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Abstract: Female user (driver and rider) safety is a serious concern for ride-hailing plat-
forms. One way to address this concern is to migrate from the traditional “pooling” system
that matches riders with drivers without considering gender to a “hybrid” system with a
“female-only” option. Will such a hybrid system result in a win-win-win outcome for all
involved parties (riders, drivers and the platform)? To answer this question, we investigate
the performance of the two operational systems: a pooling system, and a hybrid system. For
each system, we analyze a two-stage queueing game to determine the equilibrium “joining”
and “participating” behavior of riders and drivers, and then derive the platform’s optimal
pricing and wage decisions. We posit a mismatch cost incurred by a safety-concerned female
user when she is matched with a male counterpart in a ride. By comparing the equilib-
rium outcomes associated with the pooling and the hybrid systems, we draw the following
conclusions: when safety-concerned female users’” mismatch cost is above a certain level,
switching from a pooling system to a hybrid system can result in a win-win outcome for
safety-concerned female users and the platform. However, male and safety-unconcerned fe-
male users might be worse off due to this change in the system configuration. Our results
also help us to rectify some of our intuitions about these two systems. One, in the pooling
system, reducing the mismatch cost associated with safety-concerned female drivers may not
lead to more female riders joining the pooling system, even though it boosts the platform’s
profit in general. Two, in the hybrid system, it is not necessary for female riders to pay a
higher price when they opt for female drivers instead of male drivers. We also relate our
results to certain system configurations adopted by various ride-hailing platforms to address
female safety concerns in different countries.
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1 Introduction

On-demand ride-hailing platforms provide great convenience for riders who need transporta-
tion services and work flexibility for self-regulated drivers who work independently. However,
a notable issue facing platforms such as Uber, Lyft and DiDi is safety concerns: some female
users (i.e., riders and drivers) have been sexually harassed/assaulted by male counterparts
(Feeney 2015). (Hereafter, we refer “users” to as riders and drivers.) Over the past 3 years,
there have been a series of reports about female users being sexually assaulted, raped or
murdered by male users. For example, Uber reported 2,936 sexual assaults on female users
during Uber rides in 2017 and 3,045 in 2018 (Conger 2019). In 2018, a 21-year-old female
rider was murdered by a male DiDi driver during her DiDi ride in China (Grothaus 2018),
and another 20-year-old woman was raped and killed by a male DiDi driver (Zhang and
Munroe 2018). On the driver side, a 20-year-old female DiDi driver was murdered by a male
passenger in 2016 (ChinaDaily 2016).

These sex crimes have heightened female user safety concerns about ride-hailing platforms
(Fong 2019). A six-country survey revealed that 64% of surveyed women drivers stated that
security as a key reason why they do not sign up to become Uber drivers (IFC 2018). To
sustain growth, ride-hailing platforms must develop measures to ensure user safety (Dai and
Tang 2020). One approach is to change from the current gender-neutral “pooling system”
(that matches riders and drivers without considering gender) to a gender-dedicated system
(that only matches riders and drivers of the same gender). DiDi announced in 2018 that
its carpooling drivers can only pick up riders of the same gender in the early morning (late
evening) hours (Al-Heeti 2018). This concern also spawned female-only ride-hailing service
startups: SheTaxis, Safr and Chariot for Women (United States), She Cabs (India) and
She’Kab (Pakistan) .

Moving to a gender-dedicated system has many challenges. First, there is a severe imbal-
ance between female-rider demand and female-driver supply. For instance, females account
for only 2% of drivers but 60% of customers in the taxi and delivery industry (SheRides
2016). In China, only 10% of registered DiDi drivers are female (about 2.3 million), while
half of its riders are female (more than 200 million) (Borak 2018, ChinaNews 2018, AsiaSo-
ciety 2017). According to DiDi, if only same-gender users are allowed to be matched, then
DiDi can only serve 5% of its female riders (DidiPublic 2019). In the United States, 48% of
Uber’s 41.8 million riders are female, and yet 14% of its 1 million drivers are female (Igbal
2019, Muchneeded 2019). Thus, while females’ safety concerns are lessened (or absent) in a
gender-dedicated system, the implementation of such system may lead to a significant loss

of female riders due to the limited supply of female drivers and the significant loss of the



“pooling” effect in a gender-dedicated system.

Instead of separating users (riders and drivers) by gender, some suggest that ride-hailing
companies should create two separate “gender-specific driver” subsystems. At the same
time, because of the scarcity of female drivers, the platform should provide “an option”
for female riders to choose between these two gender-specific driver subsystems. This way,
safety-concerned female riders can join a female-driver subsystem (Buxton 2018) to address
their concern even though they may need to wait a bit longer for their rides. This idea has
received public support in a MoveOn petition that has collected more than 14,000 signatures
(Green and Zimmer 2019). Implementing such an idea requires the establishment of a “hybrid
system” that entails a male-driver subsystem and a female-driver subsystem. Male riders can
join the male-driver subsystem only; however, female riders can join either. By offering each
female rider an option to choose between male- and female-driver system, it can mitigate
the loss of the pooling effect in a gender-dedicated system. Also, this hybrid system could
exploit the heterogeneity of user safety concerns: not all female riders prefer female drivers
and some female riders are not concerned about safety during a ride. According to a survey,
47% of women have no preference between male and female drivers (IFC 2018). With the
flexibility to choose between the two subsystems, safety-unconcerned female riders can pick
the male-driver subsystem, which allows them to enjoy a shorter waiting time due to a
larger male driver pool, while safety-concerned female riders have the option to choose the
female-driver subsystem.

The implications of switching from a gender-neutral pooling system to a hybrid system
(with two gender-specific driver subsystems) are unclear. On one hand, the hybrid system
offers more joining options, attracting more safety-concerned female riders and drivers to
join the hybrid system (relative to the gender-neutral pooling system). On the other hand,
the pooling effect is weaker in the hybrid system (relative to the gender-neutral pooling
system), which may increase the waiting time and discourage riders to join. In view of these
trade offs, we study the implications of both ride-hailing service system configurations by

examining the following questions:
1. What is the user joining behavior in equilibrium under the pooling and hybrid systems?
2. What are the platform’s optimal pricing and wage decisions in each system?

3. In a pooling system, how would the mismatch costs associated with safety-concerned

female users affect the users’ joining incentives and the platform’s profit?

4. Relative to the pooling system, will the hybrid system result in a win-win-win solution

for riders, drivers and the platform?



To explore the above research questions, we consider a situation in which riders are price-
and waiting-time-sensitive and drivers are wage-sensitive. In our model, male user safety
concern is normalized to zero. Female user safety concerns are heterogeneous: some female
users exhibit safety concerns when matched with male counterparts and incur a mismatch
cost, and the rest have no such concern. By considering these factors, we construct a two-
stage queueing game model (Hassin and Haviv 2003, Hassin 2016) to analyze the performance
of the following two systems: 1) a pooling system that matches riders and drivers without
considering gender, where the platform adopts a gender-neutral policy for its pricing and
wage decisions; and 2) a hybrid system consisting of two gender-specific driver subsystems
— a male-driver subsystem and a female-driver subsystem, where the platform adopts a
subsystem-based pricing and wage policy for its pricing and wage decisions. In the hybrid
system, male riders can join the male-driver subsystem only; however, each female rider has
the option to choose between two subsystems. (As discussed earlier, we allow female riders
to choose between male-driver and female-driver subsystems in order to address the issue of
female-driver scarcity so as to ameliorate the waiting time for female riders.)

For each system, we derive the corresponding equilibrium joining and participating behav-
ior of riders and drivers, respectively and the platform’s optimal pricing and wage decisions.
For the pooling system, we show that reducing the mismatch cost for those safety-concerned
female users has an increasing marginal effect on the platform’s profit. This result implies
that it is beneficial for the ride-hailing platform to develop initiatives for reducing the mis-
match cost and safety concern. This is in line with the initiatives taken by DiDi and Uber.!
Also, we obtain two seemingly interesting results. First, in the pooling system, we show that
reducing the mismatch cost for female drivers does not necessarily lead to more female riders
joining the pooling system because of the pricing decision of the platform.

Second, in the hybrid system, female riders do not necessarily pay a higher price when
they opt for female drivers instead of male drivers. When the mismatch cost of safety-
concerned female riders is either sufficiently high or sufficiently low, we show that female
riders will end up paying less when they opt for female drivers. To elaborate, when the
mismatch cost is high, safety-concerned female riders prefer the female-driver subsystem,
causing its waiting time to increase. Hence, the platform needs to lower the price for those
riders to offset their cost of long waiting time in the female-driver subsystem. Also, when

the mismatch cost is low, safety-concerned female riders are likely to join the male-driver

ITo improve rider safety, DiDi has developed a one-click emergency call feature in its app, and an in-trip
audio recording to educate drivers regarding various safety measures (EJinsight 2018, Dai 2018). In the
same vein, Uber has also installed an in-app emergency button in its safety toolkit (Uber 2019). Both DiDi
and Uber now conduct background checks and screen their drivers to improve rider safety (Shen 2018, Bell
2018). Those actions can effectively reduce female users’ safety concern and thus decrease the mismatch
costs when matched with male counterparts, which in turn could help the platform to increase its profit.



subsystem, causing its waiting time to increase. To persuade female riders to switch from the
male-driver subsystem to the female-driver subsystem, the platform has to charge a lower
price in its female-driver subsystem.

Finally, we compare the equilibrium outcomes associated with the two systems by fo-
cusing on three issues: (1) accessibility of safety-concerned female users, (2) other users’
utility, and (3) platform profit. Our comparisons yield the following results. First, relative
to the pooling system, the hybrid system reduces the mismatch cost incurred by safety-
concerned female users and increases their accessibility. Second, while the hybrid system
suffers from a slight loss of the pooling effect, the hybrid system renders a higher profit than
the pooling system when the mismatch cost of safety-concerned female users is sufficiently
high. Third, from the perspective of those safety-unconcerned users, i.e., all male and safety-
unconcerned female users, their utility may deteriorate slightly when the platform switches
from the pooling system to the hybrid system. This is because the platform has to adjust
its price and wage to “subsidize” those safety-concerned users at the “expense” of those
safety-unconcerned users in the hybrid system. These findings imply that the hybrid system
benefits safety-concerned female users and the platform. Lastly, by considering different
mismatch costs that female users incur in different countries, we illustrate how our analyt-
ical results are congruent with different ride-hailing systems adopted in different countries.
For example, in Saudi Arabia where female user safety concern is high (Narayan 2018), our
results supported the adoption of the hybrid system with a female-driver subsystem.

The remainder of this paper is organized as follows. We review the related literature in
Section 2. The model formulation is presented in Section 3. We conduct the game-theoretical
analysis of the pooling and hybrid systems, respectively, in Sections 4 and 5. In particular,
we derive the associated equilibrium outcomes. We then compare the two systems and
conduct the related discussions in Section 6. Section 7 concludes the paper. All of the proofs
are relegated to the online Appendix A. We discuss the detailed equilibrium derivation and
analysis associated with the pooling system and the hybrid system in online Appendices B

and C, respectively.

2 Literature Review

Our paper belongs to the emerging research stream that studies on-demand ride-hailing
platforms in a two-sided market. For research on two-sided markets, see Armstrong (2006),
Rochet and Tirole (2006), Weyl (2010), Hagiu (2014), Hagiu and Wright (2015), Eisenmann
et al. (2006) and the references therein. The literature on ride-hailing platforms has inves-

tigated issues such as surge pricing (e.g., Banerjee et al. (2015) and Cachon et al. (2017)),



optimal commission contracts (e.g., Hu and Zhou (2017) and Bai et al. (2019)), pricing with
cost-sharing consideration (e.g., Jacob and Roet-Green), driver and rider role exchanges
(i.e., the roles of riders and drivers are interchangeable, e.g., Gao et al. (2018)), competition
between platforms (e.g., Cohen and Zhang (2019)) and matching between different types of
users (see e.g., Caldentey et al. (2009), Baccara et al. (2020) and Hu and Zhou (2020)). We
refer the reader to the comprehensive reviews provided by Benjaafar and Hu (2020) and Hu
(2020). In this stream of work, ours is closely related to Taylor (2018) and Benjaafar et al.
(2020). Taylor (2018) investigates how rider delay sensitivity and driver self-regulation affect
a platform’s optimal pricing and wage decisions. Benjaafar et al. (2020) investigate the effect
of the labor pool size on labor welfare. Also, the price discrimination literature is vast; see,
e.g., Choudhary et al. (2005), Ferrell et al. (2018), Trégouét (2015), Horstmann and Kramer
(2013), Jayaswal et al. (2011), Mitra and Capella (1997) and Chen (2009). In our paper,
we also consider price and wage decisions and price discrimination issues; however, ours is
the first to investigate the gender-related safety concerns and how these concerns affect the
profitability of a ride-hailing platform.

While Kostami et al. (2017) consider users’ gender preferences and pricing issues in a
club setting, we examine the users’ gender preference in a different context (ride-hailing
platform) and investigate the platform’s optimal price and wage decisions and the joining
(and participating) behavior of riders (and drivers). Like Kostami et al. (2017), we examine
the externality effect (excluding congestion effect) brought by one gender type users on the
other, and the use of dedicated capacities to separate these two gender types of users to
mitigate such externality. Unlike Kostami et al. (2017), our model differs in two aspects.
One, Kostami et al. (2017) focus on a one-sided market so that externality occurs in the
demand-side; however, we deal with a two-sided market so that same-side externality occurs
in both the demand- and the supply-side. Also, we have to deal with cross-side externality
because the utility of the demand-side riders is affected by the number of the supply-side
drivers and vice versa. Two, in Kostami et al. (2017), the capacity is “exogenously given” and
it can be arbitrarily allocated between the two gender types of users. However, in our paper,
the capacity is “endogenously determined” by the drivers’ participating behaviors of both
genders. Moreover, the supply of the two gender types of drivers (especially female drivers)
is capacitated. Therefore, in contrast to the two dedicated systems proposed in Kostami
et al. (2017), we instead consider a “hybrid” system that grants safety-unconcerned female
riders the flexibility so that the platform can achieve a better balance between demand and
supply. Finally, while Kostami et al. (2017) focus only on profit maximization, we examine
additional performance measures: accessibility of safety-concerned female users.

Our paper is also related to the product line design literature when customers are het-



erogeneous. Chen (2001) considers a manufacturer’s product line design (product types and
quality of each type) when the market is comprised of green and ordinary customers. Bellos
et al. (2017) study how providing car sharing affects a car manufacturer’s driving performance
design under a setting that customers have different valuations of driving performance. The
most closely related paper is Netessine and Taylor (2007) who examine how a manufacturer’s
product line design is affected by the observed customer type information and production
technology. Akin to Netessine and Taylor (2007), our pooling system can be viewed as the
system that produces a composite product while the hybrid system produces two different
quality products. However, our service system design problem is different from the product
line design problem in four ways. First, unlike the product line design problem in which the
capacity is directly controlled by the firm, our system capacity is endogenously determined
by the self-regulated drivers. Second, unlike the product line design problem without capac-
ity constraint, we deal with limited capacity (especially female drivers). Third, unlike the
product line design problem in which externality may occur on the demand-side, our system
has different types of aforementioned externalities. Fourth, unlike the product line design
problem in which high-quality products can be sold in higher prices, our platform may charge
a lower price in the female-driver subsystem than that of the male-driver subsystem, due
to the potential longer waiting time (congestion) in the female-only subsystem. Ultimately,
our context and our analysis are completely different from that of the product line design

problem.

3 Model Preliminaries

Consider an on-demand ride-hailing platform that sets a price rate p (measured in terms of
price per service) and a wage rate w (measured in terms of wage per service) to coordinate
price- and waiting-time-sensitive riders (i.e., demand) and earning-sensitive independent

drivers (i.e., supply) of both genders, female (labeled f) and male (labeled m).

Platform’s System Configuration. The platform can adopt two potential operational
systems: a gender-neutral pooling system and a hybrid system (consisting of a male-driver
subsystem and a female-driver subsystem); see Figure 1 for an illustration. In a pooling sys-
tem, riders and drivers are matched without considering gender. Hence, the safety concerns
of female riders and drivers are present when they are matched with male counterparts. As
the pooling system is operated as a single legal entity, gender-based pricing and wages are
normally deemed discriminatory and may be illegal. Thus, it suffices to consider a gender-
neutral pricing and wage policy.

As explained in §1, drivers are divided into two gender-specific subsystems in the hybrid
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Figure 1: Two Operational Systems for the Platform

system. Also, male riders can join the male-driver subsystem only, while female riders have
the option to join either subsystems (in order to address the issue of female-driver scarcity
and the issue of long waiting time for female riders). Hence, safety concerns are absent in
the female-driver subsystem from the perspective of both female riders and female drivers.
Also, we consider the case when the platform operates the two subsystems (in the hybrid
system) as two separate legal entities so that the platform could set subsystem-based prices
and wages. (Our model can easily be extended to examine the case when the pricing and
wages are identical in both subsystems by restricting that wages and prices in the subsystems

are equal.)

Rider Characteristics. Potential female and male riders may request on-demand ride-
hailing service according to independent Poisson processes with rates Ay and A,,, respec-
tively. The total potential arrival rate A = A,, + Ay. Male riders are homogeneous and have
less safety concerns about driver’s gender. Without loss of generality, we scale male safety
concern to zero (i.e., no safety concern). Female riders are heterogeneous regarding safety
concerns about driver gender. Specifically, 0z proportion of them have no safety concern
regarding driver gender (IFC 2018); that is, they are safety-unconcerned female (labelled
fe) riders with a Poisson arrival rate Ay, = dpA;. The remaining (1 — 6x) proportion are
concerned about safety and feel uncomfortable when matched with a male driver; that is,
they are safety-concerned female (labelled f,) riders with arrival rate Ay, = (1 — 0r)Ay.
The total potential arrival rate of safety-unconcerned riders consists of all male and those
safety-unconcerned female riders, and we denote it as Ag (= Ay, + Ay,).

Note that given price p and anticipating waiting cost ¢ - W, in which ¢ is the unit-time



waiting cost and W is the expected waiting time in the queue, some riders may choose not
to request the service. We denote the effective joining rates of female and male riders as
Ay and Ap,, respectively. Then, \; < Ay, @ = f,m. Furthermore, let Ay, and A;, denote the
effective joining rates of safety-concerned and safety-unconcerned female riders, respectively.
Thus, the effective total joining rate of female riders is Ay = Ay, + Ay,

To simplify our exposition, we assume that both male and female riders receive the same
base reward R from the ride-hailing service. However, when matched with male drivers,
safety-concerned female riders suffer a “gender-induced mismatch cost” a. Such mismatch
cost may result from anxiety and worries during the ride. It measures the degree of female
riders’ safety concerns when the ride-hailing service is offered by male drivers, that is, to
what extent female riders dislike being matched with male drivers. A larger a implies that

female riders have a lower safety confidence level towards male drivers.

Safety-concerned Safety-concerned
female riders As. = (1 — 6g)Ay  female drivers Nyc = (1 — 8p) N

Safety-unconcerned
female riders

Figure 2: The Composition of Riders and Drivers

Driver Characteristics. There are Ny female and N,, male registered drivers, each of
whom can serve a rider according to an exponential distribution with service rate u (e.g.,
the number of riders served per unit of time). Male drivers outnumber female drivers, i.e.,
N,, > Ny, which is consistent with actuality (SheRides 2016, Borak 2018, ChinaNews 2018,
AsiaSociety 2017). Again, male drivers are homogeneous and less safety-concerned about
rider gender so that we scale male safety concerns to zero. Female drivers are heterogeneous
regarding safety concerns about rider gender. Among the Ny female drivers, 6 proportion of
them do not have safety concerns about rider gender while the remaining (1 —Jp) proportion
have such safety concerns. That is, the number of safety-concerned and unconcerned female
drivers are Ny = (1 — dp)Ny and Ny, = dpNy, respectively. Hence, the total number of
safety-unconcerned drivers, including male and safety-unconcerned female drivers, denoted
by Ny can be expressed as Ny = N, + N;,. For ease of reference, we summarize the

composition of rider and driver types in Figure 2.



All registered drivers, regardless of gender, have the same reservation price (or oppor-
tunity cost) r. They participate and serve if the earning rate is no less than r. Denote
ny., ng, and n,, as the effective participating number of safety-concerned female drivers,
safety-unconcerned female drivers and male drivers, respectively. Then, the effective total
participating number of female drivers is ny = ny, + ny,. When matched with male riders,
safety-concerned female drivers suffer a gender-based mismatch cost b. The parameter b
measures the degree of female drivers’ safety concerns when serving male riders, that is, to
what extent female drivers dislike being matched with male riders. A larger b implies that

female drivers have a lower safety confidence level towards male riders.

Waiting Time. For tractability, we model the ride-hailing service operation as an M/M/1
queueing system. A similar assumption has been adopted in the literature; see, e.g., Ben-
jaafar et al. (2020). Given an effective rider joining rate, A, and an effective driver service
rate, nu (that is, n effective drivers), the expected waiting time in the queue W (A, n) can

be shown to be
A

W\ n)= { np(np—A)’

+00, otherwise.

it A <npu

(1)

Sequence of Events. For both the pooling and hybrid systems, the sequence of events is
as follows. First, the platform decides on the price(s) p and wage(s) w (for the entire pooling

system or for each gender-specific subsystem in the hybrid system) to maximize its profit
II=Ap—w), (2)

where \ is the effective joining rate of riders (for the entire pooling system or for each
gender-specific subsystem in the hybrid system). Upon observing the price(s) and wage(s),
riders and drivers of both genders respectively decide whether to participate based on their
own utility functions. Note that the effective joining rates of different types of riders and
the effective participating number of different drivers must be jointly solved through an
equilibrium analysis of each player’s behavior because their payoffs are determined by their
joint behavior.

As the ride-hailing system is often supply-constrained (Banerjee et al. 2015, Taylor 2018),
NA;L > 1 is required, where N := N; + N,,. Also, to reflect the reality that on ride-hailing
platforms, female riders account for a large proportion of demand but female drivers account
for a only small proportion of supply (SheRides 2016, Borak 2018, ChinaNews 2018), we
assume that ]\Ifx—fu > 1. This assumption assures that even when all female drivers participate,
they cannot serve all female riders in a steady state. Throughout this paper, we restrict our
attention to the parameter range within which a platform’s expected profit under optimal
pricing and wage decisions is strictly positive (Taylor 2018). Table 1 summarizes the key

notation used.
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Table 1: A List of Key Notation

fim, fe, fo Female: f; male: m; safety-concerned/-unconcerned female: f. /f,
10) Safety-unconcerned users, consisting of males and safety-unconcerned females
Niyi € {fe, fo, f[,m} Potential arrival rate of type-i riders with Ay = Ay, + Ay, A = A, + Ay
Ay Potential arrival rate of safety-unconcerned riders with Ag = A, + Ay,
Ay,
or Fraction of safety-unconcerned female riders, 0 < dg = A%j’ <1

iyt € {fe, fo, frm} Effective joining rate of type-i riders

Nii € {fe, fo, [, m} Number of registered type-i drivers with Ny = Ny, + Ny, N = N, + Ny
Ny Number of registered safety-unconcerned drivers with Ny = N, + Ny,
op Fraction of safety-unconcerned female drivers, 0 < §p = ]jv—ff" <1

ni, i € {fe, fs, f,m, ¢} Effective participating number of type-i drivers

Service rate

Reservation price

Base service reward per ride

Unit-time waiting cost

Mismatch cost associated with female riders when being served by male drivers
Mismatch cost associated with female drivers when serving male riders
Price per service

Wage per service

8T e 0 3T

4 Analysis of the Pooling System

In this section, we analyze the system performance associated with a gender-neutral pooling
system via backward induction. Below, we first characterize the utilities of riders and drivers,
and then we derive their equilibrium joining/participating behavior. By considering the

equilibrium behavior, we derive the platform’s optimal price and wage decisions by solving

2).

4.1 Users’ Utility Functions

In a pooling system, safety-unconcerned female riders behave the same as male riders. Given
riders’ effective joining rate A = Ay + A, = (Af.+ Ay, )+ A, and drivers’ effective participating
number 1 = ny + n, = (ns, +ny,) + Ny, the utility of a male rider or a safety-unconcerned

female rider joining the ride-hailing service can be written as
Um()\a n) = Uf¢<)‘a n) =R- p—= CW()‘v n)? (3)

where R is service reward, p is price, W(A, n) is the waiting time given in (1), and ¢W (X, n)
is the encountered total waiting cost.

Given the number of female and male drivers, ny and n,,, the probability of a safety-
concerned female rider being matched with a male driver is n,,/(ns+n,,), in which situation

she incurs a mismatch cost a. Thus, the utility of a safety-concerned female rider can be

11



derived as n
U () = Bp—eW(m) =T @

Similarly, we can derive the net utilities of male drivers, safety-unconcerned female drivers

and safety-concerned female drivers participating in the ride-hailing service as follows:

A+ Ap 4 A A b A
Sw(An) = Sp(An)= fe T Moy o Im TS (5)
nfc+nf¢~|—nm ng+ Ny

A+ A + A A A+ A A
Sp.(Am) = S Moy b= DTy, (6)

m
r— = w—1r— ——0.
ng +ng, +nm )‘m+>‘fc+>\f¢ ng+ Ny Am + Ay
For notational convenience, we define

Am + )\f
nfc +nf¢ +nm7

i =m, fg, fe (7)

di(nfc,nf¢,nm) =
Then, d;(ny,,ny,,nm) can be regarded as the demand rate of a type-i driver, i = m, fy, fe.

4.2 Equilibrium Analysis and Optimal Price and Wage Decisions

Below, we first derive the equilibrium joining/participating behaviors of riders/drivers of
both genders for the given price and wage. Following the similar approach for analyzing
standard queueing games (Hassin and Haviv 2003), the process to determine the equilibrium
joining/participating behaviors of 6 groups (male riders and drivers, safety-unconcerned fe-
male riders and drivers, safety-concerned female riders and drivers) is rather tedious because
of the following reasons. In the pooling system as shown in Figure 1, each of the three groups
of drivers (male drivers, safety-concerned and safety-unconcerned female drivers) have to de-
cide whether to participate or balk. Similarly, each of the three groups of riders have to
decide whether to join or balk. For each individual within each group, s/he will choose the
option that yields the higher utility as defined above. However, the utility of each individual
within one group depends on the joining/participating behavior of all other groups due to the
(same-side and cross-side) externality effect caused by the waiting time. For this reason, the
determination of the equilibrium joining/participating behavior is complex and it involves
many intermediate steps.

To reduce the burden, we can utilize a fact (that can be proven) to facilitate our
equilibrium analysis: if some safety-concerned female riders join the system, then safety-
unconcerned female riders (and all male riders) must “all join.” The same rationale holds
for drivers. In other words, safety-unconcerned users gain some “privilege” over same-type

safety-concerned users.?

2Changing to a hybrid system could cause safety-unconcerned users to lose such privilege, which will
lower their utility under the hybrid system.
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After obtaining the equilibrium joining behavior of users, we can derive the platform’s
optimal pricing and wage decisions p* and w* by maximizing the platform’s profit stated
in (2). Instead of showing the details of the intermediate steps for determining the equi-
librium user (rider and driver) behavior and the optimal price and wage in the main text,
we focus on the discussion of our key results and their implications and refer interested
readers to the online Appendix B for the detailed equilibrium analysis and Table B.1 for
the optimal price p*, wage w* and platform profit IT*, as well as the corresponding equi-
librium joining/participating behaviors of riders/drivers of both genders.> We now present
users’ equilibrium joining and participating behaviors associated with the platform’s optimal

(profit-maximizing) price and wage in the following proposition.

Proposition 1. When the platform charges riders the optimal price and offers drivers the
optimal wage in the pooling system, the equilibrium joining rates of riders and the number

of participating drivers exhibit the following characteristics:

1. (Demand). All safety-unconcerned riders, i.e., male and safety-unconcerned female
riders, join the system. Howewver, only a fraction of safety-concerned female riders join

the system. That is, \; = Ny, i =m, fs, and X}, < Ay,.

2. (Supply). All registered safety-unconcerned drivers, i.e., male and safety-unconcerned

female drivers, participate in the system. That is, n; = N;, i =m, f,;. However,

(a) if the number of registered safety-unconcerned drivers Ny is sufficiently large such
that uNg > N, and the mismatch cost b is sufficiently high (i.e., b > E(a)), then

all safety-concerned female drivers will balk, i.e., n} = 0;

(b) otherwise, all safety-concerned female drivers will participate, i.e., ny = Ny,.

The expressions for A} and B(a) stated above can be found in Table B.1 and equation (27)
of the online Appendix B, respectively.

Proposition 1 indicates that all safety-unconcerned users, including male and safety-
unconcerned female riders and drivers, always join the system as they have no safety concerns.
Also, safety-concerned female riders join the system with a certain probability; in contrast,
safety-concerned female drivers may “all join” or “never join” the system, a result hinging

upon the mismatch cost b and the labor pool size of safety-unconcerned drivers Ny. Such

3Note that throughout our analyses, we only consider the equilibrium outcomes in which safety-concerned
female riders join the system at a non-zero rate. While deriving the equilibrium joining/participating be-
haviors of riders/drivers, one can easily find some equilibria in which all safety-concerned female riders balk
in a pooling/hybrid system. As such equilibrium outcomes deviate from our research motivation, they are
not our focus, and we omit such trivial cases.
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“all join” or “never join” behavior is due to the positive participating driver externality,
that is, “the equilibrium demand allocated to a driver strictly increases with the number
of participating drivers” (Taylor 2018). Thus, under the optimal price and wage, either all
registered drivers work or only safety-unconcerned drivers work. Therefore, when making
staffing decisions, the platform has to choose between two options: setting a relatively high
wage to attract all drivers or setting a relatively low wage to attract only safety-unconcerned
drivers. Proposition 1 implies that when the labor pool size of safety-unconcerned drivers
is large enough (Ngp > Ay) and the mismatch cost associated with safety-concerned female
drivers is relatively high (b > b(a)), the latter dominates the former as the profit gained
from serving more safety-concerned riders cannot surpass the loss encountered due to higher
payments to drivers. Proposition 1 also implies that the platform may use wages as a tool
to screen drivers who are concerned about safety.

We next investigate the effects of mismatch costs a and b associated with safety-concerned

female users on the system performance. We obtain the following results.

Proposition 2. When both safety-concerned female riders and drivers join at a non-zero rate
in the pooling system (which occurs when either the number of safety-unconcerned drivers
is sufficiently small (uNy < Ay) or when safety-concerned female drivers’ mismatch cost
b < /b\(a)), then we have:

1. The optimal price p* decreases while the optimal wage w* increases in both a and b.

2. The effective joining rate of safety-concerned female riders Xj is decreasing with a but

increasing with b.

3. The participating number of safety-concerned female drivers is always Ny,, regardless

of the magnitude of a and b.
4. The platform’s profit II* is decreasing and convex in both a and b.

The first statement of Proposition 2 shows that higher mismatch costs of safety-concerned
female users (i.e., as a or b increases) would induce the platform to reduce its price and
increase the wage. This is because a higher gender-based mismatch cost more likely prevents
safety-concerned female users to join the system. Upon closer examination, Proposition 2
has the following implications.

One, to improve profitability, the platform should reduce safety-concerned female users’
mismatch costs a and b as much as possible. Proposition 2 implies that enhancing the safety
confidence of female users to reduce the mismatch costs when they are matched with a male

counterpart can improve the platform’s profitability. Statement 4 of Proposition 2 further
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shows that there is an “increasing marginal improvement” on the platform’s profit as a or b
is reduced.

Two, reducing female riders’ mismatch cost a can entice more joining female riders;
however, reducing female drivers’ mismatch cost b can result in fewer joining female riders.
The former is intuitive, but the latter is not. To elaborate, consider the case when the
mismatch cost of safety-concerned female drivers is high so that the platform has to set a
sufficiently low price to entice more female riders to join in order to attract more safety-
concerned female drivers to participate. However, as the mismatch cost b is reduced, female
drivers are more willing to participate and the platform can afford to increase its price and

turn away some female riders.

5 Analysis of the Hybrid System

We now turn our attention to analyzing the hybrid system that is comprised of a male-driver
subsystem and a female-driver subsystem as shown in Figure 1. As explained earlier, male
riders can only join the male-driver subsystem; however, female riders can choose between
the male-driver subsystem (labeled “M”) and the female-driver subsystem (labeled “F”).
By granting this flexibility, the platform can mitigate the loss of the pooling effect (from the
rider side) due to a gender-dedicated system.

Female-driver subsystem. By using subscripts M and F' to denote the male-driver sub-
system and female-driver subsystem, respectively, the effective rider joining rate in the
female-driver subsystem with an effective female driver participating number ny is Ap =
(A.,r + Ag,, ) (from safety-concerned and -unconcerned female riders). Because safety con-
cern is absent in the female-driver subsystem as depicted in Figure 1, the joining utility for

both safety-concerned or -unconcerned female riders are identical so that
Us,.r(Ap,ng) = Uyp, p(Ar,ny) = R — pr — cW(Ap,ny), (8)

where pg is the price charged in the female-driver subsystem. Similarly, the net utilities of
safety-concerned and -unconcerned female drivers participating in the female-driver subsys-

tem are also identical so that

Ao F+ Mg,
St r(Ar,ny) = Sy, r(Ar,ny) = %ffﬂ CwE — T, (9)

is the demand rate, and r is the reservation

. . Afe, FHAry, F
where wr is the wage per service, ————*—

price of the female driver.
Male-driver subsystem. In a male-driver subsystem with an effective rider joining rate

A = (A + Ap, v + Agpoar) (including male riders and safety-unconcerned and -concerned
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female riders) and an effective male driver participating number n,,, each safety-unconcerned
female rider and each male rider receive the same utility from joining the male-driver sub-

system so that

Uf¢,M()\Ma nm) = Um,M()\M,nm) =R—py— CW(AM, nm>7 (10)

where p,s is the price charged. However, in the male-driver subsystem, mismatch cost a is
incurred for each safety-concerned female rider with certainty so that her utility of joining
the system is

U, i Anr, ) = R — pyr — W (A, ) — a, (11)

fe.MTApy M+Am
n

A
By observing that the demand rate of a male driver equals in the male-driver

subsystem, each male driver receives the following net utility:
>\m + >\f07M + Af(b’M

Sm()\M,nm) = n Wy — T (12)

Using the same approach as stated in §4, we first analyze the equilibrium joining/participating
behaviors of riders/drivers for the given prices and wages of the two subsystems. Unlike the
pooling system, the drivers are gender-specific in each subsystem in the hybrid system so
that each driver only needs to decide whether to participate in the corresponding gender
subsystem or not. Male riders just need to decide whether to join the male-driver subsys-
tem or balk. However, as depicted in Figure 1, (safety-concerned and safety-unconcerned)
female riders have three options: join the male-driver subsystem, join the female-driver
subsystem, or balk, and they will choose the one that yields the highest utility. The join-
ing /participating behavior of each group affects the joining/participating behavior of other
groups due to the externality effect caused by the waiting time. After deriving the equilib-
rium joining/participating behavior, we then investigate the platform’s optimal pricing and
wage decisions by maximizing the platform’s profit stated in (2).

Again, to avoid getting bogged down in the details of various intermediate steps of our
analysis, we relegate the detail analysis to online Appendix C for the equilibrium analysis,
and Table C.1 for the expression of the optimal prices p! and wages w? of subsystem s €
{M, F}, the platform’s profit ﬁ*, and the corresponding equilibrium joining/participating
behavior of riders/drivers, where ™ is intended to denote the equilibrium outcomes associated

with the hybrid system. By considering the equilibrium outcomes, we get:

Proposition 3. When the platform charges riders the optimal price and offers drivers the
optimal wage in the hybrid system, the equilibrium outcomes exhibit the following character-

1stics:

16



1. (Demand). Suppose that the number of registered male drivers Ny, is sufficiently large
compared to the potential arrival rate of safety-unconcerned riders Ay (i.e., tNy, > Ny)
and that the safety-concerned female riders’ mismatch cost a is sufficiently low (i.e.,
a < a, where @ can be found in (31) of the online Appendiz C). Then,

(a) all safety-unconcerned riders (i.e., all male and safety-unconcerned female riders)

join the male-driver subsystem.

(b) some safety-concerned female riders join the male-driver subsystem, some join the
fvemale—dm'vfr subsysteln, and the resti)alk. Mgre formally, an =A,, X%,M = Ay,
)\}@F =0, A}y >0, A >0, and A} + A5 p < Ay

If the above conditions do not hold, then some male riders balk. For safety-unconcerned
female riders, some join the male-driver subsystem, some join the female-driver sub-
system, and the rest balk. For safety-concerned female riders, they either join the
{emale—cﬁ’iver subsystem or balk. More formglly, 0 < Xjn + X’}@M < Ap+Apy, 0 <
Ap T A S Ap,, and Ny 3y =0 and 0 < Xj g < Ay,

2. (Supply). All registered male drivers participate in the male-driver subsystem and all
registered female drivers participate in the female-driver subsystem. That is, n), = Ny,

i = Ny.

Statement 2 of Proposition 3 reveals that all registered drivers participate in the hybrid
system, which is different from the pooling system in which safety-concerned drivers may
not participate (see Proposition 1). This difference is caused by the fact that drivers are
gender-specific in the subsystems so that female drivers, regardless of whether they are
safety-concerned, are now matched with female riders only in the female-driver subsystem.
Without incurring the mismatched cost b, all female drivers will participate in the female-
driver subsystem.

From the riders’ perspective, statement 1 of Proposition 3 shows that safety-concerned
female riders may also join the male-driver subsystem when their mismatch cost a is low
(e < @) and the labor pool size of male drivers is large (i.e., uN,, > Ay) (so that the
platform can offer a lower wage and charge a lower price). However, when either one or both
conditions do not hold, safety-concerned female riders only join the female-driver subsystem.?
In this case, the hybrid system essentially operates as “two dedicated queues”: the male-

driver subsystem consists of only safety-unconcerned users while the female-driver subsystem

4We note that multiple equilibria exist; however, they do not affect the platform’s optimal pricing and
wage decisions. We refer interested readers to the online Appendix C for the detail.
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consists of only safety-concerned female users. Consequently, the gender-based mismatch
costs play no role in this situation.

By using the equilibrium joining and participating behavior of riders and drivers, we can
determine the optimal prices and wages by solving the platform’s problem (2) associated
with each subsystem. Recall that the platform can set subsystem-specific prices and wages
as two legal entities. At the same time, knowing female drives are scarce Ny < N,,, we
wonder if the platform will charge a higher price in the female-driver subsystem so that it
can offer a higher wage to female drivers. The corollary below specifies the conditions under

which the optimal price is higher in the female-driver subsystem so that p}. > p},.

Corollary 1. Consider the case when the platform adopts the hybrid system. Suppose that
the number of registered male drivers N, is large (Nypu > Ay) and safety-concerned female
riders’ mismatch cost a satisfies a < a < a (where @ is defined in Proposition 3 and a is
characterized by (16) in the online Appendix A). Then, the optimal price is lower in the male-
driver subsystem so that p; < pj.. Otherwise, the optimal price is lower in the female-driver

subsystem; i.e., Py > Die-

8
P
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Figure 3: Optimal Prices in Two Subsystems: N,,, = 1100, A,,, = 1000, N; = 300, Ay = 1500,
p=157r=2c=1 R=8, 6r = 40%, 6p = 50%

Before we interpret the result stated in Corollary 1, let us illustrate our result graphically
in Figure 3. Observe from Figure 3 that the optimal price p}. of the female-driver subsystem
is independent of the mismatch cost a. This is because there is no mismatch in the female-
driver subsystem. Next, notice that the optimal price is higher in the female-driver subsystem
(p% > ph,;) when the safety-concerned female riders’ mismatch cost a satisfies @ < a < @.
Given the scarcity of female drivers, this result is as expected because the platform has

to charge more so that it can pay female drivers more to entice more female drivers to
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participate. However, it is interesting to note that it is not always true that the optimal
price in the female-driver subsystem is always higher. As shown in Corollary 1 and Figure
3, the optimal price for female-driver subsystem can be lower than that of the male-driver
subsystem when a is sufficiently low or sufficiently high.

This seemingly counter-intuitive result can be explained as follows. First, consider the
case when a > @ (so that the condition as stated in Proposition 3 does not hold), more
safety-concerned female riders would prefer the female-driver subsystem, which will cause
the waiting time of the female-driver subsystem to increase (due to female-driver scarcity).
To compensate for this increase in waiting time, the platform has to charge a lower price in
the female-driver subsystem. Second, consider the case when a < @ (so that the condition as
stated in Proposition 3 holds). Specifically, when « is sufficiently low, female riders have very
little safety concerns and behave as if they are safety-unconcerned. Some safety-concerned
female riders will join the male-driver subsystem (along with all safety-unconcerned riders
as stated in statement 1(a) of Proposition 3). This will cause the waiting time of the male-
driver subsystem to increase (especially when both subsystems exhaust all drivers as shown
in statement 2 of Proposition 3). To channel some safety-concerned female riders from the
male-driver subsystem to the female-driver subsystem, the platform has the incentive to

charge a higher price in the male-driver subsystem.

6 System Comparison and Discussion

By using the results established in §4 and §5 for the pooling and hybrid systems, we now
compare the equilibrium outcomes of these two systems. Specifically, we wonder if and
when the hybrid system dominates the pooling system in terms of user utility and platform
profit. We end this section by relating our results to the actual system adopted by various

ride-hailing platforms in different countries/regions.

6.1 Pooling versus Hybrid

Because the motivation for considering the hybrid system is to serve more female riders
and to support more female drivers due to their safety concerns, we shall first compare the
joining rate of safety-concerned female riders and the participation rate of safety-concerned
female-drivers between the pooling and the hybrid systems. Then we compare the utility of

different groups of users and the platform’s profit between these two systems.

Proposition 4 (Safety-concerned Female Riders’ Accessibility). The equilibrium
joining rate of safety-concerned female riders in the hybrid system is (weakly) larger than

that of the pooling system when (a) the number of male drivers is sufficiently large such that
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Nt > Ny; and (b) the mismatch costs of female users (a,b) € ©1 = {(a,b) : (a < a ora >
a) and b > /b\(a)}; i.e., when female driver mismatch cost b is high and female rider mismatch
cost a 1s either sufficiently high or sufficiently low, where the expressions for a and a and

the property that a <a < a are provided in (17) and (18) of the online Appendiz A.

Recall from Proposition 1 (statement 1(a)) and Proposition 3 (statement 2) that, when the
safety-concerned female driver’s mismatch cost b > /b\(a), all safety-concerned female drivers
balk in the pooling system and yet they all participate in the female-driver subsystem within
the hybrid system. Also, recall from statement 1 of Proposition 3 that safety-concerned
female riders will consider joining the female-driver subsystem only when their mismatch
cost a > a. Hence, as more female drivers participate and female safety concerns are absent
in the female-driver subsystem, it is intuitive to expect more safety-concerned female riders

to join the hybrid system than the pooling system when their mismatch cost a > a.
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Figure 4: Illustration of Proposition 4: N,, = 13, A,, = 6.5, Ny = 8, Ay = 15, pp = 1,
TZO.Q,CZB,R:4, (5325%, (SD:85%

However, it is less obvious why the hybrid system can attract more safety-concerned
female riders when their mismatch cost a < a. To gain a better understanding, we conduct
a numerical study to illustrate our result in Figure 4. Before we explain the result, let us
first examine the optimal prices that the platform will charge under both systems. For the
pooling system, statement 1 of Proposition 2 indicates that the platform’s optimal price p*
is continuous and the platform can afford to charge a higher price as the mismatch cost a
becomes lower. However, for the hybrid system, we note that there is a downward “jump”
in the optimal price p}, for the male-driver subsystem when a becomes lower than @, as

depicted in Figure 4(a). Specifically, when a < @, Figure 4(a) reveals that pj, < p} (on the
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range a € [a,a] according to Corollary 1) and p}, < p*. Hence, when the mismatch cost
a < a, safety-concerned female riders can enjoy a lower price p}, by joining the male-driver
subsystem, which is lower than the price they would have to pay in the pooling system
(if they were to join). As a consequence, more safety-concerned female riders will join the
hybrid system than the pooling system, as depicted in Figure 4(b).

Next, let us consider the participation rate of safety-concerned female drivers in both
systems. Because female driver’s safety concern is absent in the female-driver subsystem,

more female drivers are eager to participate in the hybrid system. More formally, we have:

Proposition 5 (Safety-concerned Female Drivers’ Accessibility). The equilibrium
participating rate of safety-concerned female drivers is always (weakly) larger in the hybrid

system than that of the pooling system.

We now compare the utility of different groups of users (male, safety-concerned female
and safety-unconcerned female) in both systems. To do so, we first determine the utility of
each type-i rider U; (ﬁi)and the utility for each type-i driver S; (:9;), where i = m, f., fs, for
the pooling system (the hybrid system) as defined in §4.1 (in §5) by substituting the joining
rate and participation rate presented in Proposition 1 (Proposition 3). Through the direct

comparison, we get:
Proposition 6 (User Utility). Under optimal pricing and wage decisions,

1. (a) Safety-concerned female riders obtain the same individual utility in the hybrid

system as in the pooling system, i.e., Uy, = ﬁfe;

(b) Both male and safety-unconcerned female riders obtain a higher individual utility
in the hybrid system than in the pooling system, i.e., U, > U, , 1= fo,m, if
and only if: (a) the number of registered male drivers is sufficiently large such

that 1N, > Ny; and (b) the safety-concerned female riders’ mismatch cost is low
(a <a).

2. (a) Participating safety-concerned female drivers obtain the same individual utility in
the hybrid system as in the pooling system, i.e., Sy, = §fc;
(b) Participating male and safety-unconcerned female drivers obtain a weakly lower
individual utility in the hybrid system than in the pooling system, i.e., S; > gi,i =
f¢, m.

Proposition 6 reveals that transitioning from the pooling system to the hybrid system will
affect the utility of different user groups as follows. From statements 1(a) and 2(a), the

safety-concerned female user’s utility remains the same under both systems in equilibrium.
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However, from statements 2(b) and 1(b), safety-unconcerned drivers are always worse off,
and safety-unconcerned riders are worse off (when the conditions in statement 1(b) do not
hold) under the hybrid system. The hybrid system hurts these two groups for two reasons.
First, safety-unconcerned users are worse off because of the weakened pooling effect in the
hybrid system. Second, safety-unconcerned users cannot benefit from the hybrid system than
they would have in the pooling system. To elaborate, in the pooling system, the optimal
pricing and wage decisions are intended to entice safety-concerned female users to join (or
participate), which benefits the safety-unconcerned users.

Next, we compare the platform profit under both systems in the following result:

Proposition 7 (Platform Profitability). The platform’s profit is higher in the hybrid
system than in the pooling system; i.e., I > IT*, if and only if the mismatch costs of
safety-concerned female users (a,b) € Oy = {(a,b) : a > a(b)}.

Proposition 7 reveals that the hybrid system generates a higher profit for the platform when
safety-concerned female riders’” mismatch cost is relatively high (a > a(b)). Although the
pooling effect is weakened, the hybrid system lessens the safety concerns arising from the
gender mismatch for safety-concerned female users, which enables it to expand the supply
and demand pools. Recall that the platform’s pricing and wage decisions are intended to
entice safety-concerned female users to join (or participate). In this case, as the platform
can customize its prices and wages for each subsystem, it enables the platform to extract
more surplus from safety-unconcerned female users and thus obtain a higher profit under the
hybrid system.

By combining the results obtained from Propositions 4, 5 and 7, we can identify conditions
under which the hybrid system is the dominant system in terms of safety-concerned female

users’ accessibility and the platform’s profit.

Corollary 2. When safety-concerned female users’ mismatch costs (a,b) € ©1 N Oy, the

hybrid system dominates the pooling system.

Recall from Proposition 5 that the hybrid system entices more safety-concerned female
drivers. This implies that when the condition of Corollary 2 is satisfied, the hybrid system
increases participation of both safety-concerned female riders and drivers and improves the
platform’s profit. To illustrate the results as stated in Propositions 4, 7 and Corollary 2,
we conduct some numerical studies. Figure 5 depicts the win-win regions characterized by

01,65, and O N Oy as stated in Propositions 4, 7 and Corollary 2, respectively. Observe

SWhile Proposition 7 focuses on the effect of female riders’ mismatch cost a, we can draw a similar
conclusion if we vary female drivers’ mismatch cost b. To avoid repetition, we omit details here.
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from Figure 5(a) that the hybrid system can entice more safety-concerned female riders
joining when b > l;(a) as stated in Proposition 4. Figure 5(b) confirms that the hybrid
system renders a higher profit for the platform when the mismatch cost a > a(b) as stated in
Proposition 7. Finally, Figure 5(c) reveals the win-win region by considering the intersection
of those regions as shown in Figures 5(a) and (b), which occurs when both mismatch costs

for female riders and drivers (a and b) are sufficiently high.

6.2 Discussion: Linking Results to Practice

Corollary 2 reveals that when female users’ mismatch costs a and b are high, the hybrid
system dominates; otherwise, the pooling system is preferred. Our analytic result may
help us explain why different ride-hailing systems have been adopted in different countries,
depending on the mismatch costs in the corresponding country. For instance, female safety
is a serious concern in some countries: Thomson Reuters Foundation reported that the top
10 most dangerous countries for women include India (1st), Saudi Arabia (5th), Pakistan
(6th) and the United States (10th) (Narayan 2018). Due to severe female safety concerns,
gender-dedicated ride-hailing services are now provided in certain countries, such as Chariot
for Women (United States), She Cabs (India) and She’Kab (Pakistan). In Saudi Arabia,
a hybrid system was adopted by Uber which allows its female drivers to serve only female
passengers in the female-driver subsystem (Kumar 2019).

Some countries are considered relatively safe for women. For example, according to the
2019 Global Wealth Migration Review conducted by New World Wealth (a global market
research group), the five safest countries for women are Australia, Malta, Iceland, New
Zealand and Canada (Perper 2019). A pooling system is often adopted by ride-hailing

platforms in those countries as females usually have high safety confidence, such as Uber in
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Australia and Canada and Ola in New Zealand (Barratt et al. 2018, Brail and Donald 2018,
Kashyap 2018).

Table 2: Current System Adoption across Countries

Category Country Ride-hailing Platforms Examples
China DiDi, DidaChuxing
Australia Uber, DiDi
Pooling System Canada Uber, DiDi, Lyft, Grab, Yandex
New Zealand Uber, Ola
Hybrid System Saudi Arabia Uber Arabia
Dedicated India/Pakistan/United States | She Cabs/She’Kab/Chariot for Women
System China DiDi (early morning and late night)

Notes: Dedicated system contains two gender-specific subsystems in which only users of the same
gender are matched.

In other countries, such as China, females have a moderate safety concern and thus
their mismatch costs are moderate. Different systems are used by ride-hailing platforms in
different time slots. For example, DiDi provides the gender-dedicated service in the early
morning hours (during which female users’ safety concern is high so that their mismatch cost
is also high). However, in other hours, DiDi operates as a pooling system (Al-Heeti 2018).
Table 2 summarizes the operation of ride-hailing platforms in the aforementioned countries.

Recently, we also note that many ride-hailing platforms have begun to provide different
services, which may exhibit different degrees of safety, leading to different levels of mismatch
costs. For example, DiDi runs three business services: DiDi Premier, DiDi Express and DiDi
Carpool (Hitch). Platforms can adopt the pooling system for services that are regarded as
safer, such as DiDi premier, and consider a hybrid system for services that are regarded as

less safe, such as DiDi carpool.

7 Conclusion

Some female riders/drivers have safety concern when they are matched with male counter-
parts. In this paper, we have presented a model to examine the interplay between gender-
related safety concerns and two operational systems: a pooling system in which riders and
drivers are matched without considering gender and a hybrid system in which females riders
can select between a male-driver subsystem and a female-driver subsystem. We have shown
that a pooling system is preferred when safety-concerned female users incur low mismatch
costs. For the hybrid system, we have found that male and safety-unconcerned female users

can be worse off under such a system. Despite this shortcoming, we show that the hybrid
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system can dominate the pooling system in terms of the safety-concerned female user’s utility
and the platform’s profit when the mismatch costs lie within a certain region. By considering
different levels of female safety concerns in different countries, we have discussed how our
results are consistent with the actual system adopted in different countries.

Our paper represents an initial attempt to examine ways to address female safety con-
cerns. We admit that our work has limitations. For example, except the gender-based safety
concerns, there are other concerns due to racism that deserve further exploration. There are
reports that Black riders/drivers are rejected by their counterparts in ride-hailing. This is an
important issue to explore in the future. Besides concerns over safety and rejection, there is
chronic shortage of female drivers, limiting the growth of ride-hailing platforms. Therefore,
it is of interest to explore ways to encourage/entice more female drivers to participate in ride-
hailing services in the future. Furthermore, motivated by Uber Saudi Arabia, we consider a
hybrid system that is comprised of two gender-specific driver subsystems. In practice, the
platform is usually profit-driven. Letting all the users go to a single system (i.e., the pooling
configuration) usually induces a higher profit than separating them into two subsystems.
As shown in our paper, only if the mismatch costs of the safety-concerned female users are
high enough, implicating the hybrid system may benefit the platform. However, in reality,
the platform usually could not obtain a very exact information about the female users’ mis-
match costs. This practical situation prevents the implication for the hybrid system. It is
possible to consider a different hybrid system configuration that is comprised of a “pooling
subsystem” and a female-driver subsystem so that both female riders and female drivers can
choose between the pooling subsystem and the female-driver subsystem. But such a hybrid
system involves two female driver queues in both subsystems that are interdependent. This
inter-dependency makes the analysis intractable and we shall relegate to future research. In
our paper, we do not consider the order cancellation issue. In practice, a safety-concerned
female user may selectively cancel the ride. However, such cancellation often has conditions,
and a cancellation fee may apply if a rider cancels the order after he/she is matched with
a driver. If a rider cancels repeatedly in a short time, he/she will be penalized (UberHelp
2020). Similar policy applies to the driver side; see, e.g., Campbell (2018) and Smith (2018).
Finally, in our study, we focus on examining the impact of gender-based safety concerns on
the operational system design by considering a single platform, in which the equilibrium
analysis that involves two types of riders and two types of drivers are already complex. Ex-
tending our current setting to a duopoly setting with platform competition is much more

complicated and challenging and we would like to leave it to future research.
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Online Appendices
“Gender-Related Operational Issues Arising from On-Demand Ride-Hailing

Platforms: Safety Concerns and System Configuration”

In this online appendix, we provide the proofs as well as the detailed equilibrium analysis

for both the pooling system and the hybrid system.

Appendix A Proofs of Propositions

We prove the propositions stated in the main manuscript based on the optimal solutions

derived in the Appendices B (for the pooling system) and C (for the hybrid system).

Proof of Proposition 1 : This proposition can be easily obtained based on Propositions
B.1, B.2, B.3 and B.4 stated in Appendix B.

Proof of Proposition 2 : Based on Propositions B.1, B.2, B.3 and B.4, when either
Nopp < Ayord< B(a), in a pooling system, we know that the interior optimal total effective

arrival rate \* satisfies the following first-order condition:

dIT(\) B Npa  cA2uN —X)  bA,N 0 (13)
A\ Ia=x N uN(uN —\)? A2
Then, according to the implicit function theorem, we have
AN@d) | _=Nu/N o
da BRI T (P ‘A:A* = Pan
N2 X2
* O2II(A
@) G| _ AN
db PIA) |\ p PIA) - [\=p ’
N2 X2

where the inequalities hold due to the concavity of the profit function, that is,

d21_[()\)‘ _ 2epN 20A,N
d)2 D= (uN — )3 A*3

< 0,

which is derived from (25) of the Appendix B. Thus, A\*(a,b) decreases in a but increases in

b. Since A} (a,b) = A*(a,b) — Ay, it must have A} (a,b) decreases in a but increases in b.

Since p* = R — N]’(;a — uN(;E\\;LA*), we can show that
dp*(a,b) Ny c uN d\*
da N uN (uN —X)? da
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because (szc’j])ip S m ok 6%\3’\)3, > 0. Besides, we have
dp*(a,b d\*
plab) e AN,
db (N — 22 db

That is, the optimal price p* decreases in both a and b.
Amb

Recall that w* = W\#)N

du(a, b) ro AR AN

- = -2 N .

da ( ) da

, based on which we have

- \*2 A*3 >0,

which concludes that the optimal wage w* increases in a. Next, we analyze the sign of %.

First, for a platform whose profit is positive, p* > w* is requested, which is equivalent to

Ny, A + Aab) N
A N (14)
N uN(uN — ) A*
Furthermore, (13) stated above can be rewritten as
R_Nma_ A _(T—i—%)N_i_rN_ cA* _0
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Combining this equation and inequality 14, it must have that

rN B cA* <0
A (N =2

By noting that
cA* cA ulN 2eN* N

(N =X = (uN =2 = (uN = A

one can easily conclude that

r 2cp
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where the second equality results from plugging the expression of % into the first equality.

We then have %(ba’b) > () according to (15). In a word, the optimal wage w* increases in b.

Regarding the profit TI(A) = <R — N]’{}“ — HN(;Z\V?A)) A — (7’ + %) N, by the envelope
theorem, it can be derived that
dI*  OI(),a) N, dIT*  OII(\,b) AN
= = ——\ d = = .
da Do o = T AT <0 and T b o=y <0
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Moreover,
d*I1* Ny, dX* -0 d d*1I1* A, N d)\*
= —— an = :
da? N da ’ db? A2 db
That is, the optimal profit is decreasing and convex in both a and b.

> 0.

Proof of Proposition 3: This proposition can be directly obtained based on Propositions
C.1, C.3 and C.4 stated in the Appendix C.

Proof of Corollary 1: We compare the optimal prices in the two subsystems based on

two cases. (1) When a > @ or N,u < A,, under which situation (p},,ws,: P, wy) =

(]’5}"\/[1, Wiy, Dy 117}1), from the expression listed in (30), we know that pj, = pj,, > R+ 5* i

2 2
\/ cR_ (anu> . Recall from the proof of Proposition C.2, R + an“ — \/J\Zl:# + ( c ) >

N p N p

2 2
R foc BN o} foc TN S R
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(2) When a < @and N, > Ay, under which situation (5%, Wi, D, Wi) = (D Whtyi Diys Wy ) »

2
we have py, :min{R—a—Wwi_%),]%—a—f—N:;/L —\/C(J\If—n::)vL (ﬁ) },Which can

2
be easily shown is decreasing in a. Besides, pp,, = R+ N;u — \/ J\Cffu + ( N’;ﬂ) is independent

of a. Let a be the unique solution of

(FMQ _ﬁ;’z) ‘a:ﬁ =0 (16)

< 0, then @ = 0; and if (P}, —P},) |- > 0, then a = a.

a—a

if it exists. If (P, — Pky) |, 0
Based on the above discussions, we conclude that when a < a < @, p};, < pf,; and when
0<a<a,py, > Pk

Summarizing the discussions in (1) and (2), we obtain that when N,,p > Ay and a <

a < @ hold simultaneously, p%, < p%; otherwise, p, > pi..

Proof of Proposition 4: Note that when N, > A,, it is possible that some safety-
concerned female riders join the male-driver system, in which situation the accessibility
of safety-concerned female riders in the hybrid system is large and so that it has a high
possibility that the accessibility of safety-concerned female riders is larger in the hybrid
system than that in the pooling system. According to Proposition 1 and Table B.1, when
b > g(a), in the pooling system, the equilibrium effective joining rate of safety-concerned

female riders under the optimal price and wage is

2
c c N,,a
No = uN, — ¢ (_) +—(R— m)—A.
I ’ /\/ (N 1N Ny ’

In the hybrid system, we have the following two cases.

Case (1): When a > @, according to Propositions C.3 and C.4, in the hybrid system,

3
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multiple equilibria exist and safety-concerned female riders only join the female-driver sub-
system. Below, we consider the equilibrium outcome that induces the highest joining rate of

safety-concerned female riders; that is,

N7p*(R = i)

2 g " pr Iu —_ .
f c+ Nyp(R — pj) f R \2
w2+ ()
Let Fy,(a) = Aj, =A%, = (Ny=Np—Ny, )p— +A¢+C/\/ m N <R - %)
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pr,

+<Nf“)

It can be easily shown that Fj,(«) is increasing in a. Let ag be the solution of Fy,(a) = 0 if
c

2 2
Ve () () e (%)
If Fy, (a)|CHO > 0, we let ag = 0. Then Fy,(a) > 0 if and only if a > ao. Thus, the hybrid

system induces a higher effective joining rate for safety-concerned female riders than the

it exists, that is,

Fu,(a) <
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C
uNg

Npma
No

pooling system when a > max{ao, a}.

Case (2): When a < a. According to Propositions C.3 and C.4 and (30), in the hybrid
system, the total effective joining rate of safety-concerned female riders is
Nap? (R — a = Piy,) N7 (R — p,)

A}c = )\}67F2 + )\}67M2 =

/
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That is, Fy, (a) is decreasing in a. Let a; be the solution of Fy, (a) = 0 if it exists, that is,
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Thus, Fy (a) > 0 if and only if @ < a@;. In other words, X}'ZC > A}, when a < min{a, a}.
In summary, when N,,u > A, holds, X?C > A if b > g(a) and (¢ < min{ay,a} or

a > max{aop, a}). For ease of reference, we define
a :=min{ay,a} (17)

and

a := max{ag, a}. (18)

Proof of Proposition 5: The result can be easily obtained by directly comparing the female
drivers’ equilibrium participating rates in the pooling and hybrid systems as summarized in
Tables B.1 and C.1 of the online Appendices B and C.

Proof of Proposition 6: First, consider the case that Ny,u < A4. Based on Propositions
B.1 and B.2, we know that the safety-concerned female riders’ joining utility is zero in

equilibrium, that is,

* * e * Nm
Up, =R—p" — WAL (p*), Mg,y Am; Ny, Ny, Ni) — = 0.

As to male riders and safety-unconcerned female riders, they all join the system and each

obtains:

N, Ny,
= Wa—k U}-kc = —Aa.

U}:b :U:fl:R_p*_CW()\?C(p*>7Af¢7AmaNfcaNf¢aNm) N

Regarding the hybrid system, since Ngu < Ay, it must have that Ny,pu = Ngp — Ny, p < Ag.
Based on Proposition C.1 and its proof, we can easily know that all the joining riders obtain
a zero utility, that is, ﬁ;c = (7}; = ﬁ,’; = 0. Based on the above analysis, we can easily
obtain that when Nyu < Ay, Uy = Uj =0, and Uy, = Uy, > Uy = Uy, = 0.

We now analyze the utility of each participating driver. Based on Propositions B.1 and
C.1, (22) and (29), we can know that each safety-concerned female driver obtains zero utility

in both the pooling and the hybrid system. That is, S} = g;ﬁ = r. Regarding male drivers

and safety-unconcerned female drivers, in the pooling system, each obtains the following

utility:
* * 7-_|_ _ Amb N
§* — §* — Am + Af¢ + )\fc * _ Am + Af¢ + >\fc Am+Af¢+>\;:c >0
o = Pm = N e N A+ g, + X5 e

While in the hybrid system, each obtains §*¢ = :9:’;0 = r. Therefore, S > gl* for i = f,, m.
Next, we consider the case Nyp > Ay. In the pooling system, according to Propositions
B.3 and B.4 stated in Appendix B, we then have that:
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(a). When b < /l;(a), under the platform’s optimal wage and price decision, the system
behaves the same as those when Nyp < Ay, and the users’ joining and participating behaviors

are the same as those shown above as well. Thus, we have

aN, A+ Apy + A% <T+A +//\\T;b+A*>N
Uy =0,U;, =Up = —",5; =0,8;, =Sy = ————>——=. -t let >0,
fo TP T Um T TN T8 T s N A+ A+

(b). When b > g(a), no safety-concerned female drivers participate to work and in equilib-
rium, safety-concerned female riders’ utility is zero; that is,

N,, -a

=0.
Ny

U}; =R _p* - CW()‘(;‘C(p*)aAfwAm; OaNf¢a Nm) -

Safety-concerned female drivers get the reservation price U}, = r. Each safety-unconcerned

female rider and each male rider obtain the following utility:

Nm~a+U* _ Np-a
N, fe™ Ny

Uy

¢

=U, =R—p" =W}, (p"),As,, Am; 0, Ny, Npp) =

As only safety-unconcerned drivers participate to work, we can easily get that SJ’% =S =0.

In the hybrid system, according to Propositions C.3 and C.4 of the online Appendix C.2,
if and only if when a < @ and N, < Ay, under the platform’s optimal wage and price
decision, the participating drivers obtain the reservation cost r and thus they obtain zero
utility, i.e., 5} = ;’Z = = 0. It can be easily shown that the safety-concerned female
riders obtain zero utility and safety-unconcerned female riders and male riders obtain the
following utility

U;, =Uy =a+Uj =a.

Otherwise, the system behaves the same as those when Nyu < Ay, Thus, all the joining
riders obtain a zero utility, that is, (7;5 = U f, = 17;; = 0. And all drivers obtain the
reservation cost r.

Based on above discussions, we can conclude that when N¢/L > Ay, at the driver side,
St = Sf =0 and S; > S* i = fg,m. At the rider side, Uf = Uf = 0. As both a > N’”a
and a > Nm“ , we have that when N,,u > A, and a < @, Uf = U* > Uf =U}; otherw1se
Uf¢—U,*;>Uf¢—U;‘;L—0.

Proof of Proposition 7: We consider the following two cases.

One, uN4y < Ay. According to Tables B.1 and C.1 and Proposition 2, the profit in the
pooling system II* is decreasing with both a and b while the profit in the hybrid system I
is independent of both a and b. Thus, the profit difference between the pooling system and
the hybrid system, IT* — TNI*, is decreasing in a for any given b.
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Two, Ny > Ay. According to Table C.1 and Proposition C.4, the platform’s profit in the
hybrid system IT* is independent of b because all the female drivers are only allowed to join
the female-driver subsystem, where they have no chances to be matched with a male rider.
I* is dependent of a only when safety-concerned female riders also join the male-driver

subsystem at a non-zero rate, that is, when N,,u > Ay and a < @, under which situation

(i B @) = iy Whsy: Py @h,) and Py, = B — a4 355 \/ el (o)
Otherwise, the platform’s profit in the hybrid system I* is independent of a while the
platform’s profit in the pooling system I1* is decreasing in a (refer to the proof of Proposition
B.3 in online Appendix B.2). Then, in this situation, the profit difference between the pooling
system and the hybrid system, IT* — INI*, is decreasing in a.

Below, we show that when uN,, > A, and a < @, the profit difference between the
pooling system and the hybrid system, IT* — ﬁ*, is decreasing in a as well. Note that for the
optimal profit in the hybrid system, ﬁ*, we have

dIT* R —a)uN,, +c — — 2
= —uNy,- \/< a)’u +c \/E, when FMQ = R—a+ < _ C(R a) + < ¢ ) .
da V(R —a)uN,, + ¢ N Nt N

Case (1): When b < /b\(a), according to Table B.1, II* = II}. Then based on the proof of
Proposition 2, we know that % = —NT*")\*. Recall that the optimal arrival rate A* satisfies

Npa — cA2uN = A)  bALN

R==5 N (N — \)? o Y

In other words, R — Mme — Z’}VEi’j\[]\s\A)Q) < 0, from which we can derive that
2N (N (R — Moy 4 ) — \/4;L2N20(c + uN(R — Nac)) /e
A" > =uN|1- .
2(c+ uN(R — fza)) s ( \/C+,LLNR—,LLNmCL)
Besides, note that uN (1 — m> > uN (1 — \/c+uNT:L/IE%—uNma>’ so we have
A*>uN|(1— Ve )
v+ uNyp R — pNpya
Hence,
d(H* _H*> _dirr dII* N LN V(R —a)uN,, +c—+/c
da da da N fitm V(R —a)uNy, + ¢

Ny,
N S Ve <0.
N Ve+ uNyp R — pNya



Gender-Related Operational Issues from Ride-Hailing Platforms Online Appendix

Case (2): When b > /b\(a), according to Table B.1, IT* = II5. We can show that

2
I =1I; = <\/(R—a),uN¢+c—\/E) — 1Ny,
VI arNo e Ve hofine

\/(Rfa)MN¢+c

. \/(R—a):v—l—c—\/E'

daIr*
da

based on which we obtain = —uNg -

T
fe) (R—a)z+c
It can be easily shown that f/(z) = ¥ ij/%(_;_)z;icﬁ + 2((R_a)z ‘ii()li;f;_a)ﬂc > 0. Therefore,
AT dIl* (R—a)uNy +c—+/c (R — a)uNy, + ¢ — /¢
LU ¢ Y = FpNw)=F(1uNy)

Y N
da da " JR_auN, 1 e VR = )N, +ec

Based on the above discussion, we can conclude that the profit difference between the

two systems IT* — IT* is always decreasing in a. Let a(b) be the solution of

(1)

if it exists. IT* > II* only when a < a(b).

=0 19
a=a(b) ( )

Last, we consider a special case when both drivers and riders have no mismatch costs,
that is, a = b — 0. Under such a situation, all the drivers shall join the pooling system
as well as the hybrid system due to the abundant demand. Thus, the pooling system is an
M/M/1 queue with capacity (N + N,,)p while the hybrid system is a system consisting of
two M /M /1 queues with capacity N,,p and Nypu, respectively.

For the pooling system, we can derive that

N*(R — rN
Cﬁ:_ M]\g(R _p})))’ and w(p) = ——

N = )

The platform maximizes
II(p) = (p — w(p))A“(p),

which is can be easily shown concave in p and the first order condition is

dil(p) 2.MN(R—p)%—c(R—QJU):
N TN

It can be easily shown that the optimal price p* = R+ -5 — (#—’j\])2 + ;—ﬁ. Then we can
C

get the total effective joining rate under optimal price is A} + A;, = ulN — \/Tﬁ
uN/ TuN

< 0.
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As for the hybrid system, we can show that the two subsystem adopt the optimal prices

c c cR c c cR
Pu= Rt — =[P+ o and = R —— = [y S
M $Np, \/ uNy” " uN, F Ny pNg” Ny
The corresponding equilibrium joining rates in the two subsystems are respectively

e [~x c e [~% c
N (Phy) = 1Ny — , and A% (pp) = Ny —

c cR c R
G )* + 25 VG Ty

%

Since the riders’ effective joining rate in the hybrid system X} + X;‘n =\, (Phy) + A5 (D5), we

have
* * N N * & C &
NN = (54 ) =l = e = N e Ny e
</W> +M_N <m) +/—L1V_m (NNf> +NNf
B Ny, n cuNy culN
V2 + cRuN,, /4 cRuN; \/c®+ cRuN
N, cNy culN

> + - ~0
VE+cRuN /A +cRuN /2 + cRuN

We then can show that

I =1, — 0 = p" (N + An) = N = (Ba Ay (Bar) — N + PpAG () — 7Ny)

> p" (A (Pa) + A5 (0F)) — Py Ay (D) — PEAR(DF) > 0,

because p* > p3,j = F, M. Thus, II* > ﬁ*M+ﬁ* = II*.

Appendix B The Pooling System: Detailed Analyses

We first present an implication that is useful to understand the equilibrium behaviors of
riders and drivers in a pooling system (the logic of this implication can be applied to the
male-driver subsystem in a hybrid system).

In the pooling system, safety-unconcerned female and male riders and safety-concerned
female riders continue to join the system until their utility U; given in (3) and (4) hits zero,
where i = f., fs,m. A close look at (3) and (4) implies that U,, = Uy, > Uy,. Similarly,
because safety-unconcerned female and male drivers have no safety concerns, a close look at

(5) and (6) implies that S,,, = Sy, > Sy,. These observations yield the following implications.

Implication B.1. In a pooling system, if some safety-concerned female riders/drivers join

the system, then all safety-unconcerned riders/drivers will join the system.
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Note that safety-unconcerned riders and drivers, which contains all males and a fraction
of safety-unconcerned females, are more eager to join the system than their safety-concerned
female counterparts. It is likely to have all Ay(= A,, + Ay,) safety-unconcerned riders
and all Ng(= Ny, + Ny, ) safety-unconcerned drivers joining the system before their safety-
concerned female counterparts. Also note that throughout our analyses, we only consider the
equilibrium outcomes in which the safety-concerned female riders join the system at a non-
zero rate. While deriving the equilibrium joining/participating behaviors of riders/drivers,
one can easily find some equilibria in which all the safety-concerned female riders balk in a
pooling/hybrid system. As such equilibrium outcomes deviate from our research motivation,
they are not our focus and thus we omit such trivial cases. When some safety-concerned
female riders join the system, then all A, safety-unconcerned male and female riders join
the system (due to Implication B.1). Then, some safety-concerned female drivers must
participate in the service to ensure the stability of the queuing system when the number of
safety-unconcerned drivers are not sufficiently high to serve even just the safety-unconcerned

riders, that is, when N, < Ag. Then, we have the following implication.

Implication B.2. When uN, < Ay, if some safety-concerned female riders join the system,

then all safety-unconcerned drivers must participate in the system.

Below, we derive the equilibrium joining (and participating) behaviors of riders (and

drivers) under the two exhaustive and exclusive cases.

B.1 When the number of safety-unconcerned drivers is low: Ngu <

Ay

Based on Implication B.2, we can conclude that when Nyu < Ay, in order for the platform to
retain safety-concerned female riders in the pooling system, it must be the case that all safety-
unconcerned riders (and drivers) and some safety-concerned female riders (and drivers) join
(and participate in) the system at their potential arrival rates, respectively. This allows us to
focus on deriving the joining and participating behaviors of only the female safety-concerned
riders and drivers.

Denote A{ as the effective joining rate of type-i riders and n{ as the number of partic-
ipating type-i drivers in equilibrium, ¢ = fe, fy, m. Then, A\ = A + >\?¢. By focusing on
the equilibrium outcome that some safety-concerned female riders join the system, we now

develop the conditions under which this equilibrium will exist in the following proposition.

Proposition B.1. In a pooling system, if Nyp < Ay, the platform sets the price p < py :=

cA Npa PN+ A (et u(N(R=p)—Nma) /(2 (N (R—p)~Nima))
R— MN(MNd)_Aqb) — “}* and the wage w > w,(p) = (M2N((pr)N—NZ:na))/(C+u((MR—p)N—]JDVma)) to

ensure the joining of the safety-concerned female riders. Then, in equilibrium, all registered

10
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drivers participate (i.e, nS, = Ny, ng, = Ny,

riders (that is, male riders and safety-unconcerned female riders) join the system so that

and ng, = Ny.) and all safety-unconcerned

Ao = A, and )\jcd) = Ay,. Some safety-concerned female riders join the system and the

N (Rop= )
c+uN(R—p—2Dm) ¢

others balk with an effective joining rate X% (p, Ny,) =

Proof of Proposition B.1. Based on Implications B.1 and B.2, we know that when Nyp <
Ay, if some safety-concerned female riders join the system, then in equilibrium, safety-
unconcerned drivers “all participate” and safety-unconcerned riders “all join”; that is, A& =
A, A?¢ = Ay,, ny, = Ny, and ng, = Ny,. We now analyze the joining and participating
behavior of safety-concerned female riders and drivers.

Given ny,, the number of participating safety-concerned female drivers, to ensure that

safety-concerned female riders are willing to join, we should have

Nm
Nm + Nf¢ —i—nfc

Ufc(O, Af¢, Am; nyg., Nf<f>’ Nm) =R - P — CW(O, Af<f>’ Am; ng., wa Nm) a Z 0,(20)
Ag
(Nm+Nf¢+nfc)H((Nm+Nf¢+nfc)H‘_A¢
Recall that uN < A. Thus, in equilibrium, some safety-concerned female riders must balk.

where W(O,Af¢,Am;nfc,Nf¢, Nm) =

s where A¢ = Am+Af¢.

The equilibrium effective joining rate of safety-concerned female riders can be obtained by
solving

N

Ufc<)‘fc7Af¢’Am;nfc’Nf¢=Nm) - R_p_CW()‘fc’AfwAm;nfc?Nf¢7Nm>_N T Nf ey a
m ) -

:07

here W(As, As,, Ay, Ny, N) = ot . It can be sh
where (fc? fer mi e, fo> m) (Nm+Nf¢+nfc)IJ((NnL+Nf¢+nfc)/J—A¢—>\fc) can be shown

that safety-concerned female riders’ equilibrium joining rate

((Nm + Nf¢ + nfc)lu)2(R —pP— Nm+x;:>+nfc (l)

X (piny) = A
! ¢+ (No + Ny, +np (R —p — Nmﬁ—}jﬁnﬁ“) ¢
Then, we have
A Ny, Np) = A + A%, ny.) A
n m = -
fe fes fd)’ nfg+Nf¢+Nm Am+Af¢+)\?c(p7nfc)
p* ((ng, + Ny, + Nin)(R = p) = Niwa) Am b

(%1)

c+ p(nyg, + Ny, + Np)(R —p) — ulNpa A, + Ay, + )\‘}C(p, ny,

Taking the first order derivative with respect to ny,, we get

c(2n(R—p)—Npa)+u(n(R—p)—Nya)?
8dfc (nfm Nf¢7 Nm) —_ MzC(R — p) Amb (C+M(R—P)—MNma)2

5 + 2 >0
any, (c+ pn(R — p) — pNya) (A + Ay, + X5 (p,ny))

11
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due to p < R (otherwise, no rider is willing to join), where n = ny, + Ny, + N,,. That
is, the safety-concern-adjusted demand rate dy, (ny., Ny,, Ny) is increasing in the number of
participating safety-concerned female drivers ny, .

Recall that a safety-concerned female driver is willing to participate if and only if her net

utility given in (6),

e Am‘{‘)\ec(p’nfc)—{—/\f Amb
SfC()‘fc(p’ nfc)7Af¢7Am;nfc7Nf¢aNm) = fe ® o—

And we just show that dy,(ny,, Ny,, N;,) increases in ny,. Following the same logic stated in

the Lemma 1 of Taylor (2018), we can get the following result:

Amb
Am-‘rAf(b—f—)\t}c(pJVfc) )

n = Ny, ifand only if w >

0, otherwise.

Note that when n§ = 0, no safety-concerned female drivers participate in the system. Impli-
cation B.2 then implies that under this situation, no safety-concerned female riders join the
system. Thus, to ensure the joining of safety-concerned female riders, the platform shall set
(H' Am+Af¢/:»T§§C(p,Nfc))(Nm+Nf¢+Nfc)
Am+Ag,+35, (N7,

the wage w > , under which n§ = Ny,. Plugging nf, = Ny,

CA¢ o lel
uN(uN—Ay) N

a situation, all drivers participate in the service, i.e., n{ = N;, i € {f., f»,m}. The corre-

into inequality (20), we then have that p < R — is required. Under such

sponding equilibrium effective joining rate of safety-concerned female riders for any given
Amb
”*Am+Af¢+T§;C<p,NfC>)(N’n*NfﬁNfc)

Am+A 7, 75, (0.N7,)

e  PN(Rep-Nmn) (
price p is AS (p, Ny.) = g —. Ay. Thus, w >
PN+ Amb(et (N (R—p) — Nona)) /(12 (N (R—p) ~ Nina))

(#2N((R—p)N—Nma))/(c+p((R—p)N—Nma))

is required. O]

We now examine the platform’s optimal pricing and wage decisions with an aim to max-

imize its profitability, subject to the constraints p < p; := R — chy — Nma and the

Aegb{o N (Rmp) N ) PN (g Nga) (i)
rN4+Amb(c+u(N(R—p)—Nma N(R—p)—Nmna . s e s
GEN(( pr) N N’; C Jm((” Rp) N_Ijvma)) (which ensures the joining of

safety-concerned female riders in the system). Note that w,(p) is the required minimum

wage w = w,(p) =

wage for any given price p € (0,p;). Clearly, there is no incentive for the platform to offer a

wage that is above w,(p). Hence, for a given price p, a rational platform shall set

N At pV(R — p) = Ny) [PV (R~ p) — Nya)
W) =) = TN (R N~ M) /(e 4 n (RPN~ Npa)) 2

Combining this along with the result stated in Proposition B.1, we can formulate the plat-

form’s optimization problem as follows:

"= max Tl(p) = max (p—w,(p))(Am+As, + A5 (p, Ny.)),

w, (p)<p<p1 w; (p)<p<p1

12

w—r— >0
nfc + Nfd; + Nm Am + >\§C(p7 nfc) + Af¢ N
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PN (R—p— ") c _ E2N(R—p- o) .
P —L s Ag. Note that A (p, Ny,) = AN (R ) Ay is

equivalent to p = R — N]V”“ -2 N(;;\v— NE where A = Ay + A;.°. Then the above optimization

problem regarding the price can be rewritten as a problem regarding the effective arrival

where A$ (p, Ny,) =

rate A, which is as follows:

I = max II(\) = max A) —w,(A))A,
wy (\)<p(N)<prA<A () w; (\)<p(N)<pr:A<A p(Y) —w, (V)
a c r+Amb/A)N
where p(A) = R — Nme — uN(u?V—A) and w,(\) = %

Proposition B.2. In a pooling system, the platform’s profit function II(\) is concave in

total effective arrival rate \. Let \* be the solution of the first-order condition

dli(\) p_ Nma cA2uN — \) N AN _
d\ N uN(uN —\)? Az

Then, A* is an interior optimal solution if and only if

dIT(\)
dA
where the detailed expressions of n(a,b) is provided in (26) in the following proof. The

’)\A)A¢: 77<G7 b) > 0

optimal effective arrival rate of safety-concerned female riders N = X" — Ay.

Proof of Proposition B.2. Plugging p(\) = R— "% — MN(:?V_)\) and w,(\) = w
into TI(A) = (p(A) — w; (N))A, we get
Npa cA A,b
I\ =(R—- — — A — | N. 2
) ( N MN(MN—)\)> (Nr A ) (22)
Then we can derive that
II N, 2uN — A, N
d(A):R_ ma  cA(2p )\)+bm | (24)
d\ N uN(uN — \)? A2
and
d*TI(\ 2cuN 2bA\,, N
W _ 2N <0, (25)
d\? (uN — \)3 A3

where uN > X\ must hold in a steady state. That is, II(\) is concave in A. Recall that
A=Ay + Ay, + Ap, = Ay + Ay, based on the Proposition B.1, therefore, there must have an
interior optimal solution in the range (A4, A) if and only if 7

dIT( A\
T a0

6Here, with a little abuse of notations, we use A f. and A% interchangeably.
"Here, note that when A\ — A, it must have II(\) — —oo according to (1).

13
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For ease of notation, let

dIl(A
77(@7 b) = % |)\~>A¢,: R —

Npa  cAg(2uN —Ay) | DALN
N pN(uN —=Ag)? Ay

Moreover, based on above equation, we have

on(a,b) N on(a,b)  A,N
=———<0and = > 0.
da N ST Ay
That is, n(a,b) decreases in a but increases in b. We can construct ranges of a and b under
which the interior optimal solution exists by applying this property of 1(a, b). O
We can then derive the optimal price p* = R — N]{;“ - MN(;?\;—A*) and optimal wage
w* = MA";\M The corresponding optimal profit II* = (p* — w*)A*.

B.2 When the number of safety-unconcerned drivers is large:
N¢u > A¢

We now analyze the case when Ny > A4 Similar to the previous subsection, we first
characterize the joining behaviors of drivers and riders for the given price and wage. We
then analyze the platforms’s optimal price and wage decisions. Again, we shall focus on the
equilibrium outcome in which some safety-concerned female riders join the system. We now

develop the conditions under which this equilibrium exists in the following proposition.

Proposition B.3. When Nyu > Ay, the safety-concerned female riders join the system at

a non-zero rate in equilibrium under the following two cases:

1. (Case P1): the platform sets the price p < p; := R — HN(:gd)_Aqb) — Mms gnd the wage
rN+Amb(c+u(N(R—p)—Nma 2(N(R—p)—Nma . R
w > w(p) = J(FMQN(((;f;)A(f_N’:’)La))/(CJ)F);{((("REP)(N_’;%M)) )), under which the equilibrium

outcome stated in Proposition B.1 is the equilibrium outcome here.

2. (Case P2): the platform sets the price p < py := R — MN(:%‘:%) — ]\]f(,';“ and the wage
w > wy(p) = retu(No(Rop)~Nma)) Then, in equilibrium, all the safety-unconcerned

p2(Ng(R—p)—Nma)
drivers participate in the system but all the safety-concerned female drivers balk, i.e.,

m ¢
so that X, = A, and /\;25 = Ay,. Some safety-concerned female riders join the system

p2NZ(R—p—Nma/Ny) A
c+uNy(R—p—Nma/Ng) ¢

nt = Ny, njcd) = Ny, and n§ = 0. All the safety-unconcerned riders join the system

and the others balk with an effective joining rate A% (p,0) =

Proof of Proposition B.3. Here, we adopt the same logic of proof as that for the proof
of Proposition B.1. Again, we only focus on the cases where safety-concerned female riders

join at a non-zero rate. Then, it must be the case that all the safety-unconcerned riders

14
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have joined, that is, A7, = A, and A, = Ay,. Since Nyp > Ay, it is possible that no
safety-concerned female drivers participate to work in equilibrium. According to the proof

of Proposition B.1, we know that if the platform sets a wage

Anb
<T + Am+Af¢+,\;c(p,Nfc)> (N + Ny, + Ny.)

Am+Af¢ +)‘J€fc(p7 Nfc) ’

w > w;(p) =

then all the registered drivers would participate to work. Similarly, following the proof of

Proposition B.1, we can show that if the platform sets a wage

T(Nm+Nf¢)
> =
w = M2<p) Am +Af¢ +)\;c<p’ 0)7

- ;ﬂNq%(R—p—Nma/NqS)
where )\?C(p, O) T ctuNy(R—p—Nma/Ny

participate to work.

y — Ay, then all the safety-unconcerned drivers would

If wy(p) > wy(p), the platform has no incentives to set w = w,(p) because setting
this higher wage can only attract a fraction of drivers to participate in the system. If
wy(p) < wy(p), then we get the following result, which has the similar structure with that

shown in the proof of Proposition B.1:

(Nim, Ny, Ny.), if and only if  w > w, (p);
(n%,n?ﬁ,ni) =< (N, Nf¢,0), if and only if w,(p) > w > w,(p);
(0,0,0), if and only if w < wy(p).

When w > w,(p), the equilibrium outcome of case P1 can be shown to be exactly the same
as that stated in Proposition B.1. When w, (p) > w > w,(p), by adopting the same logic of
proof for case P1 stated in Proposition B.1, we can easily obtain the equilibrium outcome
for case P2. O

Proposition B.3 indicates that there may exist two equilibrium outcomes which differ
from each other regarding the participating behaviors of safety-concerned female drivers
when the given price and wage satisfy both conditions stated in cases P1 and P2. Under
such a situation, we follow Taylor (2018) and assume that all the parties (riders, drivers
and the platform) work together to coordinate on the equilibrium that has most drivers
participating in the system.

We now proceed to analyze the platform’s pricing and wage decision. Note that the
platform’s optimization problem under case P1 is exactly the same as that presented in
§B.1. Thus, all the analysis and results stated in Proposition B.2 hold. Let II] denote the

optimal profit under case P1 and (p}, wy) the associated optimal price and wage.
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As to case P2, when the price and wage satisfy its conditions, for a given price p, a

rational platform shall set

r(c+ p(Ny(R — p) — Npna))
(2 (Ng(R —p) = Npa)

as increasing the wage above w,(p) has no impact on the joining behaviors of drivers. Then,

w(p) = wy(p) =

the platform’s optimization problem under case P2 can be formulated as
;= max 1l(p) = max (p—wy(p))(As+ A% (p,0)),
wy (P)<p<p2 wy (p)<p<p2

#?NZ(R—p—Nma/Ny)
c+pNy(R—p—Nma/Ny)

where A (p,0) = — Ay. Substituting w,(p) and A (p,0) into II(p), we

can derive that o rrs
peNg (R —p — Nppa/Ng)

II(p) = p - —rNy.
W) =P N B p— NyaiNy) N
We can show that
2 \T2 o Nma
di(p)  H NG <C(R 2p — Fpt) + pNo(R —p — S¢2) > -
— - ,
ap <C+MN¢(R—19— —%“))

ET(p)  —20NG (c + culNg(R — N”;“))
2 - 5 <0
(c + pNg(R—p — N%f‘))

Thus, II(p) is concave in p. Denote (p3, w; = wy(p})) as the corresponding optimal price

and wage under this case. Then, the optimal p} shall be the solution of %ﬁ)p) = 0. It can

2
be shown that p5 = R — Yme ¢ \/( < > + —= <R — M) Correspondingly, w; =

N¢ [LN¢, MN¢ /J,N¢ ng
TNy Nm
2 N and A;C(p27 MN¢ - C/\/ ,uN HN¢> <R — N—;) — A¢.
WNy—c/ ¢ o7 ) oty (-2

Besides, one can easily show that II5 = p5% (p3,0) — rNy is decreasing in a as A (p5,0) is

2
c__9 c JFL(R,NWLO‘)
dp5 _ N, "Ne \/(#N«p) #Ng N <0

obviously decreasing in @ and —2 = 5= - -
c c Nma
ﬂ“%) TN (Ri LF )

da N¢,
The platform then compares its profits under the two cases, case P1 and case P2 and

chooses the one that has a higher profit. That is, the optimal profit of the platform is
IT* = max{II3, [T;}. TI} is decreasing in b (stated in Proposition 2) and one can easily check

that IT} is independent of b. Let B(a) is the unique solution of

(I — I3) ‘b:@(a) =0, (27)

if it exists. If (ITf — I13) |,0< 0, we let b(a) = 0. We then have the following result.
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Proposition B.4. In a pooling system, when Nyu > A, there exists a threshold value B(a)
such that if the safety-concerned female drivers’” mismatch cost b < /I;(a), the platform sets
the optimal price and wage (p*, w*) = (p}, wy), the one characterized by Proposition B.2 and

equation (22). Otherwise, the platform sets (p*, w*) = (p5, w3), where p = R — ]g(,;“ +

2
i)+ (= ) ana s = e/ )N o (m2)

1N 1N - Ny

c p—
KNy

For ease of reference, we summarize the platform’s optimal price and wage decisions and

the corresponding equilibrium user joining behaviors in a pooling system in Table B.1.

Table B.1: Equilibrium Price, Wage and User Joining Behaviors in a Pooling System

Market Condition ~ ~
Iy Nyp < Ay | N, A N, Ay, b >
Players’ Decision oH = Do ot > Ag, b < bla) ot > Ag, b > bla)
Platforn optimal price P P P2
optimal wage wj wy w;
male A=A, A=A, A=A,
Riders safety-unconcerned female }¢ = Ay, };b = Ay, ’}¢ = Ay,
* H2N2(R_p91‘_%) . * __ e *
safety-concerned female A = N (Repi 8 Ay b= A% (p3)
male ny = Np, ny = Np, ny = Np,
Drivers | safety-unconcerned female n’J‘i¢ = Ny, n}‘% = Ny, n}¢ = Ny,
safety-concerned female ny, = Ny, ny, = Ny, ny. =0

Remarks: (p},wy) is the price and wage that characterized by Proposition B.2 and

2
. . * N Nm
equation (22), respectively. p5 = R — N—; + u](ifd, - \/(/MC%) T ulifo; (R - N_;)’

* TN, e Nma
Wy = gd) J fc(p2 = uNg — C/\/ MN¢ ,uN4> (R T Ny ) - A¢'
1N c/\/

_Nma

c
;J,N¢ ,u,N¢ N¢ )

Appendix C The Hybrid System: Detailed Analyses

In a hybrid system, the male drivers and the male riders are only allowed to join male-driver
subsystem while the female drivers are allowed to join female-driver subsystem but female
riders can join both subsystems. Similar to that in a pooling system, here we also conduct
the analysis over the hybrid system by considering two exhaustive and exclusive scenarios,
Ny < Ay and Ny pe > Ay,
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C.1 When the number of male drivers is low: N,,u <Ay

In a hybrid system, we consider that the platform adopts the subsystem-based pricing and
wage policy. That is, the price and wage in the male-driver subsystem can be different from
that in the female-driver subsystem. First, given these two price and wage pairs in the two
subsystems, we analyze the equilibrium joining and participating behaviors of riders and
drivers. Again, we focus on the equilibrium outcome in which riders join the two subsystems
at non-zero rates. We now develop the conditions under which such equilibrium will exist in

the following proposition.

Proposition C.1. In a hybrid system, when Ny,pu < Ay, if the platform sets prices and wages

r(c+Nmp(R—pu)) r(c+Nypu(R—pr))

> =
2N (R—par) and wp > W w?N¢(R—pr) 7

satisfying p; < R, 7 = F, M, wy > wy, =
then in equilibrium,

(a). All male drivers join the male-driver subsystem, i.e., nS, = N,,. All female drivers join
the female-driver subsystem, i.e., ny = Ny.

(b). Male riders join the male-driver subsystem with rate \¢, € (0,A,,). Safety-concerned
female riders join the female-driver subsystem with rate A} p € (0,Ay). As to safety-
unconcerned female riders, they join both subsystems with rates /\jcw- € (0,Ay,),j = F,M,

respectively. Moreover, those equilibrium effective joining rates satisfy

e e _ NEnNQ(R—PM)
{)\m + >\f¢7M - C+NmM(R—pM)’ (28)

N + Ny = Sk

Proof of Proposition C.1. We first prove that in equilibrium, no safety-concerned female
riders join the male-driver subsystem, that is, A% ,, = 0. We show this by contradiction.
Assume that A%, > 0. In the male-driver subsystem, by comparing the safety-unconcerned
riders’ joining utility stated in (10) with that of safety-concerned female riders stated in
(11), we obtain that U,y = Uyt = Up - That is, once the safety-concerned female
riders join the male-driver subsystem at a non-zero rate, it must be the case that all the
safety-unconcerned riders have joined the male-driver subsystem so that A’ = A,, and
)\jfdh m = Ay, In this situation, even though all the N, male drives participate to work in

the male-driver subsystem, we have
Nm/,L < A¢ < Am + Af¢ + )‘f‘c,M'

That is, the male-driver subsystem is not steady when A} ,, > 0. Thus, it must be that

.. = 0. Next, we analyze the joining and participating behaviors of riders and drivers in
the two subsystems.

We begin with the male-driver subsystem. To ensure that at least one safety-unconcerned

rider is willing to join the male-driver subsystem, we should have p); < R. Since Ny,pt < Ay,
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some safety-unconcerned riders must balk the system. Given that there are n,, male drivers
participating in the male-driver subsystem, where n,, < N,,, the effective joining rates of

male riders and safety-unconcerned female riders, \¢ and /\jc@ u can be obtained by solving

C (/\fth + )\m)
N (Nt = Ay it — Am)

Ui,M(Oy)\f¢,M,>\m;nm):R_pM_ :O7i:m7f¢>'

It can be shown that there exist multiple solutions as long as in the male-driver subsystem,

na (R — par)
¢+ (R = pu)

)\?W(pMa nm) = /\fn(pMa nm) + /\§f¢,M(pM>nm) =

Applying the same logic used in the proof of Proposition B.1, we can show that the average

demand allocated to a single driver in this subsystem is

e

N et (R —py)’
d(k}i\/[(pM,nm)) )
which can be proved increasing in n,, as we have dzm = (CJF(;“ ff;f 24]\)4))2 > (. Recall

that a male driver in the male-driver subsystem is willing to participate if and only if his net

utility given in (12),

e _I_ /\e )\8
M N
St (008 1 AEy ) = LM MaParsm) )
@ N Nm

AS )‘16\4 (pMyn'm)

» is increasing in N,,, we get the following result:

A% (pr,Nm)?

Nm, lf and On]_y lf wM Z TN"L
0, otherwise.

When nf, = 0, no drivers participate in the male-driver subsystem, and the hybrid sys-
tem degenerates to a female-driver subsystem. This equilibrium outcome is trivial and
uninteresting. Thus, below, we restrict our attention to the equilibrium outcome where

ny, = Np,, under which all the male drivers participate to work in the male-driver subsystem.

The corresponding total effective joining rate of safety-unconcerned riders is AS;(par, Nim) =

N2, 12(R—pus) N _ (et Nmp(R—pn))
c+Npu(R—par)”? X (Par,Nm ) #2Nm (R—par)

As for the female-driver subsystem, similarly, we can show that in equilibrium, all the reg-

and the wage needs to satisfy wy > w,, :=

istered female drives participate in the system. The price pp should satisfy pr < R to ensure
that there is at least one female rider joining the female-driver subsystem. Correspondingly,
the effective joining rate in the female-driver subsystem is Ap(pr, Ny) = Aj, p(pr, Ny) +

. N2u2(R—pr) . . r(c+Nsu(R—
A5 p(pr, Ny) = m, and the wage is required to be wr > wy = % O
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Next, we consider the platform’s pricing and wage decisions. For the sake of notation
simplicity, hereafter we suppress A§;(par, Nm) and A% (pr, Ny) as Xi(p;), j = M, F. Note
that in each subsystem j, j = F, M, for any given p;, the platform has no incentive to offer

a wage above w;. Hence, it is optimal for the platform to set
w;(pj) = w;(py), j = F, M. (29)

Thus, in a hybrid system, the platform’s optimization problem becomes

Iy = wj(pj)gj?jxe{FﬁM}je{ZF;M}(pj — w;(p))Aj(py)
N2 (R — pur)
¢+ Npu(R —pur)
= max  Iy(py) + max r(pr),

wps (Pv) <P wp(pr)<pr

NJ%MZ(R — PF)
¢+ Nyu(R — pr)

+ (pr — wr(p))

= (pm —wp(p))

where II;(p;) is the subsystem j’s profit function, j = M, F'. This indicates that optimizing
the total system profit can be derived by optimizing each subsystem’s profit individually.
Let p;, j = F, M, be the optimal price in the subsystem j. Then, in the hybrid system the
platform’s optimal profit is

Proposition C.2. In a hybrid system, when Np,pu < Ay, the platform sets the optimal prices
and wages as follows:

.

2
~% ~x% _ c cR c rNm
<pM0’wMo> =+ Nmp \/Nmu T (Nmu) ’ ’

iime/ |/ 58+ (555)°

for T S N c cR c

2 TNy
’ 2
cR c
MNfc/\/Nfﬂ+(Nfﬂ)

\

Moreover, pp, < Phy, -

Proof of Proposition C.2. Recall that we can derive the optimal price for each subsys-
tem individually. First, in the male-driver subsystem, the platform sets the price py; to

maximize its profit as follows:

NZ (R — par)
max Il = —w m
Wy (Par)<pm (par) (Par = s (pr)) ¢+ Npu(R —pur)

y N7 (R — pu)
¢+ Npju(R — par)

—rN,.

=P
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Py (pv) _ —2(uNm)?(eprmpNm+c(c+puNm(R—pur)))

It can be easily shown that I1,,(pys) is concave in py; as
0. Then, based on the first-order condition

dp3, (c+Nmu(R—par))?

AMr(par) _ )y y2 8= 2Par) + Nonpal R — pa)® _
dpum " (¢ + Nop(R = par))” 7
N 2
we obtain the optimal price py, = R+ Niu — ]\ff” + ( N;ﬂ) , which is obviously smaller
than R. Correspondingly, the effective arrival rate X, (p%,) = uN,;, — ————— and the

cR +( c )2
Nmp N p

. The optimal profit of the male-driver

St(Phr) MNm—c/\/]\fmp'*‘(anuy

optimal wage W}, = oz N
R

subsystem is thus

~ ~ C
T, = U (Phy,) = RuNm +2¢ — (R+ MNm)C — A+ Ny R — 1 Ny,.

In the female-driver subsystem, the optimal price pf, , the optimal wage wy, and the corre-

sponding optimal profit ﬁ*FO can be derived similarly. We omit the detail here.

2
Lastly, we compare pj; and py, . Define f(z) = R+ — ;i; + (ﬁ) . It can be easily

shown that
2c cR c 2
v e Eavmpa o RrE-Ee()
dx N MxQ cR c 2 N ,u:r;2 cR c 2
2/ + () 2/ + ()
2 2
due to (R + %) —4 (%Z + (ﬁ) > = R? > 0. Since N,, > Ny, the property of f(z) implies
that 5, < Py, 0

C.2 When the number of male drivers is large: N,,u > Ay

When the number of male drivers is sufficiently large (N,,pt > Ay), the joining and partic-
ipating behaviors of riders and drivers are much more complicated. We still focus on the
equilibrium outcome in which riders join the two subsystems at non-zero rates. We now

develop the conditions under which such equilibrium will exist in the following proposition.

Proposition C.3. In a hybrid system, when Nppu < Ay, depending on the magnitude of

prices and wages, we further have that

N Nenp(Nmp—Ag)’
wrp > wp(p), in equilibrium, the joining and participating behaviors of riders and

1. (Case H1) when py € Qy := [R S R), wy > wy(p), prp < R and

drivers are exactly the same as those stated in Proposition C.1.
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2. (Case H2) when py € Qy = <0,R—a— iji—%) , Wy > Nﬁ%ﬁ;ﬁ;iﬁ;?))f

pr < R and wp > wp(p),

(a) the drivers’ equilibrium participating behaviors are exactly the same as those stated

in Proposition C.1, that is, ny, = Ny, n = Ny.

(b) A, male drivers and Ay, safety-unconcerned female riders all join the male-driver

subsystem, i.e., X, = A, and )\f%M = Ay,. Safety-concerned female riders join
(BNm)*(R—py—a
c+uNm(R—pyp—a
(uNy)*(R—pr)
ctaNs (R—pr)”

the male-driver subsystem with rate A\ \/(pym) = ; — A, and join

the female-driver subsystem with rate A p(pr) =

3. (Case H3) for any given p; > w;, j = F, M, the participating numbers and join-
ing rates (NS, = Am,)\;ié,M = Ap, A5 = 0,05 ping,,nG = Ny) are an equilibrium
outcome if they satisfy the following set of conditions:

(S = 2oy — 1 >0,

xS

Sy = {\%}pr —7r >0,

H3 Conditions :  Um = U, i = B —pyr — o=y > 0,

Ufc,M:R_a_pM_# <0,

CA¢

\Ufc,F:R_pF_

Proof of Proposition C.3. As we focus on the cases where riders join the two subsystems
at nonzero rates, we can further classify those cases according to the joining behaviors of
female riders. Then, we have the following three cases.

One: safety-concerned female riders join both subsystems at non-zero rates. When safety-concerned

female riders join the male-driver subsystem at a non-zero rate, by the same logic used in the
proof of Proposition B.1, we know that it must be the case that all the safety-unconcerned
riders have joined the male-driver subsystem. That is, A, = A,,, and Af,m = Ay,. To ensure
that at least one safety-concerned female rider is willing to join the male-driver subsystem,
we need to require that her utility of joining is non-negative when all the N,, possible drivers

have participated in the service, i.e.,

Upoa(0,A g, Ay Niw) = R — pag — W (0, Ay, , Aps Niy) — @ > 0.

_ e
Ninpt(Nmp—Ag)*
Due to the limited supply of drives in the male-driver subsystem (uN,, < Ay < Ag+Ay,),

This requires that pys < R —a

it is impossible that all the safety-concerned female riders join the male-driver subsystem in

the steady state. Given the number of participating drivers n,, in the male-driver subsystem,
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where n,,, < N,,, the equilibrium effective joining rate of safety-concerned female riders can
be obtained by solving
Ay + A5

= 0.
Nm b (nmu - A¢> - )‘?C,M>

UfC,M(/\;mM,quﬁ,Am;nm) =R—-—a—puy—c

It can be shown that in the male-driver subsystem, the equilibrium total effective joining
rate from all riders is

(1 )* (R — pur — a)
¢+ png,(R—py —a)

/\}3\4(pMa nm) = AqS + )\jrc7M<pM7 nm) =

Then, we can show that the average demand allocated to a single driver in the male-driver

subsystem,
?\4<pM7 nm) _ nm,LLQ(R —Pm — CL)
N, ¢+ png (R —py — a)
d(”]ﬁ{(ﬁ]\/[ﬂm)) )
. . nm _ cp?(R—pp—a) imi
is increasing n,, as we can show that e = G Bpr—a)? > 0. Similar

TNm _

to the proof used in Proposition C.1, we can conclude that when w,, > o N
M siVm
rletulm(R-pyn—a)) " a]] the N,, drivers participate to work in the male-driver subsystem. Cor-

2 N (R—pas —a) ,
respondingly, A, 5/ (py) = giﬁ%;gg:g " :Zi — Ay. Due to the constrained supply and over-

whelming demand, all the related analyses regarding the female-driver system in the proof

" : : e _ (uNp)*(R—pp)
of Proposition C.1 can be applied here and it can be shown that A} r(pr) = m.
This leads to the result stated in case H2.

Two: safety-concerned female riders only join the female-driver subsystem, and safety-unconcerned

female riders join both subsystems. To ensure that safety-unconcerned female riders join

both subsystems, we should have
Uf¢,M<07Af¢7 Am; Nm) =R - Py — CW(O, Af¢,Am; Nm) S O,

implying that if all the safety-unconcerned riders join the male-driver subsystem only, they
CA¢

N pt(Nmp—Agy)

female riders’ joining behaviors are exactly the same as those stated in Proposition C.1, the

receive a non-positive utility. Under this situation, py; > R — is required. As
analyses in the proof of Proposition C.1 all hold here. This leads to the result summarized
in case H1.

Three: safety-concerned female riders only join the female-driver subsystem, and safety-unconcerned

female riders only join the male-driver subsystem. Note that when safety-unconcerned fe-

male riders only join the male-driver subsystem, they shall receive a positive joining util-
ity. The reason is that if in equilibrium, they receive a utility of zero, then some safety-
unconcerned female riders is indifferent between joining the male-driver subsystem and balk-

ing. Also, note that due to the limited supply of female drivers, the female riders’ joining
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utility in the female-driver subsystem is also zero. Under such a case, the safety-unconcerned
female riders shall be also indifferent between joining the male-driver subsystem and joining
the female-driver subsystem. This indicates that if safety-unconcerned female riders only join
the male-driver subsystem, their joining utility must be positive. Thus, safety-unconcerned
female riders all join the male-driver subsystem, i.e., )\j% v = Ag. Then, male riders shall all
join the pooling system as well as they behave the same as the safety-unconcerned female
riders, i.e., Aj, = Ap,. Recall that under this case, A}, = 0.

Next, we derive the conditions under which such an equilibrium exists. First, it requires

the equilibrium participating number of drivers in the male-driver subsystem n¢, satisfy

CA¢
Un=U OvA 7Am; m) =R — - > 0;
Fobt (0, A gy A ) PN e TR
A
Us.a(0,Ag,, Ainfy)) = R—a — par — cAy <0,

png, (g, — Ag)
where the first inequality ensures the joining utility of safety-unconcerned riders is positive
and the second utility guarantees that no safety-concerned female rider has incentive to join
the male-driver subsystem. As to the driver side, it is required that

Sm:—jwM—rzO.

Lo

Ay

e
M

Note that the demand rate per each driver, now decreases as the participating number
of drivers increases. Put it differently, the participation of an additional driver hurts all
the existing drivers in the system. In this situation, there is a one-to-one mapping between
wyr and n§,. The higher the wage, the larger the participating number of drivers in the
male-driver subsystem.

Regarding the female-driver subsystem, there are at most /N, female drivers participating
in the female-driver subsystem. Due to the limited supply of female drivers and abundant
female riders, in equilibrium, all the N; drivers shall participate in the service; that is,
n§ = Ny. As to the safety-concerned female riders, below we prove that not all of them join
the female-driver subsystem. Suppose that all safety-concerned female riders join the female-
driver subsystem, that is, A} » = Ay.. In the steady state, to ensure the stability of the
queueing system, we must have uNy > Ay, (the female-driver subsystem) and that png, >
A+ Ay, (the male-driver subsystem). This implies that pu(Ny+ny,) > A+ Ay, +Ap, = A,
which contradicts our assumption that /N < A. Hence, it is impossible that all the safety-
concerned female riders join the female-driver subsystem. Furthermore, the equilibrium

effective joining rate of safety-concerned female riders A} ;. shall satisfy

C)‘ec,F
Nip(Npp =G )
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In summary, for any given p; > w;, j = F, M, the following participating numbers
and joining rates of users, (A, = Am,)\;@M = Ag,, A5 = 0,05 ping,,n = Ny), are an

equilibrium outcome if they satisfy the following set of conditions:

(S, = :Tein—rz(),

Sy = )\Z'\;}pr—r>0,
Um:de,,M:R—pM—W;_%) >0,
Uy =R—a—py o (:2;_%) <0,
(Userr = B =pr Nfu(;fffljg‘fc,p) -

]

We now consider the platform’s pricing and wage decisions. First, we show that when the
platform maximizes its profit, case H3 will be dominated by case H1 under optimization.
Note that under case H3, the rider’s joining utility in the male-driver subsystem shall be
positive. However, when maximizing its profit, the platform can always increase its price pys
to reduce the riders’ joining utility to zero, under which case H3 degenerates to case H1. In
this way, we can focus on the platform’s optimal price and wage decisions under cases H1
and H2.

Under case H1, as the joining and participating behaviors of riders and drivers are exactly
the same as those stated in Proposition C.1, the platform’s pricing and wage optimization
problem is also similar to that presented in the online Appendix §C.1, which can be written
as follows:

ﬁi‘ = maxI; = max Uy (par) + max  Ip(pp),
pumeh wp(pr)<pr

_ (1Nm)?(R = pur) (uNy)*(R — pr)
= pﬁ??%i(pM wM(p))chuNm(R_pM) +2F83§pF(pF wp(p))HMNf(R_pF)-

Let (5;1, w? ) be the optimal price and wage of the subsystem j, j = M, F' under case H1.
Similarly, under case H2, the platform’s pricing and wage optimization problem can be
derived as

II; = maxIl, = max Iy(py)+ max Ip(pp),
PMEQ2 wr(pr)<pr

- max( _T<C+uNm<R—pM—a>>> (4Nw)* (R = pas — a)
M Ny (R — py — a) ¢+ uN (R — py — )

(uN;)*(R — pr)
+ — .
MF%Fa))ipF <pF wF(p)) c+ /JJNf(R - pF)

Py EQ2

Denote (p3,, ws,

H2. The platform compared the optimal profits under the two cases and choose the one

) as the optimal price and wage of the subsystem j, j = M, F' under case
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that leads to a higher profit. Thus, the platform’s profit II* = max{ﬁ’l‘, ﬁ;‘} Analogous to
the derivation process shown in the proof of Proposition C.2, we can show that the optimal

prices and wages are

(
" 2
~% ~y _ c c _
(kaaka)_ R+ Nf,LL Nf/‘+<NfH> - 7k—172.
uNp=e/ || St N
2 poe 3
~% ~ _ - CA¢ T(CJFNmN(R*le )
(Phrys Wir,) = (maX{R Nonpte(Nonpi—A ) A¢) \/ Nmu }v WZN o (R—Ty,)
cAy c¢(R—a) 2
~ . R VI
Py, = ming R —a Nmu(Nmqud,)’R Now T Nmu)
o = r(c+Nmp(R—a—pjy,))
\ Mz .L"2Nm(R_a_i"1*y[2)

(30)
Based on (30) and Proposition C.3, we can obtain the equilibrium joining rates of all types
of users and the corresponding optimal profits under cases H1 and H2. Then, we have the

following result.

Proposition C.4. In a hybrid system, when N,,pu > Ay, there exists a threshold @ such
that if the safety-concerned female riders’ mismatch cost a > a, the platform sets the opti-
mal price and wage (P, Wiy Phy Wh) = (ﬁ}k\/fl,@j/h;ﬁ}l,@}l). Otherwise, the platform sets
(Bars Wy B W) = (Phsys Wity Py Ty ) -

Proof of Proposition C.4. It is easy to check that ﬁf is independent of a. We next prove

that ﬁ; decreases in a. It can be shown that

H; - (ETQ _@;2))\%2(23/}2)—1_(23*]\42 _,&7;42) ?MQ(FMQ)’
( cA o~ cA
(R—a— xovsmrg ) Ao =N i By, = R — 0y

2
= _ c ¢(R—a) c . c o
— HF2 + < (R a -+ Nt \/ Ny + (Nm,u) ) ,uNm \/C<R7G)+(L>2 er

Nmp Nmup

if p* c c¢(R—a

o CA¢
NMN(NmN*Aé) ’

~ 2
dH* ~y C cR—a C ~%
@ = —Ay < 0. (2) When Py, =R—a+ Nepp \/ (Nmu) + <Nmu> ) ?\42(171\42) = uNm —

where ﬁj‘% is independent of a. (1) When p3, = R —a it is easy to show

NC —2 C(J\If3 a)+(N )2
is obviously decreasing in a. It can be shown that M2 = = ks s

e ()’ 2[4 ()

0. Therefore, (P}, — Wiy, ) - A, (Par,) = Pasy - Aos, (Pas,) — 7Nm decreases in a. Consequently,

C

IT; decreases in a.
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Let @ is the unique solution of

—0, (31)

a=a

(1 - 1)

if it exists. If (I1; — I17) |os0< 0, we let @ = 0. Then, if a < @, II; > II%; otherwise, 1T < II*.
0

For ease of reference, we now summarize the equilibrium outcome under the hybrid
system in Table C.1 based on the above discussions. Note that in Table C.1, X;O +

< NERARBiy) NIE(RTy) % < N
0 * 0 * + )\}¢,M0 < Af<;/>; )\:11 + )\}¢7M1 =

* _ mP VY PMy s N x _ _fr T TRy
fo:Mo ™ c+Nppu(R—py, )7 “fe:Fo + )‘wao c+Ngu(R—pp,)’ " fo- ko
< N N2 i2(R—a—Py,)
* . * _ m Mo/
+)\f¢”M1 S Af¢, and )\fc7M2 - C+NmM(R_a_Z77\42)

N2 (R—Phr) Yy _{_5\“* _ NP(R-PR) %,
c+Nmu(R—Phy, )’ fe,Fu foFn c+Nyu(R—py, )’ fo,F1
A e N}p*(R—pF,)

@5 Nfe,Fo c+Nfu(Rf;E}2)'
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Table C.1: Equilibrium Price, Wage and User Joining Behaviors in a Hybrid System

Player If Npppe < Ay
.. . ~y ~y cR
decision in F' subsystem | (pj,, w},) = (R+ = Non \/W + <
“Nf C/ NfM NfM
Platform
decision in M subsystem | (P, wiy,) = | R+ 55, — \/1\?5;1 + (anu) :
UNm—c NmH
profit in F' subsystem H}O (\ /RN ) — 1Ny
profit in M subsystem (\/RNm \/_) —rN,,.
profit in hybrid system Hé = I}, + g,
male join male-driver subsystem at rate A,
Riders type-fs join female-driver subsystem at ratfi )\}@ P
female join male-driver subsystem at rate )‘}w Mo
type- f. female join female-driver subsystem at rate A} p
Drivers male All N,,, male drivers join male-driver subsystem
female All Ny female drivers join female-driver subsystem
Player If Npopo > Ay: case H1
decision in F subsystem | (ph 05 )= | R+ & — 1/ & + <L>2 Ny
Fy» Fy Nf,u, Nf/J, Nf,u, ’ R . 2
MNf_C/ pr,+<pr,)
Platform | gecision in M subsystem (ﬁ*Ml wyy, ) © equation (30)
profit in F' subsystem (\ /RN¢p ) — rNy.
~ mhe (R
profit in M subsystem H}‘Vh = (i, — le) #}%pgﬁj)
profit in hybrid system H* H* + H*
male join male drlver subsystem at rate A,
Riders type-fs join female-driver subsystem at rate )\ FouFy
female join male-driver subsystem at rate PV FouM
type- f. female join female-driver subsystem at rate A}
Drivers | both types same as that in the case Ny, < Ay
Player If Npopo > Ay: case H2
decision in F subsystem | (P4, wh) = | R+ & — 4/ + ( )2 Ny
Fy» Fy Nf,u, Nf/J, Nf,u, R
MNf C/ Nf#+ Nf#
Platform | gecision in M subsystem (;5’}‘\42,@}*\42) : equation (30)
profit in F' subsystem H}Q (\ /RN¢p ) — rNy.
. =~ N7 p?(R—a—Phy,)
profit in M subsystem = (i, — wM2) TN ;VLQ)
profit in hybrid system H* H* + H
male all join male drlver subsystem (i.e., at rate A,;,)
Riders type-f, female all join male-driver subsystem(i.e., at rate Ay, )
type-f. join female-driver subsystem at rate Y
female join male- grlver subsystem at rate PV My
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