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With the development and deployment of new technologies, the oligopolistic taxi indus-
try is transforming into a shared market with coexistence of both traditional taxi service
(TTS) and app-based third-party taxi service (ATTS). The ATTS is different from TTS in both
entry policy and fare setting, and brings competition into the market. To account for the
revolution of the taxi industry, in this study, we analyze the characteristics of the TTS and
ATTS, model the taxi market as a multiple-leader-follower game at the network level, and
investigate the equilibrium of taxi market with competition (TMC Equilibrium). In particu-
lar, passengers are modeled as the leaders who seek to minimize their travel cost associ-
ated with taxi rides. Followers involve TTS and ATTS drivers, who compete for passengers
to maximize their revenue. The network model captures selfish behavior of passengers
and drivers in the taxi market, and we prove the existence of TMC Equilibrium for the
proposed model using variational inequality formulations. An iterative algorithm is further
developed to find the TMC Equilibrium, which corresponds to the strongly stationary point
of the multi-leader-follower game. Based on numerical results, it is observed that fleet size
and pricing policy are closely associated with the level of competition in the market and
may have significant impact on total passengers cost, average waiting time, and fleet uti-
lization.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Urban taxi offers great flexibility and mobility via its door-to-door service and 7/24 availability, and plays an important
role in urban transportation system. By the end of 2014, there were over 50,000 taxi drivers serving 600,000 passengers
daily in New York City (NYCTLC, 2014). Moreover, in other large cities such as Tokyo and Paris, there is one taxicab per
hundred population (Consultant, 2014). In light of the size and significance of urban taxi industry, framing regulation policies
is of key concern for stakeholders in order to correct market imperfection (Schaller, 2007) and maintain level of service. To
help frame regulations, economists have developed aggregate demand and supply models to examine the effectiveness and
consequences of policies mainly associated with entry and fare controls (Douglas, 1972; De Vany, 1975; Beesley and Glaister,
1983; Hackner and Nyberg, 1995; Cairns and Liston-Heyes, 1996; Shreiber, 1981; Dempsey, 1996; Cetin and Yasin Eryigit,
2011). Nevertheless, as suggested by Yang and Wong (1998), since taxi service takes place over space, aggregate models are
oversimplified, and are incapable of capturing the influence of road network structure and the equilibrium nature of taxi
service. This motivates to model taxi service at the network level.
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The first work which models urban taxi service at the network level was exemplified by Yang and Wong in 1998 (Yang
and Wong, 1998), where a network model was developed to characterize the movement of vacant and occupied taxis on
the network. It was assumed that passengers will always receive the service and any driver will eventually find a passenger,
and taxi waiting time and utilization rate were analyzed with the change of taxi fleet size. Based on the network model,
Wong and Yang developed an efficient algorithm to solve the taxi network movement problem as an optimization problem
Wong and Yang (1998), Wong et al. (2001) improved the model by incorporating network congestion and demand elasticity,
Wong et al. further proposed a sensitivity-based solution algorithm to solve their congestion model more efficiently (Wong
et al., 2002), and the basic taxi network model was implemented to study how different regulations may affect the demand-
supply equilibrium (Yang et al., 2002). While drivers’ behavior is the main focus of the aforementioned studies, Yang et al.
(2010) proposed to model the behavior of drivers and passengers jointly, where the Cobb-Douglas function (Varian, 1992)
was implemented to characterize trip waiting time as a function of the choices made by passengers and drivers. While
the taxi service model (Yang and Wong, 1998) serves as the base for all these studies, they are observed to share two
fundamental assumptions: (1) the taxi service is well-regulated and the market is monopolistic, and (2) all passengers will
be serviced and all drivers will eventually find a trip during the modeling period.

However, as Uber launched their transportation service in 2009, it breaks the convention of traditional taxi service (TTS),
where street hailing is the main way of getting a taxi ride. Instead, it offers app-based third-party taxi service (ATTS),
which allows passengers to request taxi service using smartphones. In a few years, we have witnessed the revolution of
taxi industry globally with the entrance of other ATTS providers such as Lyft and Didi, and the market property has been
complicated as it transforms from oligopoly to shared economy. Consequently, to understand the nature of the new market,
there is an emerging need of a network model which accounts for the coexistence of TTS and ATTS. And modeling the
market with TTS and ATTS is the objective of the study.

Specifically, the importance of the study can be understood from two aspects. First, the entrance of ATTS provides pas-
sengers with an alternative taxi service, and therefore introduces competition into the market. Therefore, it is no longer
appropriate to model taxi service as monopolistic, and we need to develop new methodologies to account for the conse-
quence of competition in the market and investigate the equilibrium of taxi market with competition (TMC Equilibrium).
Second, within 5 years, Uber has attracted over 8,000,000 users globally, and is serving 400 cities, with 50,000 new drivers
added monthly (DMR, 2015). Meanwhile, similar ATTS providers emerge all over the world and become legitimate in more
and more cities. Admittedly, ATTS is becoming indispensable in taxi market, and caution should be exercised as how to reg-
ulate the market with both TTS and ATTS appropriately. This in return requires a model to analyze the impact of different
regulation strategies on the market.

To model the taxi market with TTS and ATTS, it is essential to understand the underlying differences between TTS and
ATTS. Unlike TTS, which mainly serves passenger via street hailing, ATTS offers rides through smartphone apps, which helps
to narrow the information gap between passengers and drivers. Operationally, there are two major differences between TTS
and ATTS. First, as a revenue-driven business, ATTS will charge passengers premiums on top of the time-distance based fare
setting when there is high level of demand. This indicates that ATTS is not regulated in terms of pricing policy. Second, a
smartphone may turn any licensed car owner into an ATTS driver. Hence, there is no restriction on the fleet size of ATTS
and drivers have the freedom to join or leave the market at anytime. Moreover, due to joint-effect of the two properties,
ATTS drivers are observed to join the market strategically based on the amount of premiums, known as ‘chasing the surge’
(Cook, 2015). On the contrary, TTS drivers purchase the medallion to enter the market, and usually keep running for their
entire shift in order to compensate the entry cost and make revenue.

In this paper, we build the taxi network model for the coexistence of TTS and ATTS. In particular, the interactions among
passengers, TTS drivers and ATTS drivers are mathematically formulated as a taxi market multi-leader follower game (TM-L/F
game), and passenger equilibrium and driver equilibrium are modeled as generalized Nash equilibrium problems (GNEPs).
For the GNEPs, passengers choose from TTS and ATTS to minimize their trip cost. And TTS and ATTS drivers need to decide
where to pick up the next passengers to maximize their revenue. The study contributes to the literature in the following
ways: (1) a network service model is formulated to characterize passenger and driver behavior in the taxi market with
both TTS and ATTS, (2) competition in the market is modeled as a multi-leader-follower game and the definition of TMC
Equilibrium is introduced, (3) the structure of the game is analyzed and variational inequality is used to prove the existence
of market equilibrium for the taxi market with competition, (4) an iterative algorithm is developed to find the strongly
stationary point of the multi-leader-follower game, and (5) we explore the consequences of change of market attributes
including fleet size and pricing policy, and provide insights for regulating the taxi market with competition.

The rest of the paper is organized as follows. Next section introduces mathematical notation and preliminaries of taxi
market, followed by formulations of passenger and driver behavior in taxi market with TTS and ATTS. The third section
casts the network model into the TM-L/F game, discusses structural properties of the game, and proves the existence of
TMC Equilibrium. The fourth part relaxes the GNEPs in both levels of the game as augmented Nash equilibrium problems
(NEPs), and presents an iterative algorithm for solving the TM-L/F game. Finally, the numerical experiments are presented
and results are discussed, and summary and future studies are provided.



X. Qian, S.V. Ukkusuri/ Transportation Research Part B 100 (2017) 43-63 45

Table 1
Notation list of fixed parameters and variables.

Notation  Description

Fixed Parameters

o Coefficient which captures perceived cost per unit trip time for passengers with mode s
B Coefficient which captures perceived revenue per unit trip time for drivers with mode s
N The collection of zonal areas in the network

NS Base number of drivers for trip service s

Q The set of all trip pairs (i, j), where i, j e N

s Trip service mode s € {I, II}, where [ refers to trips by TTS and trip mode II is the ATTS.
ti ) Trip time from zone i to zone j. (i, j) € Q

Variables

c‘zu)(y) Trip costs net of revenues for drivers traveling from i to j with service s, ¢ : R'fz' —R

Ff Average trip nest revenue of service s at zone i

NI Induced number of ATTS drivers at zone i

S Surge price of mode s at zone i, i€ T

ufivj)(x) Travel cost function for passengers traveling from i to j with service s, u : R‘fz‘ —R

wi Average searching time for TTS drivers at zone i to find a passenger

wh Average searching time for ATTS drivers at zone i to find a passenger

we Average passenger waiting time of service s at zone i.

xs(i.j) Passenger trips from zone i to zone j with service s, x € R'fz' )

yfu) Empty trips from zone i to zonej’(i # j)with service s, y € RLQ"‘M

yfm Excessive drivers at zone i, y € R';‘“‘.

2. Formulation
2.1. Notation

Before discussing the model in detail, we first present the set of notations used in the study (Table 1):
2.2. Market preliminaries

We develop a network model for taxi market with TTS and ATTS. In the network model, the set of nodes refers to
trip zones, which may serve as trip origins and destinations. The set of links represents trip pairs and the flow carried by
links is the amount of trips between each pair of nodes. The overall market network can be further decomposed into three
inter-dependent sub-networks: the network of passengers, the network of TTS drivers, and the network of ATTS drivers. The
inter-dependency among the three sub-networks lies in that passengers’ cost is determined by how drivers are distributed
in the network, and drivers’ distribution is largely affected based on where passengers are located. Self-loops are allowed
and represent intra-zone trips. An example of the taxi market network is given in Fig. 1.

We consider a taxi market with independent dispatching platforms for TTS and ATTS. Passengers have equal access to
both TTS and ATTS platforms to obtain the estimated arrival time of drivers. TTS and ATTS drivers can only access their
specific platform to receive dispatching orders, which contain the information of trip origin and destination. Moreover, the
platform will only send passenger orders to nearby drivers. In the taxi market, the operation strategy for TTS drivers is
considered as the combination of street hailing trips and orders from a dispatching platform. They can either pick up a
passenger by the curb side, or accept a dispatched order during cruising. On the other hand, ATTS drivers are only allowed
to serve orders sent from their platform.

Before discussing the mathematical formulations, we first present the main assumptions in this study:

1. Drivers and passengers are assumed to be selfish. Passengers will always choose the service with the lowest cost, and
drivers will maximize their revenue by determining the place to pick up next passengers after each drop-off.

2. Both passengers and drivers are assumed to have perfect information. Passengers know exactly how long they need to
wait for their service and the total trip cost from both platforms. Also, the platforms provide drivers with the location of
passengers as well as the trip revenue.

3. We assume that the average searching time for ATTS drivers is no longer than that of TTS drivers in the same zone under
same supply and demand level, since orders are more optimally assigned by the ATTS platform.

4, Similarly, we assume that the average waiting time for ATTS passengers is no longer than that of TTS passengers in the
same zone under same supply and demand level.

5. TTS is well regulated, with fixed fleet size and pricing policy. On the contrary, ATTS market is unregulated, with no caps
on the fleet size and surge price is applied. Moreover, ATTS drivers will behave strategically based on the number of
passengers in the market and the amount of surge premiums.

6. For simplicity, it is assumed that the trip cost and revenue are proportional to travel time, since trip time and distance
are closely correlated in a given time interval. Such relationship is also revealed from the real-world taxi trip data (Zhan
et al,, 2013).
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Fig. 1. A sample network for the taxi market with TTS and ATTS.

For taxi passengers, their goal is to minimize their travel costs, which is affected by the decisions of other passengers.
Similarly, drivers’ objective is to maximize revenue by deciding where to pick up passengers, and the decision is closely as-
sociated with the choices of other drivers. Consequently, the behavior of taxi drivers and passengers can be modeled as two
Nash games on the taxi network. For passenger game, the players are links in passenger network, which reflect the decision
of individual passengers by the amount of flow on the link. The game reaches equilibrium state when there is no single
passenger who can improve his or her trip cost by unilaterally altering trip mode. For driver game, the players are links in
TTS (ATTS) network, where the strategies of drivers are represented by the amount of driver flow on the link. The driver
game reaches equilibrium state when no single driver can improve his or her trip revenue by unilaterally altering his or
her next pick-up location. The overall framework of the taxi market game between TTS and ATTS, and the inter-dependency
between passenger and driver games are described in Fig. 2. As shown in Fig. 2, TTS and ATTS drivers’ distributions are the
results of the Nash games with the passenger flow as input. Similarly, the flow pattern of TTS and ATTS drivers determines
the passenger trip cost, and eventually leads to new passenger flow pattern. Additionally, the surge price introduces another
layer of impact on both driver and passenger games through changing the supply level of ATTS driver, and subsequently
affecting ATTS passengers’ cost. The mathematical formulations of this modeling framework are presented in the following
two sections, where cost functions and constraints are developed based on the behavior of drivers and passengers in this
taxi market game.

2.2.1. Driver movement

We consider drivers having two states: occupied and available. When a driver is occupied, he will drive all the way
to passengers’ destination. Upon completion of a trip, the driver becomes available and needs to decide the next pick-up
location which maximizes his or her perceived revenue. We define the costs net of revenues for TTS and ATTS drivers
moving from zone i to zone j as:

Cip Vg Vo) = Bty +wh) = SiF] (2.1)

Il 11 11 11 11 Il 11
iy OViijy Yoap) = B Wy +wj) = SiF (2.2)

The flow vector (ys(i i) ¥ B ].)) represents the strategy of player (i, j) when decisions of all other players y* i) are known.

The function for costs net of revenues contains three components: t; j is the travel time of running empty from zone i to
zone j, w; is the average searching time for finding the next passenger at zone j, and S;Fjs is the revenue a driver may expect
by picking up a passenger at zone j. In particular, the trip revenue Fjs is calculated as the average trip fare of all passenger
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Fig. 2. Illustration of the TTS-ATTS competition.

= M for TTS. Note that while surge price may be applicable to both TTS and

J (u)
ATTS, we only model such factor for ATTS and Sg is set to 1 for the rest of the study.

The average TTS searching time is derived as
I I I
wh = A Y + Lkew X (o
iT ] ]
1 + st/\e’x(j,k) Zke/\/'x(j,k)

where Al is zonal cruising-dispatching parameter for TTS, and its value depends on the size and road length of zone j. It can
be interpreted as the time that is required for TTS drivers to travel across the entire zone following their cruising-dispatching
strategy and no passenger is found. We assume that passengers are distributed uniformly in the trip zone. Therefore, the
first component of w; states that average searching time decreases hyperbolically as the number of passengers increases, if
demand and supply levels are perfectly matched. However, oftentimes the supply level may exceed the number of available
passengers. Consequently, the second component captures this situation by scaling up the average searching time due to
competitions from excessive drivers y’(j) i If y’( = 0, then the amount of passengers and drivers are balanced, and the
searching time is determined by only the first component.

For ATTS, the average searching time is derived following the similar form as of TTS:
wi — Al Y + Zkev X
J 1+ Zke/\/' xl(lj,k) Zke/\" Xl(lj,k)

where Aﬁ,’ is named as the zonal dispatching parameter. The difference of ATTS searching time compared to TTS searching

trips originated from zone j, e.g. Fj’

(2.3)

(2.4)

time is that the value of coefficient Ag.’ should be no greater than that of A?. This corresponds to our third assumption and
reflects the technology advances of ATTS in matching drivers with passengers.
For each zone i, the following flow conservation constraints should be satisfied:

Z"(mz) = > Yim ~Yup- Vi (2.5)
neN/i

D Vi ~Yip =D Xiny Vis (2.6)

meN/i n

where y(l ny’ i # n represents empty trips traveling from zone i to zone n, xs( refers to occupied trips, and y(, ) is the
excessive drivers at zone i. When a driver completes a trip, he or she needs to dec1de the next zone to search for passengers.
Two choices are immediately available: (1) moving to zone j without passenger on board, which is characterized by y(i Y

and (2) staying at zone i (assuming he/she finishes the trip at zone i). The second option may result in two outcomes: (a)
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the driver successfully finds a passenger and is captured by x(l i) and (b) the driver fails to find a trip after searching across
zone i, which corresponds to y(“). These give rise to the two conservation constraints above. In particular, Eq. (2.5) is the
departing driver flow constraint, suggesting that the summation of all arriving passenger flow into zone i and the excessive
drivers at zone i should be equal to the total number of vacant drivers departed from zone i. Eq. (2.6) is the arriving driver
flow constraint, implying that vacant drivers arrived at zone i will either leave zone i occupied or fail to find a passenger
and become excessive drivers. If there is no excessive drivers and yii_i) =0, the flow conservation constraints are consistent
with those in Yang and Wong (1998), where all drivers are assumed to be able to find a passenger.

Finally, since we model the taxi market for one-hour time period, it is therefore restricted that the total service hour
(occupied trip + empty trip time) constraints should not be violated:

I 1| I 1
> X i + W + Y ptanl = N (2.7)
(i.)eQ
Il Il Il i N
Y Ixj Capy +wh + ¥ ptapl =N"+ YN (2.8)
()< ien

The first component on the left-hand-side of the Eq. (2.7) is the total taxi hour spent on occupied trips, which comprises
trip time and searching time. The second component on the left-hand-side of the equation denotes the total taxi hours spent
on vacant movement between (within) zones. Compared with Eq. (2.7), Eq. (2.8) has an extra term N{’, which captures the
entrance of additional drivers due to incentives of high surge price.

2.2.2. Choice of passenger

For any given OD pair (i, j), passengers have equal access to TTS and ATTS. Consequently, passengers will choose the
service which gives the minimum travel cost. The choices are closely associated with the competition between TTS and
ATTS. We define passenger cost functions as:

I I I I 1
U ) Kii jyo X jy) = & (L jy + W) (2.9)

ulh (A j)) = Slalt )+ a2+ W) - ¢ (210)
The flow vector (xs( (1 ])) represents the strategy of player (i, j) when decisions of all other players x° > ij) are known.
Egs. (2.9) and (2.10) state that waiting time and in-vehicle travel time are the two main components of passenger cost. The
term z{’ is a constant representing order confirmation time after a passenger orders the ATTS service using app. As it is
assumed that ATTS service is always available to passengers, the z{’ is set to a small value. ¢ is a constant that accounts for
the monetary value of extra benefits for ATTS, such as technology advance, and newer and cleaner vehicles. While we use
a single term to capture the benefits, a more comprehensive expression including heterogeneity of different features can be
developed by collecting passengers’ behavior data using a survey instrument.

For each OD pair, passenger demand should satisfy the flow conservation constraint where the summation of demand
served by TTS and ATTS should equal to total passenger demand, as follows

Xl(li,j) + Xl(i,j) =X(i,j) (211)
Different from the regulated TTS, the ATTS is free entry and the surge price scheme is also applied. In reality, the scheme
uses a surge price multiplier (SPM) where the value is set to 1 (no change in price) if demand and supply are balanced, or if
there is more supply than demand. When there is a shortage of supply, the SPM will be set to a higher value greater than 1
to generate extra profits. In our study, we also allow the SPM to be less than one, which offers trip discount for passengers.

Additional ATTS drivers will enter the market based on the value of SPM and the demand level (Hall et al., 2015), and this
behavior can be captured using the following function:

N =7 Zx“ O (2.12)

where 7 is the coefficient which controls the entrance rate of drivers with respect to the amount of passengers, and a linear
relationship is specified with respect to the increase in SPM.

It is well-accepted that passenger waiting time is inversely associated with total vacant taxi hours in each zone (Arnott,
1996). Following the same idea, we consider that passenger waiting time is inversely proportional to the number of available
drivers and the amount of excessive drivers in each zone. It is intuitive that more excessive drivers at zonal level will lead
to more vacant taxi hours. This assumption helps to maintain the mathematical simplicity while at the same time captures
the underlying mechanism of taxi market. For TTS, the waiting cost is calculated as:

I
i B 2jen X j)
i ] | 1
1+ ZkeN/iy(kJ') _y(,',,') Zke/\/’/iy(kj)

where Bf is the zonal coefficient which captures waiting time for passengers using TTS. Similar to our discussion related to
Eq. (2.3), the first component of Eq. (2.13) captures the average passenger waiting time if the demand and supply level are

(213)
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balanced. Following flow conservation constraint (2.6), 3 i y’(k.i) captures exactly the portion of occupied drivers among
all arrived available drivers, and more occupied drivers imply lower waiting time. As for the second component, it deals
with the existence of excessive drivers. The more the amount of excessive drivers, the smaller the second component will
be, which leads to reduced passenger waiting time.

Similar passenger waiting time function for ATTS service can be constructed as

[l . i
I _ B; Ljen X(i.j)
i 11 Il
1+ ZkeN/iy(k,i) —y(“) Zke/\/’/iy(k‘i)

and Bf’ is no greater than Bf to reflect that ATTS passengers will experience lower waiting time compared with TTS passen-
gers at the same zone, under same demand and supply level.

(2.14)

3. Model properties

Based on previous discussions, it can be verified that the taxi market with TTS and ATTS includes three inter-dependent
games: the passenger game for choosing the service provider, the TTS driver game on where to cruise for next passen-
ger, and the ATTS driver game on which zone to move to for receiving the next order. While for each game drivers and
passengers perform non-cooperatively to maximize their revenue and minimize trip cost, the inter-dependency among the
games results in the Stackelberg competition in the taxi market. In particular, passengers who are the demand side of the
market can be viewed as the leaders of the game, and drivers who are the supply side of the market will respond to pas-
sengers’ actions. Nevertheless, different from the Stackelberg game, the taxi market has more than one leader with the
same set of followers competing non-cooperatively, which results in the form of the multi-leader-follower game. The corre-
sponding mathematical model for the taxi market leader-follower (TM-L/F) game is known as the equilibrium problem with
equilibrium constraints (EPEC). Attacking the multiple-leader-follower game is intrinsically difficult, as suggested by Pang
and Fukushima (2005), since the solution of the multi-leader-follower game may not exist and solving the problem may be
computationally intractable, due to the non-convexity of the followers’ feasible set. In this section, we analyze the properties
of the TM-L/F game and prove the existence of the equilibrium for this particular game.

We first introduce the definition for the equilibrium in taxi market with competition (TMC Equilibrium).

Definition 3.1 (TMC Equilibrium). The TM-L/F game reaches TMC Equilibrium when no driver can improve his or her trip
revenue by unilaterally changing his or her strategy, given the equilibrium responses from all passengers. Moreover, no
individual passenger can reduce his or her travel cost by unilaterally changing his or her strategy, given the equilibrium
responses from TTS and ATTS drivers.

Definition 3.1 stipulates that the market equilibrium is achieved when all three games arrive at their equilibria simulta-
neously.

Note that for the TM-L/F game, the cost functions for each leader (Egs. (2.9) and (2.10)) and follower (Eqs. (2.1) and
(2.2)) are not only the function of themselves, but also rely on the strategy of other leaders and followers. And the same
is observed for the constraint set for each leader and follower. This results in a non-symmetric Hessian and therefore the
problem can no longer be formulated and solved as a standard optimization problem. It is well-known that when each
player of a Nash game solves a convex program, the Nash game can be formulated and solved as a finite-dimensional
variational inequality (VI) problem (Harker and Pang, 1990). Moreover, when each player’s set depends on the strategy set
of other players, the game is known as the GNEP and can be written as a quasi-variation inequality (QVI) problem (Harker,
1991). Consequently, in this study, the leader game and the follower games are formulated as QVIs.

For cleaner mathematical representation, in the following analysis, we denote Eqs. (2.1) and (2.2) as cfl j)(yfi’j),j/i(i_j),i),
and constraints (2.5) to (2.8) as hs(”.) (ys(m,y{(i,j)j), where y'i(“.) is the fixed vector representing the empty trips on all
other links except (i, j), and X is the response of passengers which is also fixed. Denote yijj) as the optimal strategy of
player (i, j), we can rewrite the QVIs for TTS and ATTS drivers as

[Follower Game] Wb ~ Y Cin Wi Y% =0, Yy € Hi ;) 07 ;). %), Vs e {111} (3.1)
where H?Lj) (]75_(”.),)2) = {ys(l.vj) € R+|h(ivj)(y(i_j),y_(ivj), =0} is the point-to-set mapping which can be understood as the
moving strategy set of each follower, and R, denotes the non- negative orthant.

Similarly, denoting cost function of leader (i, j) as u(l])(x(l X XS (U),y) and the constraint set as Kfi‘j) ()?5_(14‘].)), we can
rewrite the leader game as

[Leader Game] — (x{; ;) — X{i Ui jy (X 1) X0y V) 2 00 VX 5 € KG 5 (R 5)), Vs € {1 1T} (3.2)

where Kfi,j) (2257(1.,1.)) = {xs(i.].) € R+|x(i1j) +x(,.,j) =X j)} is the point-to-set mapping which refers to the moving strategy set of
each leader.

For each service mode s, it is observed that the mapping csl ])(y) and the feasible region HS )(y) are parameterized by
the fixed passenger flow vector x and the fixed strategy set of other followers y @j) . As for each leader (i, j), the mapping

uy; ])(x) relies on the response of followers and the strategy of other leaders, and the constraint set depends only on other
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leaders’ strategies. Since TTS and ATTS drivers can be viewed as two independent firms, we denote the follower games as
two independent QVIs parameterized by x: QVI'(x) and QVI(X). Moreover, we denote the solution set of the two QVIs as
SOL(QVI'(x)) and SOL(QVI"(x)), which represent the response of TTS and ATTS drivers to the strategy of passengers. The
TM-L/F game can be expressed as one single QVI as:

&S — xS s (L X Yy >0,V (1) e Qs e {111}
[TM — L/F Game]( S(LJ) @GD7ZEHNED T )
X

_ (3.3)
oY YD € K5 (R 1) x SOL(QVI(x)) x SOL(QVI" (x))

where x is the Cartesian product.
We next prove the existence of solution for the TM-L/F game (3.3).

Proposition 3.1. Given the strategy vector x of all leaders , the solution set of followers SOL(QVI'(x)) and SOL(QVI'(x)) are
nonempty, compact and upper semi-continuous.

Proof. For each player in the follower game, the feasible region Hf,. i (yi(i j),i) consists of affine equality constraints, which
are parameterized by X and 375_(1. i Therefore, Hfi_j) is convex and compact with respect to ys(i i The feasible region of the
follower game is simply the Cartesian product of the feasible regions of all players:
S(o\ S 3 o
H @ = [T Hiy0Paj %
(i.j)e
It is easy to verify that #° is nonempty, as we can always find the driver flow to match passenger flow under the mild
assumption that all passengers will eventually get a ride. We can further conclude #° is compact following the Bolzano-
Weiertrass theorem on the Cartesian product of compact sets. Moreover, the mapping csi‘j) (x,y), which is parameterized

by x, is continuous on y. Consequently, the sets SOL(QVI'(X)) and SOL(QVI'I(X)) are nonempty and compact. The upper
semi-continuity of the solution sets comes naturally from Theorem 7 in Berge (1963). This completes the proof. O

Theorem 3.2 (Corollary 1, Harker and Pang, 1988). Let f : R™™ — R be continuous, an optimal solution to the problem
Minimize f(x,y), subject to x € X and y € Y (x)

exists if X is a nonempty subset of R" and Y: X — R™ is a nonempty-valued, compact-valued, upper semi-continuous point-to-set
map.

For each leader (i, j), Kf:j) (x) simply involves OD-demand conservation constraint and SOL(QVI'(x)) and SOL(QVI'(x)) are

1
point-to-set maps having properties as in Proposition 3.1. It follows readily from Theorem 3.2 that an optimal strategy

exists for each player in game (3.3). Nevertheless, the existence of optimal strategy of individual player does not guarantee
the existence of optimal strategy (possibly local) for the TM-L/F game. Denote (x*, y*) as the equilibrium solution to the
TM-L/F game, the solution set of the TM-L/F game is given by the intersection of the solution sets of each player, which
may be empty. Fortunately, we can utilize the property of joint feasible set to show that the TM-L/F game indeed possesses
an equilibrium.

Definition 3.2. A GNEP is a GNEP with Jointly Convex Shared Constraints (JCSC) if the feasible sets are defined as:
Ki(x_) £ {x; € K : g(x. x_) <0}

where K; is the closed and convex set of individual constraints of player i and g(x;, x_;) is the set of shared coupling con-
straints which has the same form for all players and is jointly convex. Moreover, a GNEP is a GNEP with Jointly Shared
Constraints (JSC) if the shared coupling constraints may not be convex. Note that JSC-GNEP is a general case of JCSC-GNEP
with weaker condition on the shared coupling constraint.

The TM-L/F game can be formulated as a GNEP with JSC with the mapping function:
U y) = [Ufy 200 U1 20+ U1
and we need to find the flow vector x* € K(x,y) such that
[JSCTM — L/F Game]  (x —x)TU(x*,y*) = 0,Vx € K(x,y) (3.4)

where K(x,y) 2 {(x,y)|x € X, y € SOL(QVI(x))} and X 2 {x e RLQ‘IX'(L].) +x( ;) =X j). V(. j) € Q). The set X refers to the

OD-demand conservation constraints which are satisfied by all players simultaneously.
Proposition 3.3. The solution of the JSC TM-L/F game (3.4) is a solution of the TM-L/F game (3.3).
Proof. Let (x*, y*) be the optimal solution of the JSC TM-L/F game. Since (x*,y*) e K(x*,y*), it follows readily that every
(xs(;{j), xs_*(iv].),y*) € Kfi,j) (xs_*(i_].),y*). Moreover, (x —x*)TU(x*, y*) > 0 implies that
(XGijy = X)W G iy Ry YY) = 0.9 5y € Koy (6 5, 97)
Consequently, (x*, y*) is a solution to the TM-L/F game. O
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Proposition 3.4. The TM-L/F game has an TMC equilibria.

Proof. It is easy to verify that X is non-empty, convex, and compact, and the mapping U(x, y) is continuous. By applying
Theorem 3.2, we arrive at the conclusion that the JSC GNEP admits a solution. Consequently, we conclude that the TM-L/F
game admits an TMC equilibria. O

4. Solution algorithm

Recall that the TM-L/F game is generally non-convex due to the non-convex feasible set of follower games. As a non-
convex problem, finding an optimal solution was proved to be NP-hard (Murty and Kabadi, 1987) and is therefore compu-
tationally intractable. Hence, the focus of the study is therefore to find a stationary point of the TM-L/F game, where the
TMC Equilibrium Definition 3.1 may also be applicable. Before presenting the algorithm, we first write the EPEC form of the
TM-L/F game and introduce preliminaries for identifying the strongly stationary point.

First, consider the following formulations for a particular player (i, j) of mode s in the TM-L/F game 3.3, which is a
Stackelberg game expressed as a mathematical program with equilibrium constraint (MPEC)

X%y = X)W Ky &gy Y Y1) 2 0
(XSE,'J)’}’IMV") € Kf',j)(is,(Lj)) X SOL(QVII(X)) X SOL(QVI"(X))

1

(4.1)

For the MPEC (4.1), the Abadie constraint qualification always holds for the follower game given the response x from the
leader game, and we can rewrite the SOL(QVI'(x)) and SOL(QVI"(x)) using the Karush-Kuhn-Tucker (KKT) condition, which
takes the form of a non-linear complementarity problem parameterized by x. Therefore, we can create the following math-
ematical program with complementarity constraints:

% * oSk I
Xli.j) = X)W K gy X ¥ ¥ = 0
S S vS
X €Kiy i)

0<y' 1d'>0
Y x) + VyuH L 0TAL ) —d =0 2)
H'(y', x) =0

o<y'"1d'>0
C"(y", X) + VynH”(y", X>T)‘I(Ii,j) _ dII =0
HII (yll’ X) =0
where d! and d are slack variables.
As suggested by Su (2005), the EPEC form of the TM-L/F game can be created by concatenating the MPEC (4.2) for all
leaders as:

(X jy = X Wiy Ky Ry ¥ ¥ 2 0.Ys e {LIL V(L ) € @
X5 € K ) Vs € (L)LY, ) € 2

0<y' 1d'>0
COL20 + VuH (L0 0 ) —d' = 0.¥(i )) € Q 43)
H' @', x)=0

0<y"1d">0
'yl x) + Vy"Hn(yn’X)T)\l(li‘j) —d"=0,¥(@, j) e Q

H'(y", x) = 0
Finally, the KKT condition for the EPEC (4.3) can be formulated following (Leyffer and Munson, 2010):
Vi 0.5+ Vi, Pyl — X5 jy = 0.Ys € (LI}, VG, j) € @
Vybiigy + Vol ligy = Vg + 470 &) = 0,Vs e {LIL VG, j) € ©
/’Ls(i.j) - U(Si,j) +¥o E(Su) =0,Vse{lLlI},V(,j)e R
P, —d =0,¥se{ll},V(,j) e Q
0 gxii'j) 1 Xfi,j) >0,Vse{lLll},V(,j) e
O<yLlyg;,)=0Vse {L1},V(,j) e
O<dad° L O'(Sivj) >0,Vse{l.ll},V(3, j) e 2
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0<—y'od L ‘i:(si,j) >0,Vse{lLlI},V(,j) e (44)
where G(Si = fuiij)dxs(ivj), P(Sl. i is the Cartesian product of all equality constraints of EPEC (4.3), and o represents the
Hadamard product.

Definition 4.1. A solution (x*, y*, d*, x*, A*, u*, ¥*, o*, £*) of (4.4) is called a strongly stationary point of the EPEC (4.3).

Definition 4.2. Individual MPEC (4.1) is said to satisfy an MPEC linear independent constraint qualification (MPEC-LICQ) if
the MPCC (4.2) without the complementarity conditions satisfies an LICQ.

Proposition 4.1. If (x*, y*) is an equilibrium point of the TM-L/F game (3.3), and if every MPEC (4.1) satisfies MPEC-LICQ, then
there exists multipliers (x*, A*, u*, ¥*, o*, £*) so that the KKT system (4.4) holds.

Proof. The statement follows directly from Proposition 3.1 in Leyffer and Munson (2010). O

Definition 4.1 stipulates that any TMC Equilibrium of the TM-L/F game is a strongly stationary point. Though it is in-
tractable to obtain an optimal solution, finding a strongly stationary point may lead to the TMC Equilibrium and will reveal
the stationary properties of the taxi market. Moreover, if MPEC-LICQ holds, Proposition 4.1 indicates that a solution of the
KKT system (4.4) corresponds to the strongly stationary point of TM-L/F game, and the KKT multipliers always exist. Con-
sequently, in order to obtain a strongly stationary solution, it is equivalent to find the point and corresponding multipliers
which satisfy the KKT system (4.4).

We next present the following iterative algorithm to find the stationary point of the TM-L/F game:

The main philosophy of the Algorithm 1 is to iterate and solve the leader and follower game successively, and the al-
gorithm stops when an optimal solution is found. The following proposition proves that the output of the algorithm is a
strongly stationary point of the TM-L/F game.

Algorithm 1 Iterative algorithm for TM-L/F game.
1: Initialize a feasible leader strategy xg, e.g., using all or nothing assignment. Set iteration number i = 0. Initialize step size
d.
2: while Stopping criteria is not met do
: Initialize a starting strategy for the follower game.

3

4 yl yll— Solve the follower game 3.1 which is parameterized by x'.
ioh i ; Il

5 x; < Solve the leader game 3.2 which is parameterized by y;, yi.

6: Xit1 <—Xi+d,'(Xl( —X;)

7: i<i+1

8: end while

Proposition 4.2. Let (x;, yi) be the sequence of solutions generated by Algorithm 1 and let (x;, y)) converge to (x*, y*) as k —
oo. Then (x*, y*) is a strongly stationary point of the TM-L/F game.

Proof. At convergence, the tuple (x*, y*) is an optimal solution of the leader game. Therefore, for the KKT system 4.4,simply
N — s S s s _AsTes s S s s * gk
take Xiij) = v"fi,j)e(i-f) + VXS(,-,j)P(i.j)“(i,j)’ and lﬁ(i.j) d S(i’j) = vysem) + Vs Gy My My evaluated at (x*, y*), and we
have the following complementarity conditions hold:
S N
0 =Xj) + Xy =0
O0<yl W(S,-,j) >0

Moreover, since the solution is also optimal for the follower game and all constraints are satisfied, we have P(S ds=0

i
and ¥’ o d® = 0 satisfied. Consequently, the remaining active equations of the KKT system (4.4) are
d* o 5(5,1 »z0
S N S S —
Wijy =Gy +Y oGy =0
S S
O0<d®Loj; =0
And this system of equations has infinite number of solutions by properly choosing o and &. This implies that we are

always able to find the KKT multiplier for the tuple (x*, y*) to satisfy the KKT system (4.4). Consequently, (x*, y*) is a
strongly stationary point of the TM-L/F game. O

The difficulty of the algorithm lies in that it is nontrivial to solve the leader and follower game directly, since leader
and follower game take the form of GNEPs. As suggested by Pang and Fukushima (2005), while NEPs are very well studied,
there were only handful results regarding the solution existence of GNEPs and the development of convergent algorithm is
still in its infancy. More importantly, even for a GNEP with convex mapping and convex constraint set, it may not admit a
unique solution. As solving GNEPs is the intermediate step of our problem, the existence of multiple solutions may result
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in inconsistency among multiple executions of the algorithm and it is therefore meaningless to compare the outputs for
different scenarios.

Nevertheless, recall the Definition 3.2, instead of attacking the GNEPs directly, we can convert the leader game and the
follower game as two JCSC GNEPs and solve the JCSC GNEPs to get the solution for the leader game and follower game.
An appealing feature of this modification is that the JCSC GNEPS can be further relaxed as augmented NEPs by moving the
coupling constraints into the objective function using penalty terms and solving NEPs can be much easier. Moreover, the
relaxed NEP admits a unique solution as it solves a convex problem. In particular, the JCSC for leader game is to have all
trip pairs satisfy the OD flow constraints simultaneously, and the JCSC for the follower game is to have flow conservation
constraints and taxi hour constraints hold for all players at the same time. Therefore, we can rewrite the leader game (3.2)
and the follower game (3.1) as:

[JCSC Follower Game] Y -y)TCE y) =0 VyeH(X) (4.5)

[JCSCLeader Game]  (x—x*)TU(x*, ) >0 VxeK (4.6)
and we obtain the augmented VIs by relaxing the JCSC GNEPsc as:

[VI — JCSC Follower Game)] @ -y)HTCE,y*, M) =0 VyeHX) (4.7)

[VI — JCSC Leader Game] x—x)TURX*,7.7)>0 Vxek (4.8)

where C(x,y*, 1) = C(X,y*) + AVyH(X), and U(x*,y) =U(X*,y, y) + ¥y VxK ().
Lemma 4.3. Every solution of the VI(KF) is a solution of the JCSC GNEP if the following assumption holds:

1. each mapping fi(+) is C2 on K and convex in x; € K; for every fixed x_;.
2. constraint g(+) is C! on K.

Following Lemma 4.3, it is obvious that solutions of augmented leader VI (4.8) and follower VI (4.7) are solutions of the
JCSC game, since the mappings and constraints are affine functions. Therefore, the solutions of (4.8) and (4.7) are also the
solutions for the original leader and follower games (3.2) and (3.1). Moreover, affine mappings and constraints indicate that
both augmented VIs can be converted into the mixed linear complementarity problems (MLCPs) as:

0<ylC(xy A)=0
h(%y) =0, AeRM

O<xL1lUxyv)>0
k(x)=0, y eRM

Consequently, the two subproblems in Algorithm 1 reduce to solving the two MLCPs. Solving MLCP is well-studied and
MLCP can be solved using commercial solvers such as KNITRO. Readers may refer to Harker and Pang (1990) for an overview
of algorithms to solve MLCP problems.

(4.9)

(4.10)

5. Numerical experiments
5.1. Experiment setup

We first discuss the algorithm performance and solution quality of the TMC equilibrium model. In particular, we conduct
experiments on three different networks. The first test network is similar to that in Yang and Wong (1998). In addition, four
self-loops are added to represent trips within the same zone. Consequently, we have 4 zones and 16 links. TTS and ATTS
are available for each link, which gives the total of 32 OD pairs. The second network resembles the typical shape of urban
areas with single city center, as shown in Fig. 3(a). The network has a center node as the city center, which attracts and
generates highest demand. The network parameters are designed in the way so that the center node has low searching time
and high travel time, and peripheral nodes have both high searching time and travel time. The third network enlarges the
single center network by introducing a second center area, and the network structure is presented in Fig. 3(b). The single
center network has 138 OD pairs, and the dual center network has 254 OD pairs respectively. The network configurations
and parameter settings can be found in Appendix section.

The convergence criteria is set as the relative gap of passenger flow, which can be represented as:

2
5 \/Zs 2. Kyt — Xl jyu)
k+1 =
22 2. X jy kit

The numerator is the root mean squared error which captures the passenger flow difference between successive iterations
on each link for each service, and the denominator represents the total passenger flow at current iteration. While passenger
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N

(b) Dual center network

Fig. 3. Example of two taxi market networks.

flow pattern is the output of the leader game, it is highly sensitive to changes in the lower level so that the convergence
of both leader and follower games are captured simultaneously. The algorithm will stop if the relative gap is smaller than
le-3.

5.2. Discussion

5.2.1. Algorithm convergence

All experiments are conducted on a desktop with 3.5 GHz six-core processor and 32GB RAM memory. KNITRO is called
in TOMLAB optimization toolbox (Holmstrom, 1999) using interior point method to solve the two subproblems in each iter-
ation. We choose the step size sequence d in Algorithm 1 as {1, 3. 3.4, 3.3..... . £....}, which can be found in Nagurney
and Zhang (2012) as an efficient step size sequence for the method of successive average. In terms of computational effi-
ciency, it takes 0.05 s, 0.47 s, and 1.63 s for completing each iteration in 4-node, single center, and dual center network
respectively. The convergence patterns for all three networks are shown in Fig. 4. For each scenarios, the figure on the left
shows the convergence of the follower game, which is characterized by the change in number of vacant trips for TTS and
ATTS. The right figure is the convergence of the leader game, which is described as the change in total number of passen-
gers served by each mode. While it converges in a few iterations on small network, the large network with two centers will
require around 90 iterations to reach the stopping criteria. In general, the converge pattern of the iterative algorithm is seen
to be smooth and iteration algorithm is capable of solving the TMC equilibrium problem efficiently for lager urban areas.

Further, it is noticed that the convergent speed is closely associated with the level of competition between TTS and ATTS
in the taxi market. We set the same supply level as in Fig. 4 and test with two different SPMs. The SPM = 1.2 refers to a
highly competitive taxi market, where the inflated trip cost of ATTS is close to the fixed cost of TTS. The SPM = 2.3 implies a
taxi market dominated by TTS, since the trip cost for ATTS is far beyond that of TTS. For these two scenarios, the relationship
between number of iterations and the error rate is presented in Fig. 5. It can be verified that the algorithm achieves the
same level of error rate much faster when the market is less competitive. For SPM = 2.3, it takes less than 10 iterations for
4-node and single center networks to reach error rate of 1e—03, but it requires 30 iterations to get the same level when the
SPM = 1.2. After 100 iterations, the error rate can be as low as 10e—8 for SPM = 2.3, and the more competitive market gets
an error rate that is 100 times greater.
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Fig. 4. Convergence pattern of iterative algorithm on three networks.
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(b) Low competition, S=2.3

Fig. 5. Algorithm convergence on three different networks.

5.2.2. Choice of starting point

Moreover, though in general the algorithm convergence is not guaranteed for the TM-L/F Game and remains an open
problem in the literature, all numerical tests are found to converge in our study if the initial solution is selected properly.
For the leader game, it can be analogous to the well studied traffic assignment problem and the initial solution is generated
by all-or-nothing (AON) assignment, where all passenger flow is assigned to the service with the lowest cost for each OD
pair. However, for the lower level game, generating a feasible start point requires solving the system of linear equations in
each iteration, which may be computationally expensive when the network is large. Also, since the linear system has more
variables than equations, there are infinite number of feasible points to choose from, and we observe that even a feasible
start point may make the algorithm fail to converge. We illustrate this convergence issue by comparing two different start
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Fig. 6. Algorithm convergence patterns under two different choices of starting point.

point selections for the follower game on the 4-node network: all zero flow vector and a balance-loaded network flow. In
particular, the balance-loaded network flow is computed as follows:

1. Calculate the average travel time t of all links.
2. Let | denote the number of links in the network and N is the fleet size, load each link with flow

N
I=a

where it assumes that there is no passengers on the network and each link is equally loaded with the average amount of
empty trips.

Fig. 6 presents the convergence results for the two start points under various scenarios. Fig. 6(a)—(f) shows the conver-
gence starting with all zero flow vector. It is observed that it converges smoothly in three cases, but fails to reach con-
vergence and has several spikes in the other three cases. And the key difference among these six scenarios is the level of
competition between TTS and ATTS. Fig. 6(d) and (f) correspond to scenarios where most passengers choose TTS or ATTS
when the SPM is high or low, and (a) refers to the scenario where there is insufficient supply to serve all passengers by one
service mode and TTS and ATTS are therefore sharing the market. The commonality of these scenarios is that little competi-
tion is involved and therefore the searching space may be smooth. On the contrary, as the level of competition increases, a
slight change in passenger distribution will result in significant different driver flow pattern, which is reflected by the spikes
in the figures. Consequently, choosing a start point far from the stationary point will make the iterative algorithm unstable
and fail to converge. Nevertheless, by choosing the balance-loaded network flow as the initial solution, we observe empir-
ically that it always converges smoothly and is easy to compute, as shown in Fig. 6(g)-(h). Therefore, the balance-loaded
network flow vector is recommended as a start point for the follower game.

5.2.3. Passenger flow pattern under market equilibrium

Fig. 7 presents the equilibrium passenger flow pattern on the 4-node network, for the case where the fleet size is 300
for both TTS and ATTS. The dashed lines give the travel cost between OD pairs and the bar plot shows the number of
passengers that take TTS and ATTS between each OD pair. The results comply with the equilibrium pattern in all cases,
where passengers consistently choose the service with lower cost. For instance, in Fig. 7(b), TTS offers lower cost for link
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Fig. 7. Change in market equilibrium with NTTS = 300 and NATTS = 300.

Table 2
Results of modeling stochasticity.

Scenario I: Number of TTS = 200, Number of ATTS = 200, SPM = 1.2

15% error 30% error 45% error
Sample size Expected total cost  std Expected total cost  std Expected total cost  std
100 4.56E+03 15094  4.53E+07 31132 4.46E+03 537.98
500 4.57E+03 14998  4.52E+03 31201  4.47E+03 509.25

deterministic =~ 4.58E+03 - - - - _

Scenario II: Number of TTS = 200, Number of ATTS = 200, SPM = 2

15% error 30% error 45% error
Sample size Expected total cost  std Expected total cost  std Expected total cost  std
100 5.34E+03 100.94  5.30E+03 286.11 5.23E4+03 474.97
500 5.34E+03 103.98  5.30E+03 28224  5.25E+03 455.39

deterministic ~ 5.33E403 - - - - -

1,6,7,9,10,11 and all passengers are assigned to TTS respectively, and ATTS is cheaper for OD pair 5,14,15,16. For the other OD
pairs, both services have the same price and share the market accordingly. The figure also reveals the level of competition
in the market. The highest level of competition is observed for S = 1.2, where there is very minor differences between the
travel cost curves of the two services for all OD pairs. Moderate competitions are observed for S = 0.8 and S = 1.5, where
some of the OD pairs have close travel cost. When S is set to 2.5, there is little competition in the market due to excessive
cost of riding ATTS, and almost all passengers are assigned to TTS.

5.2.4. Modeling stochasticity

Finally, while perfect information is assumed and the TMC is modeled deterministically, it is possible that uncertainty
may arise when the platform estimates passenger trip cost, travel time, and distance to drivers. To model the uncertainty,
the constant parameters A$ and B can be changed to random variates. The mean value can be used to denote the expected
searching time and waiting time, and different standard deviations can be incorporated to account for various levels of
uncertainty. While formulating and solving the stochastic model is not the focus of the study, we conduct additional sets
of experiments to understand the robustness of our deterministic model to stochasticity using simulation approach. For
simplicity, we consider the searching parameter A} and waiting parameter Bj. are uniformly distributed random variates, and
test 15%, 30%, and 45% of uncertainty for the parameters. The results are given in Table 2. The experiments are conducted
on the 4-node network and cover two different scenarios with different levels of market competition. We randomly sample
100 and 500 sets of parameters, and the expected total costs are calculated by taking the average of the total cost from
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Fig. 8. Sensitivity analysis of passengers’ costs with respect to fleet size and SPM.

these samples. While large sample size gives closer solution to the true mean value, only minor differences between 100
and 500 samples are observed in terms of the expected total cost. When the error rate is bounded by 15%, the obtained
expected total cost is almost identical to the value of the deterministic case. As the error rate increases, the expected total
cost gets decreased, and the value is still close to that of deterministic case. Moreover, the gaps are even closer for market
with less competition. Consequently, the results suggest that our deterministic model is highly robust to stochasticity due
to possible system estimation uncertainty.

5.2.5. Market performance with TTS and ATTS

More comprehensive understanding of the market condition with coexistence of TTS and ATTS at equilibrium can be
obtained by analyzing passengers’ costs, trip waiting time and taxi fleet utilization. In particular, the fleet size of TTS and
ATTS, and the surge price policy made by ATTS are observed to have significant impact on the equilibrium states of the
market. All results discussed in this section are obtained from experiments on the single center network.

Fig. 8 presents a side-by-side comparison for the impact of both taxi fleet size and surge price policy on the cost of pas-
senger. The experiments are conducted on the single center network. Total passenger cost consists of two parts: the waiting
cost before the arrival of drivers and the travel cost from trip origin to trip destination. The results help to understand the
change in total passenger cost with various regulation settings, and how TTS and ATTS contribute to the total cost separately.
In general, the increase in SPM will result in passengers shifting to TTS, and passengers are observed to prefer TTS to ATTS
when SPM is greater than 2.5 under the experiment setting. In particular, compared with scenarios with 1200 TTS taxis,
passengers shift to TTS faster when there are 1600 TTS taxis considering reduced waiting time. Moreover, given the same
SPM, passengers cost decreases as the fleet size of TTS and ATTS increase. For majority of the scenarios, TTS and ATTS are
found to contribute equally to the total passenger cost when SPM = 1.2, and ATTS is more popular when SPM is lower while
TTS is more popular when SPM is higher. An exception is observed for the case with 1200 TTS taxis and 1600 ATTS taxis,
where passengers are willing to pay trip premiums for the saved waiting time. Based on the change in total passenger cost,
passengers are observed to benefit most from ATTS during off-peak hours, where the surge price is usually at low level, and
the total passenger cost may be increased by over 50% if we keep increasing the SPM until all passengers shifted to TTS.
One important implication from the model is that, while in reality ATTS only charges premium on passengers, ATTS drivers
may expect more revenue and passengers may also spend less if trip discount is offered. Meanwhile, when SPM is higher
than 1.5, additional increase in SPM may lead to higher marginal loss for total ATTS cost.

We next assess the impacts of fleet size on SPMs and passenger waiting time, fleet utilization rate and passenger demand.
Fig. 9 shows how passenger waiting time and fleet utilization may vary with the change of fleet size and different SPMs.
The total passenger demand is 1360, the total fleet size is set to 2500, and we compare various split ratios between TTS and
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Fig. 9. Sensitivity of passenger waiting time, fleet utilization rate and passenger demand, with total 2500 taxis and 1360 passengers.

ATTS, and 4 different SPM values. When SPM is 0.9, more passengers are observed to take ATTS, and ATTS passenger waiting
time and utilization of ATTS increase with higher TTS/ATTS ratio, which corresponds to smaller ATTS fleet size. This is
because that ATTS takes the lead in the market and most passengers prefer ATTS due to low travel cost. They gradually shift
to TTS as smaller fleet size results in higher waiting time. Meanwhile, no significant change is observed for the utilization
rate and passenger waiting time for TTS. The reason is that the number of TTS passengers increases almost linearly with
more TTS vehicles. On the other hand, when SPM = 2 and TTS starts to dominate the market, we observe that the utilization
rate and passenger waiting time for both TTS and ATTS actually decrease as the TTS/ATTS ratio increases. The decrease in TTS
passenger time is due to higher TTS trip density, and the decrease in ATTS passenger time is caused by a higher reduction
speed of ATTS passengers compared with that of ATTS fleet size, which can be verified by the convex shape for change in
ATTS demand.

An interesting phenomenon is observed for the scenario of SPM = 1.2, where abrupt changes are observed for passenger
waiting time and fleet utilization rate. Moreover, such change breaks the monotonically decreasing (increasing) trend of the
passenger waiting time and taxi utilization rate. The reason for the abrupt changes is due to the competition between TTS
and ATTS in the market. It is observed in Fig. 8 that TTS and ATTS have similar contributions to the total system cost when
SPM is around 1.2, where the market undergoes the highest level of competition between the two modes as they have
similar trip cost and waiting time. Due to greedy behavior of drivers and passengers, a slight change in fleet size may result
in sudden surge or drop of passenger demand due to mode shift, which can be verified by the corresponding patterns for
passenger demand when the abrupt changes take place. As for this particular case, the change in number of passengers
when TTS/ATTS ratio increases from 1.6 to 1.7 is almost 7 times greater than that when TTS/ATTS ratio increases from 1.5
to 1.6. This implies that the TMC equilibrium is highly sensitive when there is a high level of competition in the market,
and a small market fluctuation may lead the market to a significantly different state. Same market pattern is also revealed
when we change the total number of taxis, as shown in Fig. 10(a). These abrupt changes disappear when the competition
level gets reduced, as shown by increasing SPM to 1.5. Moreover, the shape of ATTS passenger waiting time and utilization
rate patterns are observed to be convex when SPM = 1.5. This is because the number of ATTS passengers drops faster than
the decrease in ATTS fleet initially, and later on fewer ATTS passengers shift to TTS since the waiting time is much lower.

6. Conclusion

In this paper, we model the taxi market with TTS and ATTS as the multi-leader-follower game at the network level
and investigate the TMC Equilibrium. Specifically, taxi drivers and passengers are considered as players in the game and
are assumed to have greedy behavior. We formulated the problem using quasi-variational inequality, analyzed the game
structure and model properties, and proved that the TM-L/F game has a TMC Equilibrium. Seeing the difficulties of solving
multi-leader-follower game, we decomposed the problem as solving two parameterized augmented VIs, and developed an
iterative algorithm to find the strongly stationary point of the problem.
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Fig. 10. Sensitivity of passenger waiting time, fleet utilization rate and passenger demand, with total 2000 taxis and 1360 passengers.

Based on the results, we find that the iterative algorithm may converge smoothly to the final stationary point if starting
points are chosen properly. While AON can be used to identify the start point for the leader game, empirical experiments
suggest that loading the follower network with balanced driver flow as an initial solution helps to reach better convergence.
We further conduct a set of sensitivity analysis to comprehensively understand how market nature is affected by the fleet
size and pricing policy of TTS and ATTS. The results indicate that the proposed model is capable of capturing the influence
of the level of competition in the market on total passengers cost. It is also able to characterize the change in passengers
waiting time, taxi utilization, and how passengers are distributed between the two modes with respect to different fleet
sizes and SPMs.

Considering that ATTS is becoming much more popular in recent years, there is no doubt that the market nature becomes
much more complicated and there is an emerging need to understand the corresponding complex nature. The proposed
model makes the first attempt to bridge this gap, and is deemed to help stakeholders to understand the market states of
various scenarios and therefore helps to frame proper regulation policies based on different objectives. However, there are
several drawbacks of the model in the study, which may be addressed in future studies for more accurate market modeling.
First, while we consider that passengers have equal access to TTS and ATTS, the model may be extended to account for
the situation where there are passengers who will only ride TTS (ATTS). And to model this only requires minor changes
to the current model, which is to revise the passenger flow conservation constraint by removing these groups of riders.
For followers, the number of passengers who stick to TTS or ATTS will become constant parameters for the cost function
and driver flow conservation constraint. In general, this will lead to different formulations but certainly not more difficult to
solve compared with our current formulations. Second, there are several variations of service types for TTS and ATTS, such as
uberBlack of premium vehicles and ridesharing for multiple passengers, which may be modeled in the future works as well.
For the case of ridesharing, passengers will enjoy lower trip cost, but at the cost of longer travel time, waiting time, and less
comfort, which can be reflected by setting different model parameters. And there will be dedicated followers (drivers) who
serve shared taxi trips. However, this modification is different compared with the first extension, since it will change the
network structure. For instance, our current model has two links between each pair of OD for ATTS and TTS flow. Adding
a new service mode such as ride sharing is equivalent as introducing a third link. Similarly, we will have an additional
follower game that is independent of the ATTS and TTS game. Therefore, this modification will increase the problem size
and eventually increase computation load. Third, nonlinear functions may be incorporated to better capture the relationship
between waiting time and the level of supply and demand. While this may significantly change the model properties, new
solution approaches may also need to be developed for the nonlinear TM-L/F game. Finally, the experiments and parameters
in this study are hypothetical due to limited data availability. As more data become available in the future, efforts can be
made to recalibrate model parameters, derive new results with updated parameters, and compare the experiment results
with real-world cases for validation purposes.
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Appendix

The parameter settings and network configurations can be found in the following tables.

Table 3
Parameter setting of 4-node network.

Al Al B o B T 2 ¢

[0250203,03] [0.2015025025 [0.35030.3,03] [3027] [3030] 01 001 005
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Table 4
Link travel time and network OD demand of 4-node network.

Link (0] D Demand Time(h)
1 2 1 40 0.25
2 1 2 50 0.25
3 4 2 20 0.2
4 2 4 25 0.2
5 3 4 50 0.25
6 4 3 30 0.25
7 1 3 20 0.3
8 3 1 20 0.3
9 1 4 20 0.35

10 4 1 10 0.35

11 2 3 15 0.3

12 3 2 10 0.3

13 1 1 20 0.25

14 2 2 15 0.15

15 3 3 15 0.25

16 4 4 20 0.15

Table 5
Parameter setting of single center network.

Variable Value

Al [0.15 0.2 0.2 0.2 0.2 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25]

Al [0.2 0.25 0.25 0.25 0.25 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3]

B! [0.15 0.2 0.2 0.2 0.2 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25]

Bl [0.2 0.25 0.25 0.25 0.25 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3]

Table 6
Link travel time and network OD demand of single center network.

Link O D Demand Time(h) Link O D Demand  Time(h)
1 1 2 40 0.25 36 1 2 20 0.3
2 2 1 40 0.25 37 2 12 20 0.3
3 1 3 40 0.25 38 12 2 20 0.3
4 3 1 40 0.25 39 2 13 20 0.3
5 1 4 40 0.25 40 13 2 20 03
6 4 1 40 0.25 41 6 7 10 0.3
7 1 5 40 0.25 42 7 6 10 0.3
8 5 1 40 0.25 43 6 13 10 0.3
9 2 3 30 0.2 44 13 6 10 0.3

10 3 2 30 0.2 45 8 7 10 0.3
1 2 5 30 0.2 46 7 8 10 0.3

12 5 2 30 0.2 47 8 9 10 0.3

13 4 5 30 0.2 48 9 8 10 0.3
14 5 4 30 0.2 49 10 9 10 0.3

15 4 3 30 0.2 50 9 10 10 03

16 3 4 30 0.2 51 10 11 10 0.3
17 5 6 20 0.3 52 1 10 10 0.3
18 6 5 20 03 53 12 1 10 03

19 5 7 20 0.3 54 1 12 10 0.3

20 7 5 20 0.3 55 12 13 10 0.3

21 5 13 20 0.3 56 13 12 10 0.3

22 13 5 20 0.3 57 1 1 20 0.15

23 4 7 20 0.3 58 2 2 15 0.2

24 7 4 20 0.3 59 3 3 15 0.2

25 4 8 20 03 60 4 4 15 0.2

26 8 4 20 0.3 61 5 5 15 0.2

27 4 9 20 0.3 62 6 6 10 0.3

28 9 4 20 03 63 7 7 10 03

29 3 9 20 0.3 64 8 8 10 0.3

30 9 3 20 0.3 65 9 9 10 0.3

31 3 10 20 0.3 66 10 10 10 0.3

32 10 3 20 0.3 67 1 11 10 0.3

33 3 11 20 0.3 68 12 12 10 0.3

34 11 3 20 0.3 69 13 13 10 0.3

35 2 1 20 03

61
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Table 7
Parameter setting of dual center network.

Variable  Value

Al [0.15 0.2 0.2 0.2 0.2 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.15 0.2 0.2 0.2 0.2 0.25 0.25 0.25 0.25 0.2]
Al [0.2 0.25 0.25 0.25 0.25 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.25 0.25 0.25 0.25 0.3 0.3 0.3 0.3 0.3]
B! [0.15 0.2 0.2 0.2 0.2 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.15 0.2 0.2 0.2 0.2 0.25 0.25 0.25 0.25 0.25]
Bl [0.2 0.25 0.25 0.25 0.25 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.25 0.25 0.25 0.25 0.3 0.3 0.3 0.3 0.3]

Table 8

Link travel time and network OD demand of dual center network.

Link 0 D Demand Time(h) Link 0 D Demand Time(h) Link (0] D Demand Time(h)
1 1 2 40 0.25 46 7 8 10 0.3 91 17 16 20 0.2
2 2 1 40 0.25 47 8 9 10 0.3 92 16 15 20 0.2
3 1 3 40 0.25 48 9 8 10 0.3 93 15 16 20 0.2
4 3 1 40 0.25 49 10 9 10 0.3 94 16 19 20 0.2
5 1 4 40 0.25 50 9 10 10 0.3 95 19 16 20 0.2
6 4 1 40 0.25 51 10 11 10 0.3 96 16 21 20 0.2
7 1 5 40 0.25 52 11 10 10 0.3 97 21 16 20 0.2
8 5 1 40 0.25 53 12 11 10 0.3 98 16 20 20 0.2
9 2 3 30 0.2 54 11 12 10 0.3 99 20 16 20 0.2

10 3 2 30 0.2 55 12 13 10 0.3 100 15 21 20 0.2

1 2 5 30 0.2 56 13 12 10 0.3 101 21 15 20 0.2

12 5 2 30 0.2 57 1 1 20 0.15 102 15 22 20 0.2

13 4 5 30 0.2 58 2 2 15 0.2 103 22 15 20 0.2

14 5 4 30 0.2 59 3 3 15 0.2 104 15 23 20 0.2

15 4 3 30 0.2 60 4 4 15 0.2 105 23 15 20 0.2

16 3 4 30 0.2 61 5 5 15 0.2 106 10 19 20 0.2

17 5 6 20 0.3 62 6 6 10 0.3 107 19 10 20 0.2

18 6 5 20 0.3 63 7 7 10 0.3 108 19 20 20 0.2

19 5 7 20 0.3 64 8 8 10 0.3 109 20 19 20 0.2

20 7 5 20 0.3 65 9 9 10 0.3 110 20 21 20 0.2

21 5 13 20 0.3 66 10 10 10 0.3 111 21 20 20 0.2

22 13 5 20 0.3 67 11 11 10 0.3 112 21 22 20 0.2

23 4 7 20 0.3 68 12 12 10 0.3 113 22 21 20 0.2

24 7 4 20 0.3 69 13 13 10 0.3 114 22 23 20 0.2

25 4 8 20 0.3 70 14 15 40 0.25 115 23 22 20 0.2

26 8 4 20 0.3 71 15 14 40 0.25 116 23 12 20 0.2

27 4 9 20 0.3 72 14 16 40 0.25 17 12 23 20 0.2

28 9 4 20 0.3 73 16 14 40 0.25 118 14 14 20 0.15

29 3 9 20 0.3 74 14 17 40 0.25 119 15 15 15 0.2

30 9 3 20 0.3 75 17 14 40 0.25 120 16 16 15 0.2

31 3 10 20 0.3 76 14 18 40 0.25 121 17 17 15 0.2

32 10 3 20 0.3 77 18 14 40 0.25 122 18 18 15 0.2

33 3 11 20 0.3 78 18 11 20 0.2 123 19 19 10 0.3

34 11 3 20 0.3 79 11 18 20 0.2 124 20 20 10 0.3

35 2 11 20 0.3 80 18 12 20 0.2 125 21 21 10 0.3

36 1 2 20 0.3 81 12 18 20 0.2 126 22 22 10 0.3

37 2 12 20 0.3 82 18 23 20 0.2 127 23 23 10 0.3

38 12 2 20 0.3 83 23 18 20 0.2

39 2 13 20 0.3 84 17 10 20 0.2

40 13 2 20 0.3 85 10 17 20 0.2

41 6 7 10 03 86 17 11 20 0.2

42 7 6 10 0.3 87 11 17 20 0.2

43 6 13 10 0.3 88 17 19 20 0.2

44 13 6 10 0.3 89 19 17 20 0.2

45 8 7 10 0.3 90 16 17 20 0.2
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