. We denote this optimal size as n’y,, and give
it expression below:

u’v

1
Ny, = o C(UJOC + auV -m;), where C is a constant and C' = - (327)
2
Clearly, nZV,i is strictly increasing in m;. Going back to the constrained optimization problem

Eq. (325)), concavity implies that the optimal solution satisfies:
nav,i = min(N,njy;) (328)

In other words, in relatively low demand scenario where the AV capacity N is above the uncon-
strained maximizer n*AW, a monopoly supplier does not deploy all of its capacity; instead, it only
deploys nle,i AVs and leaves the rest (N — nzvyi) idle, to maintain a high price of the market; as
the demand gets denser, the price is high enough even if the supplier deploys all of its capacity.

Next, let K be such that N € (n’AuK, n*AV,K—H)‘ In the case where N > nj, , let K = I. Then, we
can rewrite the aggregate profit function Eq. (309)) by replacing the AV fleet size in each scenario
with the optimal decision Eq. (328):

K

max (ZP mi)mi(nay,;) "Aw) (Z P(m;)m;( N> —cyN (329)
K+1

That is, from scenario 1 to K, the AV capacity N is sufficient to cover the optimal fleet size; from

scenario K + 1 to I, the supplier has to use up all its capacity N. Note that only the second and

third terms from left to right in Eq. (329)) depend on N; moreover, as we have shown above, m;(NV)

is linear and strictly decreasing in V. Thus, we can take the first-order derivative of the expression
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in Eq. (329) over N, which gives:

(s

K+1

IN m(N))) — ¢ (330)

providing that n% - < N <njy g, holds. The second-order derivative can be computed as well;

the expression is given by

I
0%m; om;
> P(my) <8N2N - 28N> (331)

Since ; is linear in N, the first term from left to right in the parenthesis equals zero. Thus, the

second-order derivative is equal to:

I
87@
2> P(mi) o <0 (332)
K+1

The value of g?\}' can be found near Eq. l}

Therefore, we have proved that the aggregate net profit Eq. (309)) is piece-wise strictly concave and
continuous in the AV capacity N. Now we would like to focus on the endpoints (n%y, 1, n%y9, -
njm ;) and show that Eq. || is indeed smooth near these points:

Consider an arbitrary scenario ¢ = K with n%; ;. First, compute the derivatives in the neigh-
borhood (njlv, K~ 6 n*AV,K) on the left of n’ ,. The aggregate net profit Eq. 1) is given

by
I

K-1
Y Plmi)mi(nay )iy, + ) P(mi)mi(N)N —¢fN (333)
1 K

since the capacity N in this neighborhood is lower than n% ;. Taking the first-order derivative

gives:

B)
Z P(my)( mN +mi(N)) = ¢f, for N € (g — € n'y i) (334)

Now compute the derivatives in the neighborhood (n%y s, 7%y + €) in a similar fashion; the

first-order derivative is given by

87['1 * *
> P(m mi) (5N + mi(N)) —¢p, for N € (v, navi +€) (335)

One can check that as e approaches zero and N approaches n}y -, Eq. (334) and Eq. (335) are
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equal. To see why, let N = n’y, ;- and deduct Eq. 1| by Eq. 1’

(; P(mi)(%N i) [ Nzn e — 1) (Z P(mi)(%N + 1i(N)) |y — ) (336)

K+1

- P(mK)(?;X;N + 7 (N)) ‘N:n; . (337)

But by the definition of n%y, ;- (see the discussion above Eq. (327)), it is the maximizer of the

unconstrained problem in scenario K; that is,

16297
N N + 7g(N)) ’N:njw’K =0 (338)

Therefore, Eq. (334) and Eq. (335) are equal, proving the smoothness of the aggregate net profit
function. Therefore, the first-order derivative of Eq. (309) is continuous and strictly decreasing,
implying that Eq. (309) is strictly concave in the AV capacity N.

Proof of Hence, the optimal capacity N* for the monopoly supplier must satisfy that
the first-order derivative (Eq. (330))) equals zero, which is equivalent to

1

S POma) (9% [y N 4 mi(N*)) = g (339)
K+1

Proof of Now consider the perfect competitive equilibrium. By the equilibrium definition
Eq. (315)), if we denote the equilibrium AV capacity as N’, then N’ must satisfy the following:

I

> P(my) max{m;(N'),0} = ¢; (340)
1

There must exist a scenario K’, such that
mi(N') <0 for all i < K',m11(N') > 0 for all i > K’ (341)

and such a K’ is unique. In other words, scenario K’ is the scenario with the highest potential
demand mass such that the variable profit per AV remains at or below zero; any scenario with
1 > K’ will have a strictly positive variable profit. All else being equal, as the potential demand
mass further increases, the market is more “profitable”, and the variable profit goes above zero.

We formally state the monotonicity of 7; in ¢ in Lemma [§| and provide proof right after the lemma.
Thus, we can rewrite the equilibrium condition Eq. (340) as
I
> Pm)mi(N') =y (342)

i=K'+1
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Combining Eq. (342)) with Eq. (339)), we have

I I )
S Pmm(N) = 32 Plmi) (5 o N* + m(N*) (313)
i=K'+1 K+1

with N’ and N* being the perfectly competitive equilibrium capacity and the monopoly supplier’s

optimal capacity, respectively.

Proof of Next, we show that Eq. (343]) cannot hold if N’ = N* or N’ < N*. We start
with N/ = N*:

If N/ = N*, then it must be true that K’ < K. That is, at an AV capacity N = N’ = N*, in
any scenario 4, if the variable profit per AV when all N AVs are dispatched, i.e. m;(IN), is below
zero, then it must be true that a monopoly supplier only dispatches part of its AV capacity. This
is intuitive because dispatching all AVs will lead to a negative profit for the monopoly supplier.
Then we can rewrite Eq. to be the following:

K 1 1 )
> Pm)m(N)+ Y Pm)m(N)= > P(mi)(g;rv’ INN + m(N)) (344)

1=K'+1 i=K+1 K+1

where N = N’ = N*. By eliminating the term Zi[:K_H P(m;)m;(N) from both sides, we have that

K I O
> Plm)m(N)= > P(mi)(aT\; INIV)
i=K'+1 K+1

But this cannot be possible: on the left-hand side, by the definition of K’, the variable profit per
AV, m;(N), should be strictly positive for i = K’ + 1,...,I (Eq. (341)), making the left-hand side
strictly positive if K > K’ + 1, or equal to zero if K = K’; on the right-hand side, we have proved
in Eq. that g;r\} INN < 0 for all i. Thus, unless K +1 > I and K = K’ hold at the same
time, the two sides cannot be equal. However, K +1 = K’ + 1 > I cannot be true, otherwise,
the variable profit per AV, m;(IN), will be strictly negative for all i = 1,2, ..., I by the definition of
K' (Eq. ), implying that AVs are not profitable, which contradicts Item [2|in Proposition

Therefore, to conclude, it is not possible to have N’ = N*. Next, we show that it is also not possible

to have N/ < N*, either. That is, the perfectly competitive AV capacity cannot be lower than the
monopoly supplier’s optimal AV capacity. The proof largely remains the same as the N’ = N* case

and we only need to change a few details.

If N/ < N*, it is still true that K’ < K. That is, at an AV capacity N’, in any scenario 7, if
the variable profit per AV when all N’ AVs are dispatched, i.e. m;(N'), is below zero (the case for
i < K’ defined in Eq. (341))), then it must be true that a monopoly supplier does not dispatch all

of its AV capacity N* (which is greater than N’) in this scenario. Then we have equality similar

110



to Eq. (344):

K 1 1

on;
N (N N (NT) = N9 A
AZ P(ml)m(N)fZ P(m;)mi(N") ZP(m’)(aN INen+N* + m(N*)) (345)
i=K'+1 i=K+1 K+1
where N/ < N*. Rearranging the terms on both sides gives
I I K I P
P(m;)mi(N') — P(m;)mi(N*) = — P(m;)m;i(N' P(m;) (= | n=n+N*
. Z (mg)mi(N') ' Z (mg)mi(N7) A Z (mg)mi(N') + Z (mz>(8N |N=N )
i=K+1 i=K+1 i=K'+1 K+1
(346)
Now similar to the case for N’ = N*, it is easy to verify that
mi(N') >0 fori> K' +1 (347)
and 5
T
L NN foralli=1,...1 4
8N|N7N < 0 for all ¢ e (348)

Combining Fq. (347) and Egq. (348), we know that the right-hand side of Eq. (346 is strictly
negativeE Eq. (346)) thus leads to the following inequality:

I
> P(mi)(mi(N') = mi(N*)) < 0 (349)
i=K+1

Since 7;(N) is strictly decreasing in N for all ¢, it implies that
TFZ'(N/) <7TZ'(N*)<:>N/>N* (350)

which is a contradiction to the assumption that N’ < N*. We have thus proved that the perfectly
competitive equilibrium AV capacity is strictly higher than the monopoly supplier’s optimal AV
capacity. That is,

N’ > N* (351)

F.5.2 Proof of Lemma [T

Next, we show that the prices under perfect competition are strictly lower than that under monopoly,
providing the equilibrium capacity N’ and optimal monopoly capacity N* in the proof of Lemma@
By Lemma @ we have shown that N’ > N*. That is, the equilibrium AV capacity under perfect

competition is strictly higher than the optimal capacity under monopoly.

Now knowing that N’ > N*, it is straightforward to show that the prices are always lower under

15Similar to the analysis for N’ = N*  the right-hand side, — ZiK:K,H P(m;)mi(N") +
Zﬁ(.u P(mi)(% |IN=n*N* + m;(N*)), cannot be zero because this will require K’ = K > I, in which case
AVs cannot make any positive profit in any scenario.
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perfect competition. Suppose not. Then there exists a scenario ¢, in which the price under perfect
competition is higher than or equal to the price under monopoly. Denote the price as pj,,,,, ; (which
stands for perfect competition) and pfnono’i (which stands for monopoly), respectively. Denote the
AV fleet size as 17y 1,000 0 74y o, ; fOr perfect competition and monopoly, respectively. There

are four cases:

1. nZV’mono’i = N*, nzwcomp’i = N’. In other words, under both settings, the AV fleet size is
at its capacity; the monopoly supplier chooses to use up all of its N* AVs, and the perfectly
competitive AVs can all make a positive profit after all N’ of them join. Since N’ > N*, more AVs
participate under perfect competition than under monopoly (n}y compii > n*AV’mmw?i), implying
a lower price under perfect competition. That the price is strictly decreasing in the AV fleet size
in a given scenario is a result implied by the monotonicity of the variable profit per AV m;(nav);
this term by definition is determined by the product of price and utilization (see Eq. for
its expression when HVs participate in scenario i; when HVs do not participate, m;(n4y) is just
the product of the price and utilization minus the constant cost term, p;(day)a — ¢,, where
day = nayu/te). Since the utilization @ is constant, the price is also strictly decreasing in nay .

* >k
Therefore, pyonei > Promp.i-

2. njzl\/,mono,i < N*, njilvwmm < N’. Under both settings, the AV fleet size is strictly below
its capacity; that is, the monopoly supplier chooses the optimal fleet size nzv,monm, and the
perfectly competitive AVs already make a zero variable profit per AV at a fleet size Ny, comp,i
before all of its capacity N’ are deployed (i.e. m;(N') < 0). In this case, pj,,,; = 0. Clearly,
a monopoly supplier will never choose a fleet size that leads to the price being zero. Thus,
Pronoi > Peomp.i

= 0. Note that in this case, it also must be true that n%, . . <n%, comp,i?

because the price is strictly decreasing in the AV fleet size in a given scenario.

3. Wavmonoi < N "oy compi = N . Under perfect competitive AVs, the AV fleet size is at its
capacity N’, but under monopoly AV, the AV fleet size is strictly below its capacity N*. Again,
since N’ > N*, this implies there are more AVs participating under perfect competition, which

leads to a lower price.

4. %y monoi = N WAy compi < N’. Under perfect competitive AVs, the AV fleet size is strictly
below its capacity N’, but under monopoly AV, the AV fleet size is at its capacity N*. Again,
this implies that the price under perfect competition is down to zero (which is why not all AVs
participate.), while the monopoly supplier will never make a decision that induces zero price.

Therefore, pjonoi > Peomps: = 0- Again, the monotonicity of price in the AV fleet size implies
that nZV,mono,i < nzv,comp,i‘

Therefore, we have proved that the price is strictly lower under perfectly competitive AVs than a

monopoly AV supplier.

Our last part is to provide formal proof for m;(n4y) being increasing in i for any given n4y. We

formally state it as a lemma:
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Lemma 8 Consider the variable profit per AV in scenario i, denoted as m;j(nay), as a function of
the AV fleet size nay :

pi(dav +duv,i)u — ¢y = w(ngyv,) — ¢ if dgyi >0

mi(nay) = (352)

pi(dAV)a —Cy if dHV,i <0

where day, dgv,; and ngy,; are given by Eq. (306) and Eq. || Then, fixing nav, mi(nay) is
strictly increasing in i. In other words, mg(nay) < wsy1(nay) for mg < mgi1.

Proof. Just as a reminder,

=2
(fLV — wo) —u _V nAy
nEv, = e (353)
o+

m;t2

Moreover, by Eq. (306)),
dav,; = ngvste/t, day =navita/a

Thus,

=2
(@V —wo) — TV nyy
dyv, = - e TAL (354)
«

m;to

which is strictly increasing in m;. That is,

dpv,s < dpv,s+1, for mg <mgyy
and as a result:
nEv,s < NEV,S+1, for mg < mgyq (355)

In other words, keeping the AV fleet size fixed, more HVs participate in a higher demand scenario.

There are three cases:
1. dgv,s > 0, dgy,s4+1 > 0. That is, in both scenarios, HVs participate in the ride-hailing market.
Then by Eq. (352).

ws(nav) — ms41(nav) = w(ngy,s) — w(ngv,ss+i) <0 (356)

This is because with the fixed AV fleet size, as the potential demand gets higher, the price
increases, inducing more HVs to participate and serve the residual demand; in equilibrium, the
reservation earnings of the marginal HV are higher; since AVs and HVs face the same price and

utilization, this also makes AVs more profitable on a per-AV basis.

2. dgv,s <0, dgv,s+1 > 0. That is, HVs participate in the higher scenario of the two but do not

167t should be noted that we include the subscript ¢ for those terms affected by m; when nay is fixed. This is
because we are comparing two scenarios here. When conducting analysis within a single scenario, it is not necessary
to highlight ¢, which is why the ¢ subscripts were not included in earlier expressions.
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participate in the lower scenario. Then by Eq. (352)),

s(nav) — ms41(nav) = ps(dav)e — wngv,s+1) (357)

The fact that HVs do not participate in scenario S implies that the expected earnings per HV

cannot cover the lowest HV reservation earnings for HV participation; that is,
ps(dav)u < w(0) = wo (358)
On the flip side, that HVs participate in scenario S + 1 implies the opposite; that is,
w(ngv,s+1) > w(0) = wy (359)

Therefore, we conclude that

WS(”AV) - 7r5+1(nAv) <0 (360)

. dpvs <0, dgv,sy1 < 0. That is, HVs do not participate in either scenario. Then again by

Eq. (352),

s(nav) — ms11(nav) = ps(dav)a — psy1(day)u (361)

Note that the price is given by
pi(dav) = V(L —dav/m;) (362)

as defined by Eq. . Thus, at the same d4y, the price is higher in the scenario with a larger

potential demand mass. That is,

ps(dav) < ps+1(dav) (363)

Therefore, we have

s(nav) — ms11(nav) = ps(dav)a — ps4+1(day)a < 0 (364)

In summary, we have proved that across all scenarios, the variable profit per AV, 7;(nay), is strictly

increasing in n 4y . ]

G Extensions

Next, we analyze some extensions to the main analysis. Appendix discusses the implications
of AVs on driver welfare. Appendix discusses the role that demand variability plays in the
competitive advantages of AVs and HVs.
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G.1 Driver welfare

In this section, we investigate how AVs impact driver welfare and how the impact may differ under
common and independent platform markets. We find that in an independent platform market, con-
sistent with the conventional wisdom, AVs always reduce driver surplus (Proposition ; however,
in a common platform market, surprisingly, AVs may improve driver surplus, providing that the
HV supply is sufficiently inelastic (i.e., when the cost parameter « is large). We start with the

formal definition of driver surplus and then discuss each dispatch platform design, respectively.

G.1.1 Definition

Driver surplus is defined as the monetary gain that HVs get by providing service above the lowest
earnings that they are willing to provide service at (i.e., the reservation earnings). Given the HV

supply curve w(ngy) and an equilibrium HV fleet size nj;y,, the driver surplus is given by

/0 " (w(nly) — wingy)) dngy (365)

Driver surplus depends on the shape of the HV supply curve, w(ngy), as well as the level of
HV supply in equilibrium, n¥;;,. When the cost parameter a = 0, which indicates a perfectly elastic
HYV supply, the reservation earnings are constant at wg and exactly equal to the expected earnings
w(njyy) from providing service; therefore, driver surplus is zero regardless of the equilibrium HV
supply. When the cost parameter o > 0, which indicates a finitely elastic HV supply, the reservation
earnings w(npy) are strictly below the expected earnings w(nj;,) for all but the marginal HV that

provide service in equilibrium; therefore, driver surplus is strictly above zero.

Furthermore, when a > 0, driver surplus is strictly increasing in the equilibrium HV fleet
size njy,. A larger HV fleet in equilibrium indicates that more HVs with a positive surplus par-
ticipate in the market; moreover, it also requires higher expected earnings to attract HVs with
higher reservation earnings, which increases the surplus of all participating HVs. Therefore, when
comparing the driver surplus in two settings, given the same supply curve w(ngy ), it is equivalent

to comparing the equilibrium HV fleet size n7y,.

G.1.2 Independent platform market

Proposition [15] formally states how driver surplus changes after AVs are introduced to an indepen-

dent platform market:

Proposition 15 (Driver surplus) Consider a market with a finitely elastic supply curve (o > 0).
Compared with a pure-HV market, the driver surplus (365|) is strictly lower in an independent

platform market in any scenario where AVs participate.

Proof. In this proof, we show that HVs are strictly worse off in any demand scenario when AVs
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participate in an independent platform market compared with a pure-HV market. By the definition
of driver surplus Eq. , in a given scenario, driver surplus is strictly increasing in the number of
HVs participating in the market. Therefore, it is sufficient to compare the equilibrium HV fleet size
for each demand scenario under the independent platform market (n*HV I PM’Z-) and the pure-HV

*
market (njy;).
For any given scenario ¢, there are two possibilities:

1. HVs do not participate in the independent platform market. In other words, n*HV’ i = 0.
Since HVs always participate in any scenario in a pure-HV market (Assumption , it must

be true that ny;,; > nyy par- Therefore, HVs are worse off after introducing AVs.

2. HVs participate in the independent platform market. In other words, nyy ;py; > 0. The
rest of the proof focuses on this case, and we show that ”*Hv,i > n*HV’ rpar;, Still holds here.
By the equilibrium condition Eq. in Definition [2| for a market with both AVs and HVs,
under the independent platform market, given an arbitrary day > 0 which represents the

demand level served by AVs, the HV fleet size njy, p),; satisfies:

Ri(dyyrpais dav) = Wy rpai) Wav.ipai (366)
where
Ri(dyvpaisdav) = pildyy rpari +dav) - diyrpar - t2 (367)
and
n}}v,IPM,z' = ﬂ(dzﬂ/,IPM,i) (368)

Furthermore, by the equilibrium condition Eq. , in a pure-HV market, the HV fleet size

N .
v satisfies

7i( *Hv,i) = w(”}}v,i)nffv,i (369)
where
ri(dirv;) = pilday;) - dy - b2 (370)
and
”?{v,z‘ = @(d;ﬂ/,i) (371)

Since day > 0, it must be true that the left-hand side of Eq. (367]) satisfies

ri(dprvrpari dav) < pi(dpvipas) - daviea - t2 (372)

Thus, by Eq. (366)), it holds that

w(n*HV,]PM,i)n;IV,IPM,i < pi(dEV,IPM,i) : d*HV,IPM,i “t2 (373)
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Figure 9: Driver surplus in the change of the AV fleet size in a single demand scenario
Note. In both CPM and IPM, the potential demand is m; = 50,000 requests/hour.

Comparing Eq. (373)) with the pure-HV equilibrium condition Eq. (369)), we know that ngy =
Nhvip M, cannot be an equilibrium point under a pure-HV market; the total HV revenue at
ngy = n;IV, 1P, 18 strictly higher than the total HV cost, which will induce more HVs to
participate, until the HV fleet size reaches nj;y,; and the equilibrium condition Eq. (369) is

satisfied. Therefore, we must have
Nivi > VHV,IPM,; (374)

This concludes our proof for the surplus comparison. ]

The proof leverages the idea in Appendix that comparing driver surplus is equivalent to
comparing the equilibrium HV fleet size. It shows that the equilibrium HV fleet size under an
independent platform market with any AV participation is strictly lower than that under a pure-
HV market. The high-level idea is that the equilibrium HV fleet size depends on the expected
earnings for HVs, which are driven by two main factors, the market price, and the HV utilization.
Keeping the HV fleet size fixed, if AVs are introduced into an independent platform market, then
the HV utilization remains the same; however, the price will go down due to the increase in
supply, which lowers the expected earnings of HVs. Thus, when AVs provide service in the market,
compared with a pure-HV market, some HVs (those with higher reservation earnings) will exit the
market; this will reduce the density of the HV dispatch platform and lower the HV utilization rate,
which further reduces the expected earnings of HVs. As a result of both the price and efficiency
reduction, the equilibrium HV fleet size is a strictly decreasing function of the AV fleet size, which

is numerically illustrated by the red curve in Fig. [0

G.1.3 Common platform market

In contrast, the implication of AVs on driver surplus is more nuanced under a common platform

market. For example, in Fig. |§|, driver surplus under a common platform market (the blue curve)
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is not monotone in the AV fleet size, unlike that under an independent platform market.

Fig.[I0]provides a detailed view of how driver surplus in Fig.[9]is derived and why it is not monotone
in the AV fleet size under a common platform market. Fig.[10|(a) and (b) consider two particular
demand scenarios, with the potential demand mass m; = 500 and m; = 50,000, respectively. In
each demand scenario, two types of curves are plotted: the colored curves are the expected earnings
per HV as a function of the HV fleet size, with the colors representing different exogenously given
AV fleet sizes; the black dashed line is the HV supply curve, w(ngy ). The intersection of a colored
curve and the black curve is then the equilibrium HV fleet size under the corresponding AV fleet

size.

Fig. a) shows a scenario where HVs cannot break even in a pure-HV market but can break
even in a common platform market with AV participation. The red curve, which is the expected
earnings per HV in a pure-HV market, does not intersect with the HV supply curve, implying that
the market is not thick enough to support the cost of HVs. However, with more AVs, the HV
earnings curve moves upwards (red curve — purple curve — blue curve). Not only the supply
curve intersects with the earnings curve when the AV fleet size n4y = 5 and n4y = 10, but the
equilibrium HV fleet size is higher as the AV fleet size increases from 5 to 10. Since driver surplus
is increasing in the equilibrium HV fleet size as indicated by Eq. , the example illustrates how

driver surplus can be increasing in the AV fleet size under a common platform market.

Fig. [10[b) conducts a similar analysis under a significantly higher potential demand mass. Unlike
Fig. (a), in this case, HVs can break even in a pure-HV market (the dashed line intersects with
the red curve). However, the result is consistent: as the AV fleet size increases, the HV earnings
curve moves upwards, leading to a higher equilibrium HV fleet size. This example confirms that

the introduction of AVs may benefit HVs, regardless of whether HVs can break even on their own.

Even though the examples in Fig. consider exogenously given AV fleet sizes, which may not
necessarily be the optimal decisions of the AV supplier(s), this presents a clear contrast with the
strong result in Proposition where any AV participation strictly reduces driver surplus under
an independent platform market. This surplus comparison again highlights the important role that

the dispatch platform market plays in determining the welfare implication of AVs.

G.2 Demand variability

As we have discussed in the main analysis, there is a trade-off between AVs and HVs, arising from
their distinct cost structures. AVs are capital-intensive assets that require upfront investment,
while HVs are flexible and incur costs only when being utilized. In this section, we discuss how
demand variability impacts the equilibrium outcome. We consider the setting with perfect supply
elasticity (o = 0) and positive density elasticity (r > 0). Our conclusion is that, without demand
variability, AVs fully replace HVs by serving the market alone in all demand scenarios and market

configurations; in other words, HVs have no competitive advantage in the absence of demand vari-

118



(a) m; = 500 requests/hour (b) m; = 50000 requests/hour

250 — Hourly earnings/HV with zero AV %
—— Hourly earnings/HV with an AV fleet size of 200 s
—— Hourly earnings/HV with an AV fleet size of 2000 o
===- supply curve w(nyy)

200

Expected earnings per HV

4 —— Hourly earnings/HV with zero AVs

~— Hourly earnings/HV with an AV fleet size of 5
~— Hourly earnings/HV with an AV fleet size of 10
~==" supply curve w(ny)

0 2 8 10 0 50 200 250

4 6 100 150
The HV fleet size, nyy The HV fleet size, nyy

Figure 10: Hourly earnings per HV at different AV fleet sizes in a single demand scenario, CPM

ability. However, a high demand variability is not sufficient to guarantee a high HV participation;
when the cost of AVs is sufficiently low, the AV supplier may choose a large AV capacity to hedge

the demand uncertainty, which may indeed reduce the level of HV participation.

We start by considering a common platform market and a monopoly AV supplier. For simplicity,
consider a two-point distribution with two demand scenarios, high (H) and low (L). That is,

i€ {H,L} and my, < mp. The distribution of the potential demand mass M is given by

M- myr, with probability Pr,
mpy, with probability Pg =1 — Pr,

Recall that under this market configuration, as stated by Proposition [§] the monopoly supplier’s
decision is a newsvendor problem and thus has a closed-form solution. We then derive the optimal
AV capacity N* and the optimal AV fleet sizes in the two demand scenarios, as a function of the

probability mass of the high demand scenario Py, which we illustrate in Fig. [T}

Fig. [L1] plots two functions: “Average fleet size” is defined as the sum of the HV and AV equilibrium
fleet size, averaged across the two scenarios. “Optimal AV capacity”, N*, is a step function of Py,
with N* = nj,; when Py is below the critical fractile (cy/(wo—c¢y)), and N* = njy, iy when Py is
at or above the critical fractile. When Py is below the critical fractile, AVs serve the market alone
in the low scenario and coexist with HVs in the high scenario (except when Py = 0). Furthermore,
the difference between the average fleet size and the AV capacity equals the average HV fleet size
(the light gray area in Fig. , which we use as a measure for HV participation. When Py is
at or above the critical fractile, AVs serve the market alone in all scenarios, and there is no HV
participation; the difference between the AV capacity and the average fleet size equals the average
number of idle AVs.

Although no demand variability (Pg = 0 or Py = 1) results in no HV participation, increasing
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Figure 11: The optimal AV capacity and average total fleet sizes, in the change of the potential
demand distribution

Note. When Py < cy/(wo —c¢y), the optimal AV capacity N* = Ny, . which is the equilibrium HV
fleet size for the low demand scenario; AVs are always 100% utilized, and HVs participate in the
high demand scenario at a fleet size of (nyy ;y — njyy ). When Py > cp/(wo — ), N* = nyy y,
AVs serve the market alone; in the low demand scenario, there is a number of (njy ; —njpy ) idle
AVs.

variability doesn’t guarantee increased HV participation. Using the variance of M as a metric, the
variability is maximized when Py = 0.5. Consider the case of increasing variability as Py goes
from 0 to 0.5. Then when AVs are relatively more expensive (¢ > 0.5(wg — ¢,)), the average
HYV fleet size is increasing in variability. The intuition is that, when the cost for AVs is relatively
high, the monopoly supplier would rather lose the opportunity to make more profit in the high-
demand scenario, rather than let AVs sit idle in the low-demand scenario. Thus, with more demand
variability, HVs serve a more important role in fulfilling the residual demand in the high demand
scenario. In contrast, when AVs are relatively less expensive (¢ < 0.5(wp — ¢,)), the average HV
fleet size can indeed decrease in variability (for example, the average HV fleet size jumps down
to zero as Py exceeds the critical fractile). This is because, given the low AV costs, the supplier
cares more about losing demand than having AVs idle. Thus, they can afford to hedge demand
variability with a high AV capacity, which eliminates HV participation.

Fig.[12]is a numerical study of the analysis in Fig. [11]for all four market configurations. The shapes
of the average fleet size and the AV capacity exhibit similar patterns across all configurations,
yielding consistent insights as Fig. when Py is at 0 or 1, implying no demand variability, AVs
serve the market alone and there is no HV participation; as Py gradually increases from 0 to 0.5 (or
decrease from 1 to 0.5), HVs start to participate, but the HV fleet size is not always monotone in

Py, implying that higher demand variability does not necessarily lead to more HV participation.
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Figure 12: Numerical examples of the supply composition and optimal AV capacity, in the change
of the potential demand distribution

Note. “Average fleet size”: average number of vehicles (including both AVs and HVs) operating in
the two scenarios; “Optimal/equilibrium AV capacity”: the optimal AV capacity for a monopoly
supplier, or the equilibrium AV capacity with perfectly competitive AVs. Parameters: In all four
examples, c¢/(wo — ¢,) = 0.57.

H Numerical Analysis Supplementary

In this section, we provide additional details on the numerical analysis in Section We start
with the definition of rider surplus (see Appendix. We then provide the rationales behind our
selection of parameters in Appendix [H.2] A specific focus is given to the parameter V, elucidating
its significance as the riders’ maximum valuation of a trip in Appendix[H.3] Concluding this section,
we present additional numerical analysis, namely the welfare and AV revenue for settings with finite

supply elasticity and density effect, in Appendix [H.4]

H.1 Rider surplus definition

In scenario 4, rider surplus depends on the demand curve d;(p). Given a market-clearing price p;,

/ i d;(p)pdp

Ppi

the rider’s surplus is given by

where V' is the price that demand will fall to 0. Throughout the paper, we assume a linear demand

curve (Eq. ); hence, the rider surplus can be further simplified as

my;

LV = i) (375)

14 1
/. d;(p)pdp = Qdi(pi)(v —pi) =
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Aggregating all demand scenarios, the total rider surplus is then given by
! m;
P(mg) 5= (V — pi)?
> Pn) g5V ~») (376)
H.2 Choice of parameters

Table [7] shows how parameters are chosen in Table [2]

Table 7: Data and rationale behind calculations

‘ Data source and rationales behind calculations

a ~ 3(area)/? (Kolesar||1975)), area=300 sq ml (NYC, [Population| (2022))
to 25 min

r Kolesar| (1975

wo GOBankingRates| (2022)

Cy Fuel and maintenance cost per hour

cr Straight-line depreciation of $180k total cost over 3 years.

V Average taxi trip price in the U.S. (Appendix

Note.

H.3 Parameter V: riders’ maximum valuation of a trip

The choice of parameter V' in Table [2| Section is supported by the taxi price from major U.S.
cities. According to our calculation, the average price among the cities is around $101.85/hour. We
round the number to $100/hour and use it as a proxy for the valuation of ride-hailing service for
an average rider, which corresponds to V/2 in our model because we assume a uniform distribution
in [0, V] for riders’ trip valuation. Thus, in Table [2| we set V' = $200/ride-hour.

Table |8 provides the relevant data for calculating the taxi price. For each city, Column “Price”
represents the average price per hour charged by taxis, which is computed using data from Column
“Initial Charge” to Column “Average travel speed”. The detailed calculation of the taxi price in
Table [§] is the following:

Avg. price per trip = Initial charge 4+ per mile charge x avg. trip distance
Avg. duration per trip = avg. trip distance/avg. travel speed

Price = Avg. price per trip/Avg. duration per trip
Thus, we obtain an estimation of the average taxi price per hour in Table [§) Column “Price”. By

taking an average over all cities, we obtain the number $101.85/hour during the trip.
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Table 8: Average taxi price in major U.S. cities

City Price Initial Per mile Avg. trip Avg. travel speed
($/hour) charge charge (%) distance (miles/hour)
(%) (miles)

NYC 86.67 2.5 2.5 3.0 26.0

San 84.66 3.5 2.75 9.5 25.0

Francisco

Boston 88.16 2.6 2.8 4.4 26.0

Chicago 82.39 3.25 2.25 5.5 29.0

Washing- 59.64 3.25 2.16 5.9 22.0

ton DC

Los 118.76 2.85 2.7 6.7 38.0

Angeles

San 166.06 2.8 3 7.2 49.0

Diego

Dallas 100.59 2.25 1.8 8.9 49.0

Phoenix 129.77 ) 2.3 7.7 44.0

Average 101.85
Note. Data source: Initial charge and per mile change — Taxi fares (2015), https://www.
taxifarefinder.com/rates.php; avg. trip distance — Rideguru(2018), https://ride.guru/lounge/
p/what-is-the-average-trip-distance-for-an-uber-or-lyft-ride; avg. travel speed — Geotab,

https://www.geotab.com/|

H.4 Additional numerical analysis

In this section, we provide additional numerical analysis for the finite supply elasticity and density

effect setting. We consider two different values for the HV cost parameter a.

One may observe that, in both examples, the average HV employment is positive across all market
configurations, indicating that HVs serve the market together with AVs under finite supply elasticity
and the density effect.

Below, we provide details for each setting:

H.4.1 Parameter values: a =24, r = 0.4.

See the surplus, welfare, and AV revenue analysis in Table [9] and Table

H.4.2 Parameter values: a = 8¢, r = 0.4.

See the surplus, welfare, and AV revenue analysis in Table [11] and Table
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Table 9: Surplus and HV employment impact (o = 274, 7 = 0.4)

Surplus .

Ridir AV Driver Total Driver Ave. #
Pure-HV $2,233,965 $0 $20,097 $2,254,063 13,231
Monopoly, CPM $2,325,078 $47,805 $1,551 $2,374,434 2,715
Competition, CPM $2,450,100 $0 $698 $2,450,798 1,500
Monopoly, IPM $2,136,637 $113,804 $231 $2,250,671 553
Competition, IPM $2,443,394 $0 $574 $2,443,968 1,194

Note.

Table 10: Equilibrium AV capacity, average demand fulfilled by AVs and HVs, and revenue for AVs
(@ =2e7% r=04)

AV capacity Total demand AV revenue Average price

Monopoly, CPM 11,822 25,689 /hr $159,381 /hr $18.97 /hr

Competition, CPM 13,922 26,355 /hr $130,568 /hr $11.85/hr

Monopoly, IPM 16,488 24,621 /hr $262,502/hr  $27.76 /hr

Competition, IPM 14,698 26,309 /hr $137,176/hr  $11.91/hr
Note.

Table 11: Surplus and HV employment impact (o = 8¢, r = 0.4)

Surplus .

Ridgr AV Driver Total Driver Avg. 7
Pure-HV $1,975,380 $0 $71,024 $2,046,403 12,487
Monopoly, CPM $2,220,070 $68,422 $10,651 $2,299,142 3,991
Competition, CPM $2,442.938 $0 $1,893 $2,444 831 1,157
Monopoly, IPM $2,114,790 $121,475 $785 $2,237,050 511
Competition, IPM $2,437,195 $0 $1,530 $2,438,725 897

Note.

Table 12: Equilibrium AV capacity, average demand fulfilled by AVs and HVs, and revenue for AVs
(a=8e"4 r=04)

AV capacity Total demand AV revenue Average price

Monopoly, CPM 9,645 25,100/hr $160,412/hr  $22/hr

Competition, CPM 14,494 26,309/hr $135,451/hr  $12/hr

Monopoly, IPM 16,458 24,498 /hr $269,904/hr  $28/hr

Competition, IPM 15,197 26,266 /hr $141,340/hr  $12/hr
Note.
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