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dispatching system has more advantages: it provides an alterna-
tive way for customers and taxi drivers to find each other easily (4). 
However, one practical problem in adopting the dispatching system 
is that customers may not have a strong willingness to take taxis 
by booking. For example, in Singapore, the largest taxi company, 
ComfortDelGro, received an average of around 65,000 booking calls 
daily in 2010; however, these calls only accounted for about 17% 
of the total daily trips made by its taxi fleet (5). In Beijing, the taxi 
booking rate is even lower as compared with the case in  Singapore 
(6). In other words, waiting at a taxi stand or hailing one on the street 
may still be the major and popular ways of getting taxis. To differen-
tiate between taxi service with bookings and that without bookings, 
the following two terms are defined:

• “Booking taxi service” (BTS): taking taxis by booking through 
phones or mobile devices and

• “Nonbooking taxi service” (NBTS): taking taxis by either 
waiting at a taxi stand or hailing one on the street.

One obvious difference between these two types of taxi service 
is that customers need to reserve taxis in BTS but do not need to 
in NBTS. Furthermore, another important difference is that both 
taxis and customers who are searching for each other actually bear 
different levels of risk. For example, in BTS, the taxi takes a lower 
risk whereas the customer takes a higher one: once a taxi has con-
firmed a booking request, the customer who has made the booking 
should wait until the arrival of the taxi; however, in NBTS, the taxi 
takes a higher risk whereas the customer takes a lower one because 
the taxi–customer searching (or matching) process in NBTS is not 
bound by any agreement, so a customer can take any available taxi 
coming to his or her location, but a taxi receives no guarantee of 
finding a customer when it heads to a taxi stand.

Thus, the problem to be studied can be described as the taxi–
customer searching problem (TCSP) in the NBTS (TCSP-NBTS). The 
objective of this study is an efficient control strategy for the TCSP-
NBTS that not only improves the level of service in terms of reducing 
the customer waiting time (CWT) but also reduces (or mediates) the 
risk of taxis to a certain level when they are searching for customers.

Many modeling approaches for taxi service have been developed in 
recent years, mainly in the form of mathematical models and simula-
tion models. Yang and others proposed a mathematical model for taxi 
service and performed a series of analyses (7–9). Cheng and Nguyen 
proposed a macroscopic simulation model for taxi service and stud-
ied the taxi fleet optimization problem (10). Both Lee et al. (11) and 
Seow and Lee (4) proposed microscopic simulation models to explore 
efficient dispatching approaches in the BTS: the former presented a 
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One of the issues in current taxi service is the imbalance between sup-
ply and demand. In response to this issue, an automatic taxi-dispatching 
approach in which customers can book taxis through phones or mobile 
devices is widely used in many large cities worldwide. However, this 
approach is not satisfactory: most customers still prefer nonbooking taxi 
service (NBTS), taking the taxi by either waiting at a taxi stand or hail-
ing one on the street. One important reason for this phenomenon is that 
customers take a lower risk in NBTS: they are free from complicated 
booking procedures and have no commitment to any as-yet-arrived taxis. 
To facilitate the taxi–customer matching process in NBTS, a novel con-
trol strategy is proposed—namely, the limited information-sharing strat-
egy (LISS) for the taxi–customer searching problem in NBTS, in which 
both the taxi and the customer are equipped with mobile devices that 
can communicate with each other within limited searching ranges. The 
proposed LISS is based on the game theoretical formulation in which 
a learning algorithm to find the pure Nash equilibrium is developed. A 
microscopic traffic simulation model for evaluation of the LISS is devel-
oped. The simulation results show that the proposed LISS is an effective 
control strategy when taxi supply is low and will not increase the risk of 
the taxi driver in losing the total occupied time.

One issue in the taxi service market of today is the imbalance between 
taxi supply and demand (1), which may cause two negative impacts 
to the demand side and supply side of the taxi: one is the longer wait-
ing time of customers at taxi stands or on the streets; the other is the 
longer cruising time of empty taxis. The two negative impacts not 
only waste social resources for both customers and taxi drivers but 
also cause environmental problems such as the emissions generated 
by taxis when they are searching and waiting for customers on the 
congested road network.

To alleviate the previous issues, automatic taxi-dispatching 
approaches have been widely used in many large cities worldwide, 
in which customers can book taxis directly through phones or mobile 
devices (2, 3). Compared with the traditional ways—hailing a taxi 
on the street or waiting at taxi stand—booking taxis through the 
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shortest-travel-time dispatching rule based on current traffic condi-
tions, and the latter proposed an agent-based dispatching policy that 
enabled taxis to negotiate and cooperate with each other to achieve 
group objectives. There are still other studies on taxi service that are 
more or less based on or related to the aforementioned models (12–15).

However, the existing taxi modeling approaches are inadequate to 
study the control strategies for the TCSP-NBTS. On the one hand, the 
mathematical and macrosimulation models were formulated in highly 
aggregated forms, which makes it difficult to capture microlevel details 
such as dynamic customer behaviors (e.g., booking, cancellation) and 
the processes of control strategies (e.g., automatic dispatching, infor-
mation sharing); on the other hand, even though microscopic simula-
tion models could be used for studying taxi service and corresponding 
control strategies at a detailed level, dynamic customer behaviors 
were not considered. Moreover, the simulation-based models mostly 
focused on the BTS dispatching strategies but not the control strategies 
for NBTS. For these reasons, this study continues to model taxi service 
with the microscopic simulation approach and is integrated with more 
functions to meet the following research objectives:

• Model the TCSP-NBTS,
• Consider dynamic customer behaviors, and
• Propose and test a novel control strategy for the TCSP-NBTS, 

namely, the limited information-sharing strategy (LISS).

LISS is a decentralized control strategy that requires both the taxi 
and the customer to be equipped with mobile devices that can form 
an ad hoc network between them. Unlike other decentralized control 
strategies such as the agent-based dispatching approaches proposed 
by Seow and Lee (4), in which taxis could communicate with each 
other (but not with customers) to find the optimal solution, the pro-
posed LISS will enable customers to communicate with taxis via 
mobile devices directly so as to reduce the taxi-to-taxi communica-
tion costs. The LISS proposed here will adopt the game theoretical 
formulation, which has been applied in a few other related areas, 
such as the vehicle–target assignment problem (VTAP) (16–19). The 
TCSP-NBTS is not simply a variant of VTAP but has the following 
distinctive characteristics:

• Dynamic behaviors of both the taxi and the customer need to 
be considered;

• Customers may wait at the same geographical locations, that is, 
queuing at the same taxi stand;

• The travel time between the taxi and the customer may be 
affected by road traffic conditions; and

• The definitions for the global utility of the game and the indi-
vidual utility of the player (the taxi or the customer) in the game 
theoretical formulation may consider a number of theoretical and 
practical problems.

In summary, the ultimate goal of this study is to develop and 
test the devised LISS for the TCSP-NBTS. A microscopic traffic 
simulation is adopted in this research as the approach for modeling 
and analysis of taxi operations. A plug-in based on the application 
programming interfaces of the traffic simulator is designed to simu-
late the dynamic customer behaviors and the control strategies. The 
performance of the LISS will be evaluated and compared with the 
strategy without the LISS in terms of two performance indicators: 
the taxi occupancy rate (OR), or the ratio between the total occupied 
time and the total operating time of all taxis, and the CWT, or the 
average waiting time of all customers.

Problem Formulation

The objective here is to develop a LISS for the TCSP-NBTS, which 
is expected to reduce the CWT and reduce (or mediate) the risk of 
the taxi (e.g., the probability of losing the total occupied time) to 
a certain level. Moreover, the taxi–customer negotiation process, 
which is the core process in LISS, will also be introduced.

Problem assumptions

Assumptions for taxi operations and customer behaviors in the 
TCSP-NBTS and the limited information-sharing mechanism in 
LISS are presented in the following.

Taxi Operations

Taxis are assumed to be running freely on a road network G = (V, E) 
where V is the set of nodes (junctions) and E is the set of links (road 
segments). A vacant taxi VTi can pick up a customer or customers 
at a taxi stand TSj ∈ TS ⊂ V, where TS is the set of all taxi stands 
(for simplification, but without loss of generality, the case of pick-
ing up customers on a road segment Vk ∈ V will not be considered 
in this problem). If a taxi has no customer during the operating time, 
the driver will randomly choose a destination (e.g., a taxi stand) to 
look for a new customer; otherwise, the taxi will be heading to the 
destination of the customer who currently occupies it.

Customer Behaviors

The arrival of customers at a taxi stand TSj ∈ TS is modeled as a 
Poisson point process, which is similar to the modeling of service 
requests by Arsie et al. (18). Arrived customers will then be queued 
at taxi stands waiting for taxis to arrive. If a customer has been wait-
ing at a taxi stand for more than a certain period of time but no taxi 
arrives, the customer may decide not to wait any longer. This period 
of time is defined as the maximum CWT.

Limited Information Sharing

Both the taxi and the customer are assumed to be equipped with mobile 
devices that can communicate with each other. These mobile devices 
can form an ad hoc network (e.g., IEEE 802.11 wireless networks) as 
a decentralized control system. The customers’ devices are detectable 
during their waiting periods. One constraint is that each mobile device 
has only a limited searching range (e.g., 500 to 1,000 m); that is, a 
mobile device can only communicate with others located within its 
searching range but not those who are outside the range.

taxi–Customer negotiation Process

The taxi–customer negotiation process (TCNP) is designed as the 
core process in the LISS, which will be performed periodically in the 
system. It is assumed that at time t a new round of the TCNP, which 
can be denoted TCNP(t), is about to start; there are NVT(t) number of 
vacant taxis running on different locations of the road network G. At 
the same time, there are NWC(t) waiting customers at NWTS(t) number 
of taxi stands. It is possible that NWC(t) ≥ NWTS(t), which means that 
customers can be queuing at the same taxi stand. Then the TCNP(t) 
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will be performed to provide the solution to which taxi goes to which 
stand so that a global objective can be achieved.

This strategy requires no commitment from the customer, which is an 
important difference from other strategies such as automatic and agent-
based dispatching (4, 11). In this problem, a customer can at any time 
leave the taxi stand or choose another taxi even if a yet-arrived vacant 
taxi has already decided to pick up the customer. The TCNP(t) only 
concerns the negotiation process in time t but not any future scenarios.

A number of methods can be adopted for performing and solving 
the TCNP, for example, the decentralized agent-based approach pro-
posed by Seow and Lee (4), in which taxis could communicate directly 
with each other (but not with customers) to find the optimal solution 
in the BTS. However, because of the huge demand for NBTS, taxi-to-
taxi communication will be at a considerably higher level in the TCNP. 
Thus, a game-theoretical formulation is adopted to perform and solve 
the TCNP, which is also a decentralized system. In this type of formu-
lation, only taxi-to-customer communication is allowed so that the cost 
of taxi-to-taxi direct communication is saved. Therefore, the potential 
computational resource of the customer’s mobile device can be utilized.

Game-Theoretical Formulation for TCNP

The game-theoretical formulation for the TCNP can be described 
as follows: at time t, let the NVT(t) vacant taxis be denoted VT(t) = 
{VT1(t), . . . , VTNVT(t)(t)}, and the NWC(t) waiting customers are 
denoted WC(t) = {WC1(t), . . . , WCNWC(t)(t)}. A vacant taxi VTi(t) 
can only communicate with a limited number of waiting customers 
(because of the constraint of a limited searching range), namely, the 
candidate customers denoted as set CCi(t) ⊂ WC(t):
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The vacant taxi VTi(t) can decide to choose any waiting customer 
in CCi(t), and the decision of VTi(t) can be denoted ai(t). If VTi(t) has 
decided to choose WCj(t) ∈ CCi(t), it can be said that VTi(t) has been 
engaged by WCj(t), or ai(t) = WCj(t). VTi(t) can also not be engaged by 
any waiting customer. The set of decisions of vacant taxis VTi(t) ∈ VT(t) 
for all I ∈ {1, . . . , |VT(t)|}, namely, the decision profile, can be denoted 
a(t) = {a1(t), . . . , aNVT(t)(t)}, where a(t) ∈ A(t) and A(t) is the set of all 
possible decision profiles. Let a−i(t) be the set of decisions of all vacant 
taxis except VTi(t), so that {ai(t), a−i(t)} = a (t). Let A−i(t) be the set 
of all possible a−i (t) so that a−i(t) ∈ A−i(t). Each decision profile can 
return a global utility Ug(a(t)), whose maximization is the objective of 
the TCNP, and each vacant taxi VTi(t) has a utility function UVTi

(a(t)).
The TCNP is formulated as a multiplayer game in which taxis behave 

as noncooperative agents that can make independent decisions. To get 
the solution of the game, or the agreement among all taxis, the concept 
of the Nash equilibrium (NE) is introduced; at time t, an NE is a deci-
sion profile a*(t) = {a*1 (t), . . . , a*N VT (t)(t)} satisfying the concept that no 
vacant taxi VTi(t) can do better to improve its own utility UVTi

(a(t)) by 
engaging another waiting customer different from a*(t) (20).

From the definition of NE, it can be seen that each vacant taxi VTi(t) 
will try to maximize the utility UVTi

(a(t)) for achieving an NE in the 
TCNP(t); however, the ultimate objective of the TCNP(t) is to maxi-
mize the global utility Ug(a(t)). Thus, to link the two irrelevant utility 
functions, the concept of an ordinal potential game used for formulating 
and solving the VTAP used by Arslan et al. (19) is adopted here.

Constructing Ordinal Potential Game for TCNP

Definition 1. ordinal Potential Games for tCnP  An ordi-
nal potential game for the TCNP has a potential function ϕ(a):  
A  R such that for every vacant taxi VTi(t) ∈ VT(t) with the utility 
UVTi

(a(t)), for every a−i(t) ∈ A−i (t), and for every a′i (t), a″i  (t) ∈ CCi(t):
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If the potential function ϕ(a(t)) is substituted for the global utility 
Ug(a(t)):
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The motivation for introducing the concept of ordinal potential 
games in TCNP is to forge a tight link between the utility function 
of the taxi UVTi

(a(t)) and the global utility function Ug(a(t)); that is, 
taxis will maximize their own utilities. This function improves the 
global utility at the same time. So the next step is to properly choose 
the utility function of the taxi and the global utility function so that 
an ordinal potential game can be formed.

Definition 2. Global utility Function  The global utility function 
Ug(a(t)) will be defined as the summation of all waiting customers’ 
utilities, which is from the perspective of the customers:

U a t U a tg WC
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In Equation 1, UWCj
(a(t)) is the utility function of the waiting cus-

tomer WCj(t). The difference between the two types of utility func-
tions, UWCj

(a(t)) and UVTi
(a(t)), is that UWCj

(a(t)) is the benefit that 
a waiting customer WCj(t) can get when more than one vacant taxi 
may be engaged by him or her. Further, UVTi

(a(t)) is the benefit that 
a vacant taxi VTi(t) can get when it has been engaged by a waiting 
customer. The following factors will be considered when UWCj

(a(t)) 
is calculated:

• A waiting customer WCj(t) may have a maximum CWT, 
denoted MCWTj, for waiting at the taxi stand;

• WCj(t) has been waiting for a time Δt = t − tj,0, where tj,0 is the 
customer’s arrival time at the taxi stand;

• WCj(t) can engage more than one vacant taxi; the set of vacant 
taxis engaged by WCj(t) is denoted ETj(t), and |ETj(t)| = NETj(t); and

• The travel time between the current locations of VTi(t) and 
WCj(t) is denoted TT(i, j, t), and the estimated arrival time of that 
taxi is denoted tj,1 = t + TT(i, j, t).

Then the waiting customer’s utility function can be defined as 
follows:

U a t t t TT i j tWC j j
VT t ET tj

i j
{ }( ) [ ]( )( ) = − − −

( )∈
max 0, MCWT min ( , , )

(2)

,0
( )

Thus, the waiting customer’s utility can be interpreted as the 
opportunity cost that the customer can save during his or her waiting 
period at the taxi stand.
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Definition 3. utility Function of taxi  If the vacant taxi VTi(t) 
has been engaged by the waiting customer WCj(t)—that is, ai(t) = 
WCj(t)—the utility function of the taxi VTi(t) is defined as the dif-
ference between WCj(t)’s utilities when VTi(t) has or hasn’t been 
engaged by WCj(t).

U a t a t U a t a t U a t

a t WC t

VT i i WC i i WC i

i j

i j j
( ) ( ) ( )( ) ( ) ( ) ( ) ( )

( ) ( )

= − φ

=

− − −, , ,
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This type of definition is called the wonderful life utility, in which 
the utility of the taxi is defined as the marginal contribution to the utility 
of the taxi engaged by the customer (21). It turns out that  Definitions 2 
and 3 ensure that an ordinal potential game can be formed.

Solution alGorithm

On the basis of the game-theoretical formulation for TCNP intro-
duced earlier, the solution algorithm for periodically performing 
TCNP is proposed in this section. It is assumed that at time t when 
the new round of TCNP(t) is to be performed, the pseudo code for 
TCNP(t) is as shown in Table 1.

There are two important submodules in TCNP(t): one is the 
calculation of customer utility CCUj(k) performed by the waiting 
customer WCj(t); the other is the generalized regret monitoring 
with fading memory and inertia, G-RM-FM-Ii(k), performed by the 
vacant taxi VTi(t), where k is the sequence number of the negotiation 
rounds of TCNP(t). These two submodules are introduced in detail 
in the following subsections.

Calculation of Customer utility, CCuj(k)

At the kth round of TCNP(t), each waiting customer WCj(t) ∈ WC(t) 
needs to calculate two utilities, namely, the primary utility UWCj

(a(t, k)) 
and the secondary utility U′WCj

(a(t, k)), and then send them to all vacant 
taxis engaged by the customer—that is, VTn(t) ∈ ETj(t, k)—for further 
negotiation purposes.

Definition of Primary Utility UWCj
(a(t, k))

At the kth round of TCNP(t), each waiting customer WCj(t) ∈ WC(t) 
has a set of engaged taxis ETj(t, k), where |ETj(t, k)| = NETj

(t, k). Then

Input: Set of vacant taxis VT(t) and set of waiting customers WC(t) 
Output: VT(t) allocated to WC(t)

1 Phase 1. Initialization

2  For Each vacant taxi VTi(t)∈VT(t)

3  VTi(t) constructs CCi(t), which is the set of all waiting customers within VTi(t)’s searching range

4  Loop

5 Phase 2. Taxi–customer negotiation

6  For k = 1:N, where N is the maximum number of negotiation rounds in TCNP(t)

7   For Each vacant taxi VTi(t)∈ VT(t)

8    VTi performs G-RM-FM-Ii(k) which may return a proposed waiting customer WCm(t)∈CCi(t)

9    If G-RM-FM-Ii(k) returns null

10     Continue;

11    Else

12     VTi(t) is engaged by WCm(t), i.e., ai(t, k) = WCm(t)

13     Insert VTi(t) to ETm(t, k), which is the set of vacant taxis engaged by WCm(t) at time t, round k

14    End If

15   Loop

16   Set Ug(a(t), k) = 0

17   For Each waiting customer WCj(t)∈WC(t)

18    WCj(t) performs CCUj(k), which sets UWCj
(a(t),k) and U′WCj

(a(t),k) to all VTn(t)∈ETj(t, k)

19    Set Ug(a(t),k) = Ug(a(t),k) + UWCj
(a(t),k)

20   Loop

21   If k > N

22    Exit Loop

23   Else

24    k = k + 1

25   End If

26  Loop

27 Phase 3. Finalization

28  For Each vacant taxi VTi(t)∈VT(t)

29   VTi(t) changes its direction based on the negotiation results from Phase 2

30  Loop

EQUATION BOX 1  Pseudo Code for TCNP(t)
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In other words, the waiting customer’s primary utility UWCj
(a(t, k)) 

is the utility that the waiting customer WCj(t) can get when the taxi 
is chosen in ETj(t, k) with the shortest travel time to him or her, and 
zero when no vacant taxi is engaged by WCj(t).

Definition of Secondary Utility U ′
WCj

(a(t,k))

At the kth round of TCNP(t), each waiting customer WCj(t) ∈ WC(t) 
has a set of engaged taxis ETj(t, k), where |ETj(t, k)| = NETj(t,k). Then
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The waiting customer’s secondary utility U′WCj
(a(t, k)) can 

be interpreted as follows: if there is more than one vacant taxi 
engaged by WCj(t), and VTi*(t) is the one with the shortest travel 
time to WCj(t), then U′WCj

(a(t, k)) is the utility the waiting customer 
WCj(t) can get when he or she chooses the taxi in ETj(t, k) with 
the second-shortest travel time to him or her; if only one taxi 
is engaged by WCj(t), then U′WCj

(a(t, k)) just equals the primary 
utility UWCj

(a(t, k)); if no taxi is engaged by WCj(t), U′WCj
(a(t, k)) 

equals zero.
The calculation of customer utility CCUj(k) can facilitate the 

process of calculating the utilities in TCNP(t), which also ensures 
that the problem is an ordinal potential game throughout the entire 
TCNP(t).

Generalized regret monitoring with Fading 
memory and inertia, G-rm-Fm-ii(k)

At the kth round of TCNP(t), each vacant taxi VTi(t) ∈ VT(t) can 
choose to be engaged by a waiting customer WCm(t) ∈ CCi(t); 
that is, ai(t, k) = WCm(t). Since it is expected that the global util-
ity Ug(a(t)) could converge after a certain round of negotiations, 
the approach G-RM-FM-I, is employed as the negotiation method. 
G-RM-FM-Ii(k) needs feedback from the CCUj(k − 1) if ai(t, k − 1) 
= WCj(t), and G-RM-FM-Ii(k) is performed before CCUj(k), so 

G-RM-FM-Ii(k) will not be performed for any vacant taxi VTi(t) 
in the first round (k = 1) of the negotiation, and VTi(t) can make 
its proposal randomly in this round. The following steps elabo-
rate how G-RM-FM-Ii(k) works at the negotiation round as and 
when k > 1.

Step 1. Calculate UVTi
(a(t, k − 1)), which is the utility of the vacant 

taxi VTi(t) with the wonderful life utility definition:
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Step 2. Calculate UVTi
(CC li (t), a−i(t, k − 1)) for all l ∈ {1, . . . , 

|CCi(t)|}. UVTi
(CC li (t), a−i(t, k − 1)) is the utility that the vacant 

taxi VTi(t) can get when it changes the choice to CC li (t) ∈ CCi(t), 
whereas the choices of all other vacant taxis remain the same. Sup-
pose that CCi(t) ≠ φ, and VTi(t) has been engaged by WCj(t) in round 
k − 1; that is, ai(t, k − 1) = WCj(t). Four cases need to be considered 
in the calculation:

Case 1. If CC li (t) = WCj(t), then

U CC t a t k U a t kVT i
l

i VTi i( ) ( )( ) ( )( ) − = −−, , 1 , 1 (7)

Case 2. If CC li (t) = WCj ′(t), where j ′ ≠ j, and NETj′(t,k−1) = 0, then
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Case 3. If CC li (t) = WCj′(t), where j ′ ≠ j and TT (i, j ′, t) ≥ 
minVTi′(t)∈ETj′(t,k-1)[TT(i′, j ′, t)], NETj′(t,k-1) > 0, then

U CC t a t kVT i
l

ii ( )( )( ) − =−, , 1 0 (9)

Case 4. If CC li (t) = WCj′(t), where j′ ≠ j, and TT (i, j′, t) < 
minVTi′(t)∈ETj′(t,k-1)[TT(i′, j ′, t)], NETj′(t,k-1) > 0, then
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Step 3. Calculate Rl̃
VTi

(t, k) for all l ∈ {1, . . . , |CCi(t)|}:

R t k R t k R t k

l CC t

VT
l

VT
l

VT
l

i

i i i

{ }
( )( ) ( ) ( )

( )

= ρ − + − ρ

∈

, , 1 1 ,

for all 1, . . . , (11)

~ ~

where Rl
VTi

(t, k) = UVTi
(CC li (t), a−i(t, k − 1)) − UVTi

(a(t, k − 1)).
Rl̃

VTi
(t, k) is the regret of the vacant taxi VTi(t) for not being engag-

ing by CC li (t) ∈ CCi(t) in the kth round of negotiation. Rl̃
VTi

(t, k) 
can be interpreted as the accumulated regret of VTi(t) for not being 
engaged by CC li (t) ∈ CCi(t) in its historical rounds of negotiation; 
ρ ∈ (0,1] is the discount factor that enables each vacant taxi to have 
a fading memory, that is, let each vacant taxi discount the influence 
of its past regrets when Rl̃

VTi
(t, k) is calculated.

Step 4. Calculate the probability distribution vector Pi(k)

vP k RM R t ki i VT
a t k

i

i( )( ) ( )( ) = α + − α ( )−, 1 (12)
~

, 1

where

1
1RM x

x

x
xi T

T[ ]
[ ]

[ ]( ) = >
+

+
+when 0 (13)

 α ∈ (0,1] =  willingness to propose a different waiting customer 
for VTi(t) at each round of negotiation, so that 1 − α 
represents VTi(t)’s inertia on proposal;

 vai(t,k−1) = |CCi(t)|-dimensional vector; and
 vl 

ai(t,k−1) = lth element of vai(t,k−1).

If ai(t, k − 1) = CC li (t), then vl 
ai(t,k−1) = 1; otherwise vl 

ai(t,k−1) = 0, for all 
l ∈ {1, . . . , |CCi(t)|}. [x]+ is an n-dimensional vector of which the 
ith element equals max(xi, 0) if x is also an n-dimensional vector.
Step 5. VTi(t) is engaged by a waiting customer WCm(t) ∈ CCi(t). 
On the basis of the probability distribution vector Pi(k) calculated in 
Step 4, the vacant taxi VTi(t) will be engaged by a waiting customer 
WCm(t) ∈ CCi(t) as the return value of G-RM-FM-Ii(k). VTi(t) can 
also propose nothing and then G-RM-FM-Ii(k) just returns a value 
of null.

It has been proved by Arslan et al. (19) that if a VTAP can form 
an ordinal potential game and each vehicle has no indifferent utility 
response to different strategies (or decisions), the G-RM-FM-I will 
almost surely enable the negotiation process to converge to a pure 
NE. The TCNP proposed here has the same properties as those in 
the case by Arslan et al. (19), so it also has the same convergence 
ability when the G-RM-FM-I is applied.

The NE obtained by G-RM-FM-I may be a suboptimal solution 
in terms of maximizing Ug(a(t)) for TCNP(t), which is a trade-off 
between the operational efficiency and the theoretical optimality. 
On one hand, even though there are negotiation mechanisms such 
as the spatial adaptive play that can lead to an optimal or near-
optimal solution (16), those mechanisms are too time-consuming to 
be implemented in the TCNP, where states of both the taxi and the 
customer are changed quickly; on the other hand, the convergence 
tests by the simulation experiments in the next section show that 
G-RM-FM-I has a good convergence performance, which results in 
a better operational performance.

Simulation exPerimentS

microscopic Simulation model

A microscopic simulation model is developed based on the concept of 
a customized simulation environment. It includes microscopic traf-
fic simulation software—PARAMICS (22)—and a plug-in designed 
by programming with the application program interfaces, which 
enables the software to simulate the customer dynamic behaviors 
and the taxi operations as well as the LISS. A fictitious road network 
covering an area of around 3 km × 3 km is created in PARAMICS as 
shown in Figure 1, which includes two types of taxi stand:

• Taxi stands located within the study area (the boundary of the 
study area is shown by the dashed line in Figure 1) and

• Taxi stands located outside the study area (in fact, these taxi 
stands can be considered as located in the fringe areas adjacent to 
the study area).

FIGURE 1  Road network for simulation.
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In the simulation, the customer behaviors and taxi operations as 
well as the LISS are simulated strictly following the assumptions 
presented in the section on problem formulation. The customer 
demand is set to 400 arrivals/h for the taxi stands located outside the 
study area and 520 arrivals/h (30% higher) for the taxi stands located 
inside the study area. The purpose of this setting is to mimic the 
boom in customer demand of a specific area during a specific period 
of time, such as the central business district during the peak hour.

A sensitivity analysis is performed by varying the taxi fleet size 
from 100 to 250 at increments of 50 taxis, in which the performance 
of the LISS is evaluated and compared with the strategy without 
control (i.e., the free-search strategy) in terms of OR and CWT for 
each taxi fleet size.

Other parameters of the simulation are set as follows: in the LISS, 
the TCNP will be performed every 100 s, in which ρ and α are set to 

0.1 and 0.5 for the submodule G-RM-FM-Ii(k). The searching range 
of the taxi is set to 500 m. The maximum CWT of the customer is 
arbitrarily set to 1 h, which is purposely to test the maximum CWT. 
The total simulation period is 2 h with 20 min warm-up time.

Simulation results

Convergence Tests

The convergence tests for the TCNP in the case of taxi fleet size = 
100 are shown in Figure 2. Figure 2a shows that the global utility 
converges in negotiation round k = 40 at t = 1,200 s, and Figure 2b 
shows that the global utility converges in negotiation round k = 33 
at t = 6,000 s. The convergence tests show that the TCNP has good 
convergence performance.

(a)

(b)

FIGURE 2  Convergence tests for TCNP in LISS: (a) t 5 1,200 s and (b) t 5 6,000 s.
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Sensitivity Analysis

The overall performance of the two strategies (free-search strategy 
and LISS) in terms of OR and CWT for different fleet sizes is shown 
in Figure 3.

For all taxi stands, as shown in Figure 3a, when the taxi supply is 
low (taxi fleet size < 175), the LISS can effectively reduce the CWT 
to around 50% (taxi fleet size = 100) compared with the free-search 
strategy. However, when the taxi supply is high (taxi fleet size > 175), 

the LISS is no better than the free-search strategy in terms of reduc-
ing the CWT. This result is because the number of available taxis is 
much higher in such a situation, so the customer can quickly find a 
taxi at the stand (even under the free-search strategy), which makes 
the LISS less attractive.

For taxi stands located within the study area, as shown in Figure 3b, 
when the taxi supply is low (taxi fleet size < 150), the LISS can 
effectively reduce the CWT to around 80% (taxi fleet size = 100) com-
pared with the free-search strategy. When the taxi supply is high (taxi 

FIGURE 3  Overall performance of control strategies: (a) average CWT at all 
taxi stands, (b) average CWT at taxi stands within study area, and (c) overall 
performance of control strategies.
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fleet size > 150), the LISS is still (slightly) better than the free-search 
strategy in terms of reducing the CWT.

As shown in Figure 3c, the OR of taxis under the LISS is no lower 
than that under the free-search strategy when the taxi supply is high 
(taxi fleet size > 150), and the OR of taxis under the LISS is slightly 
higher than that under the free-search strategy when the taxi supply 
is low (taxi fleet size < 150). This finding indicates that the LISS will 
not increase the risk of the taxi, that is, the probability of losing the 
total occupied time.

In all, the simulation results show that the LISS is an effective con-
trol strategy to reduce the CWT when the taxi supply is low, especially 
during a boom in customer demand in a specific area during a specific 
period of time, for example, the central business district during peak 
hours; moreover, the LISS will not increase the risk of the taxi even 
though it requires no commitment from the customer side, as stated 
earlier.

ConCluSionS anD Future Work

A novel control strategy is proposed, namely, the limited information-
sharing strategy (LISS) for the taxi–customer searching problem 
(TCSP) in nonbooking taxi service (NBTS), or TCSP-NBTS. It 
offers the following contributions:

• Game theory was adopted to formulate the LISS; the global 
utility of the game and the individual utilities of the players (taxi 
and customer) are specifically defined by considering a number of 
theoretical and practical problems;

• A negotiation mechanism, the generalized regret monitoring 
with fading memory and inertia (G-RM-FM-I), was adopted in the 
LISS to find the Nash equilibrium (NE); and

• The operational performance of the LISS was evaluated by com-
parison with the strategy without any control (i.e., the free-search 
strategy).

Microscopic traffic simulation was adopted as the modeling 
approach. A sensitivity analysis by varying the taxi fleet size was 
conducted by the simulation in which the occupancy rate and the 
customer waiting time are calculated for all scenarios in each control 
strategy. Some implications were obtained from the results of the 
simulation experiments:

• The LISS is an effective control strategy when the taxi supply 
is low, especially for a boom in customer demand in a specific area 
during a specific period of time, for example, the central business 
district during peak hours, and

• The LISS will not increase the risk of a taxi even though it 
requires no commitment from the customer side.

Meanwhile, the microscopic simulation model developed for this 
research needs further improvement if it is employed for a larger 
study area (e.g., the entire island of Singapore) and for a long period 
of operation (e.g., 24 h of a typical day). That future work includes 
the following studies:

• Taxis’ searching behaviors, such as the choice of destination 
for picking up passengers, in a large study area will be considered 
and modeled and

• The customers’ elasticity in a long period of operating time will 
be considered and modeled.
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