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Abstract: Service refusal is a significant problem in taxicab market, especially in
developing countries where policies and regulations have not been well developed against this
unpleasant phenomenon. Understanding the disturbance of service refusal to the
demand-supply equilibrium is essential for the governing authorities to develop effective
pricing policies and regulations to tackle the issue. This paper proposed a sigmoid function
that depicts the service refusal behavior due to the lower than expected profit. Integrated with
this service refusal function, the interrelation between the fleet size, fare, and passenger
demand is well evaluated at an aggregate level. The social optimum and maximum profit
solutions are examined with consideration of the presence of service refusal. It is found that in
a market with non-negligible refusal problem, raising fare at a certain level would drive
passenger demand as the benefit from relieved service refusal outweighs the negative impact
of the markup itself. This is contrary to the common understanding that raising fare will
always reduce the demand. The maximum profit and maximum social welfare achievable
would drop if the service refusal becomes severer due to higher expected profits. However, at
the social optimum the profit could be positive in presence of service refusal. These properties
of the model are demonstrated by a numerical study.
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1. Introduction

Taxicab is an active mode of transportation whose flexible service is irreplaceable in
metropolitan areas. In Beijing, for example, there are about 67,000 taxicabs serving nearly 6
million rides a day and in average each taxi vehicle runs approximately 400 kilometers a day
(Beijing Transportation Research Center, 2011; China Statistics Bureau, 2012). While the taxi
market in Beijing is under strict fare and entry regulations, refusal to service is not uncommon.
A recent survey in Beijing has found as many as nearly 10,000 taxi vehicles were at rest
during the afternoon peak hours, whereas only half of them were legitimate due to the shift
from daytime service to nighttime service?, the others were those attempted to evade service

in congested hours (Beijing Municipal Commission of Transport, 2013; Cao et al., 2006;
Institute for Energy and Environmental Research Heidelberg, 2008).

There are many reasons for the drivers to take the risk of getting punished to escape from
serving during peak hours.one of the most obvious is the lower-than-expected profit. Studies
to date have mostly focused on well regulated markets where service refusal is not present or
at minimum with negligible impacts (Cairns and Liston-Heyes, 1996; De Vany, 1975;
Douglas, 1972; Pachon and Johansen, 1989). In a regulated market, once determined the
supply, i.e., the fleet size is usually considered constant and the number of taxicabs in service
is independent with the taxi fare. Economic models therefore have focused on developing taxi
fare structures and fleet size that maximize a selected objective such as the profits and social
welfare (Chang and Chu, 2009; Kim and Hwang, 2008; Salanova et al., 2011). As most of the
economic models lack consideration of the traffic impacts, Yang et al. introduced distance
based and delay based taxi fare models that take into account the effects of traffic congestion
on the taxi market (Yang et al., 2010a; Yang et al., 2005).

Like in many other systems, equilibrium can also be found in a taxicab system between the
supply and demand. The supply-demand equilibrium and the relation between the fleet size,
elastic demand, and taxi fare have been well analyzed in literatures such as Arnott (1996),

L Taxi drivers also prefer shifting from day-time to night-time service during the peak hours to escape
the congestion due to the lower-than-expected profit.
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Cairns and Liston-Heyes (1996), and Wong et al. (2001). Notably, the road network, the
origin-destination based demand and the search friction were modeled by Yang and Wong
(1998), Yang et al. (2002) and Yang et al. (2010b). Taking into account of the special
structure of the taxi market, their models are capable of quantifying a number of system
performance measures such as utilization rate and level of service quality of taxi services for
different zones. Wong et al. (2008) further extended the model to account for multiple user
classes and vehicle modes.

A common assumption of previous studies is that the market is well regulated and taxi drivers
are willing to fully comply with various regulation policies. But little attention has been paid
to the issue of service refusal as well as its impact to the supply-demand equilibrium. Refusal
however may affect the demand-supply relation in many ways(von Massow and Canbolat,
2010). On one hand, it decreases the actual size of fleet in service, leading to larger waiting
time. On the other hand, the degraded quality of service in terms of waiting time will affect
the demand side by reducing the number of passengers willing to take the service. While
governing agencies are attempting to deal with the problem from every possible aspect,
understanding the underlying disturbance of this unpleasant phenomenon to the
demand-supply equilibrium is essential to policy development.

Aimed at thoroughly eliminating the problem, this study was developed to investigate the
topics such as the interactions between the service refusal behavior and the demand-supply
equilibrium, as well as its impact to the optimal social welfare and maximum profit of
cruising taxi services. The fare structure currently in use in Beijing, China is adopted in this
research and a function of service refusal is introduced into the system to analyze its impact.
The static effects of the regulating variables such as the fare, the fleet size, and the expected
profit are integrated into a mathematic model to investigate the changes in waiting time and
passenger demand as related to service refusal.

A definitional approach is provided to describe the relation between the regulating variables,
the service refusal phenomena, and the variables of the taxi market. As the aggregated effects
of the regulating variables and the service refusal exhibit a different equilibrium mechanism,
the solutions for the maximum social welfare and maximum profit are investigated and
comparison was made between the two conditions, either with or without the service refusal
phenomenon. A case study is provided using the taxi fare structure currently in use in Beijing,
China to demonstrate the property of the model, as well as to shed light on some thoughts that
may possibly help the governing agency to make policy and regulation changes.

The paper is structured as follows: In section 2, we define a function to describe the refusal of
service. In section 3, we introduce the variables and the service refusal function. In section 4,
the static effects of the fare, the fleet size and the mean expected profit are investigated. In
section 5, we examine the maximized social welfare solution. Section 6 addresses the
maximized profit solution with service refusal. In section 6, we show the competitive solution
with service refusal. Beijing’s case study is provided in Section 7 to highlight the major
theoretical findings. Conclusions and recommendations are given in Section 8.

2. Fare Structure and service refusal function
2.1. Variable definitions and fare structure

Major variables used in the paper are defined as follows:



Table 1 Variable notations and definitions

Variable notations Definition
P Fare per ride (CNY?)
Ds Initial flag-drop price (CNY)
Dt Congestion charge per hour (CNY)
1 Charge per kilometer (km)
L Average length of each ride (km)
U Average traveling speed in congested network (km/hour)
us Free-flow speed (km/hour)
T Trip time per ride (hour)
C Cost per hour of each taxicab in service (CNY)
C, Cost per hour of each taxicab out of service (CNY)
Q Demand per hour
w Average waiting time (hour)

A realistic fare structure commonly adopted in China is specified as:

P =ps+pL+petc (€Y)
which consists of an initial flag-drop charge of pg, the charge based on the ride length p,L
and the congestion based charge of p;t.. t. isthe length of the period when the taxi is
traveling at a speed less than a specified threshold of wu, indicating a congested traffic
condition. For example, u, is setto be 12 km/hour in Beijing. t. isthen determined by the
following equation:

t. = O'L/uj (2)
where the parameter of o accounts for the proportion of congested road segments, for which
the traveling speed is less than u,. u; is denoted as the average traveling speed on these
congested road segments.

2.2. The function of service refusal and its properties

Taxi drivers’ willingness to serve during the peak hours relies on the expected profit gained
from each ride. If the profit per ride is less than the expected, taxi drivers are more inclined to
service refusal. To depict this behavior, a sigmoid function of r(P) dependent on the fare
per ride, is proposed as:

r(P)=1- L

1+e—(P—CT-s)/pn

where u >0 (3)

where s and u are parameters. r(P), bounded between 0 and 1, describes the tendency of a
taxi driver to refuse to serve.

Now let’s explore the properties of this function, as well as the physical meanings of the
parameter s and u. To examine how the service refusal rate (frequency of service refusal)
changes with respect to the fare, the partial derivative of r(P) with respectto P is:
or (1—1)% _P=CT=s

6= Fri p e & 4
Obviously, dr/dP is negative, which indicates that a higher value of fare per ride would
result in a lower rate of service refusal as the profit gained per ride increases with the fare per
ride.

The parameter of s actually implies the mean expected profit per ride since the service
refusal rate equals 0.5 if the profit per ride (P — CT) equals s. A larger value of s would
result in a higher service refusal rate given the same fare per ride. This can be easily verified
by the partial derivative of r with respect to s, which is in the form of:

2 The Renminbi (code: CNY) is the currency of the People's Republic of China (PRC), whose principal
unit is Yuan.
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_or (1-r)?
V=%s~ U
since p is positive as defined in Eq. (3), dr/ds is always greater than zero, which implies a
positive correlation between the service refusal rate and the mean expected profit s. This is
illustrated in Figure 1, where service refusal curves with respect to the fare per ride shift to
the right given a higher mean expected profit of s.

e~ (P—CT—s)/u 5)

Profit per ride (CNY)
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Figure 1: Service refusal rate with respect to the congestion price and the parameter of s

Meanwhile, the parameter of u indicates the smoothness of the service refusal rate with
respect to the fare per ride as shown in Fig. 2. The parameter of u can be explained from two
perspectives. Firstly, it implies the diversity of expected profits among heterogeneous taxi
drivers. This is because a smoother curve of the service refusal rate with a larger value of u
covers a wider range of the fare per ride but the mean expected profit remains unchanged.
Secondly, the parameter of u also represents the sensitivity of the service refusal behavior
with respect to the fare per ride. Taxi drivers are more sensitive to the fare per ride with
smaller values of u. It implies a small change in the fare per ride would give rise to a large
increase or decrease in service refusal rate and the size of the fleet in service.
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Figure 2: Service refusal rate with respect to the congestion price and the parameter of s



3. Impact of the service refusal on the equilibrium in taxicab market

With the service refusal function defined in Section 2, this section investigates its impact on
the interaction between the demand and the supply. Particularly, the analysis will focus on
how the demand, the customer waiting time, and the consumer surplus change with respect to
the fare per ride, the fleet size and the mean expected profit.

3.1. Basic assumptions

Let’s assume the demand of Q is in the form of:

Q — f(P, W, T) — Qe—a(P+KW+TT) (6)
where a, x,r and Q are positive parameters. Q is the potential customer demand. x and
T are the monetary values of unit waiting time and in-vehicle travel time, respectively. a isa
scaling parameter, which implies the sensitivity of demand to the full trip price. Eq. (6)
indicates the demand would decrease with a higher fare per ride, a longer waiting time and a
longer travel time.

The customer waiting time of W, as a measure of the service quality, depends on the number
of vacant taxis N,, and can be derived as (Douglas, 1972):

W =

SN ™)
v
where A is a constant presenting the number of street miles and SN, is the cursing vacant
taxi-hours. The travel time of T can be calculated by:
Lo L(1-0)
T=—+——=
Y Ur

)

The number of vacant taxis N,,, the demand Q, and the travel time T are related by:

N, =(1—-7r)N—QT 9)
where (1 —r)N is the number of taxis in service. As one could identify from Eqg. (6) to Eq.
(9), the demand without service refusal is a special case when the mean expected profit tends
to be negative infinity and the service refusal rate tends to be one.

3.2. Effects of the service refusal on demand

To facilitate the discussion of the equilibrium properties, let fp be the partial derivative of Q
with respect to P, where W is treated as an independent variable. fy, is denoted as the
partial derivative of Q with respectto W. From the definition of Q in Eq. (3), fp and fy,
are both negative.

Let’s first look at the impact on the demand Q of three variables of interest, specifically the
fare per ride P, the fleet size N, and the mean expected profit s. From Egs. (3), (4) and (6),
the partial derivative of Q with respectto P can be derived as:

00 ow  or
Qp=ﬁ—fp +fW6_Nv(_Nﬁ_QPT) (10)

By letting wy _ denote dW /dN,, and reorganizing, we have:

0p = fp — fwwn, N6

1+ fyw'T a1



Eqg. (12) shows an aggregate effect of the fare per ride on the demand. The first term of fp in
the numerator is negative, which represents the decreased demand if the fare per ride rises by
one unit. But this is compensated by a positive term of —f,,wy N6 (6 <0,f, <0 and

wy, < 0). This term implies an increase in demand due to the decreased waiting time, which
is attributed to the decreased service refusal rate and the increased number of taxis in service.

Therefore, the sign of Qp is undetermined. Increasing the price at a certain level could drive
the demand. In that case, customers are willing to accept the markup since the benefit from
decreased service refusal rate is more significant compared with the markup itself. This is
fundamentally different from the market without service refusal, where Qp would be
simplified from Eq. (12) to fp/(1 + fywy,T), Which is apparently negative. That implies the
demand always decreases as the fare rises in the market without service refusal.

The impact of the fare per ride on the demand also implies that the trip cost, which is the sum
of the full trip price, the cost of the waiting time and travel time, would not necessarily
increase given a higher fare per ride. The benefit from the decreased waiting time due to the
increased number of operating taxis could outweigh the increase in the fare. It is interesting to
note that the service refusal behavior is only reflected through &, the derivative of service
refusal rate with respect to the fare per ride. That means if the service refusal rate is constant
or irrelevant to the fare (6 = 0), the impact on the demand would be the same as in the market
without service refusal®.

Now let’s examine the impact of the fleet size on the demand with respect to service refusal.
The partial derivative of the demand with respect to the fleet size N can be derived similarly
as:
_ a_Q _ fWWN,,(]- —1)

WWEINT Ty fwwn, T
which is obviously positive and implies that an increase in fleet size would result in an
increase in the demand. Without the service refusal, it would be simplified to
fwwy, /(1 + fwwy, T), which is also positive. Hence, the effects of the fleet size for a market,
either with or without the service refusal, have the same trend. But the service refusal does
shrink the impact of the fleet size with the coefficient of (1 —r) between 0 and 1. This is
easy to understand since only a proportion (1 —r) of the change in the fleet size would
actually affect the market.

(12)

The expected mean profit is directly related to the service refusal rate and the level of severity
of service refusal in a market. The partial derivative of the demand with respect to the mean
expected profit can be derived similarly as:

0 =22 = MWt (13)

s 1+ fywy,T

Qs isnegative since fi,wy and y are both positive. This implies that the demand is
decreasing if taxi drivers expect a higher profit per ride. As examining the term of yNfy,wy_
in Eq. (10), one would identify that the decrease in demand is essentially attributed from the
higher service refusal rate implied by y, the decreased number of taxis in service §N and
finally the increased waiting time of 8N fywy, .

3 If the service refusal rate is irrelevant of the fare per ride, the number of operating taxis is
independent of the fare and the benefit from the increased taxis in service would vanish.
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Generally, in the market with service refusal, an increase in the fare would not necessarily
decrease the demand and increase the trip cost. It actually depends on the interaction between
the benefit from increased number taxis in service and the negative impact of the increased
price itself. This is the fundamental difference compared to the market with taxi drivers’ full
compliance. Also, the service refusal would weaken the regulating impact of the fleet size on
the demand. Last but not least, severe service refusal brought by the high expected profits per
ride would hurt the demand due to the long waiting time.

3.3. Effects of the service refusal on waiting time

The average customer waiting time, as a measure of the service quality, is investigated in this
section. Using Egs. (3), (4) and (6), the partial derivative of W with respectto P is:
W = ow N& — fpT

P=9P "™+ fwy T
which is clearly negative given § > 0, fp <0 and wy < 0. The firstterm of N§ implies
more vacant taxis are available due to the increased fare per ride and the lower service refusal
rate. The second term of f,T implies the decreased number of occupied taxi-hours due to the
lower demand brought by the increased fare. The combined effects from the above two terms
would result in a decrease in waiting time as the fare rises.

(14)

Without considering the service refusal, W, would only include the second term in the
numerator while the benefit from increased number of taxis in service vanishes. The impact of
the fare on the waiting time is actually enhanced due to the additional impact from the
increased number of taxis in service as the fare rises. Similar to Eq. (8), the service refusal is
only reflected through the derivative &, which indicates that the impact of service refusal on
the waiting time would vanish if the service refusal and the fleet size actually in service is
irrelevant to the fare per ride.

Similarly, we obtain the derivate of the waiting time with respect to the fleet size N as:
_ow 1—r

W =58 =Wh Ty forwn, T (15)
which is apparently negative indicating the waiting time would decrease given a larger fleet
size. For the market without service refusal (r = 0), Eq. (12) would be simplified to
wy, /(1 + fwwy, T). Obviously, the impact of the fleet size in presence of service refusal is

weakened by a coefficient of (1 —r) since only a proportion of the fleet is actually in
service.

Now let’s examine how the mean expected profit affects the waiting time. The partial
derivative is:

ow w —O6N
7 0s Mo 1 + fyw, T
which is positive implying that the waiting time becomes longer as the expected profit rises.
This is due to the higher service refusal rate and less taxis in service. It indicates that the
service refusal would degrade the service quality and lead to longer customer waiting time.

(16)

In contrast to the demand, the effects of the regulating variables on the waiting time are
consistent for both markets with and without service refusal. The waiting time rises as the fare
decreases and the fleet size increases. However, the magnitude of the impact is different.
Compared with the market without service refusal, the impact of the fare per ride on the
waiting time is enhanced since the service refusal rate imposes additional influence on the
number of vacant vehicles. Meanwhile, the impact of fleet size is weakened as only a
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proportion of the fleet is actually in service. Moreover, the service refusal would prolong the
customer waiting time as the mean expected profit rises.

3.4. Effects of the service refusal on consumer surplus

The consumer surplus is an economic measure of consumer satisfaction, which is calculated
by analyzing the difference between what consumers are willing to pay for the service relative
to its market price (Flores-Guri, 2003). As the waiting time enters the demand curve, the
consumer surplus is obtained by integrating under a demand curve in which the waiting time
is held fixed while the fare varies (Cairns and Liston-Heyes, 1996). The demand Q is
rewritten as the function of f(w) = f(P + kW + 1T), and the consumer surplus is obtained
as:

5@) = | fwdo an
p
The partial derivative of S, with respect to the fare can be derived as:
aS. Jw
=22c__p2% 18
Sep =3p aP (18)
Given the fact that
dw
_ g J® 19
Eqg. (18) can be written as:
Q
Sep = —Qf—P = —Q[1 + wy, k(=8N — QpT)] (20)
w

where f,, isthe derivative of f with respective to w.

Since the sign of Qp is undetermined from Eq. (11), the consumer surplus is not necessarily
decreases if the fare rises. Hence in a market with service refusal, the fare at which the
customers can obtain the maximum surplus is not necessarily at zero. Instead, the price at the
optimal consumer surplus would also maximize the demand because Qp, = 0 also makes
Sc,p = 0. In contrast, in a market without service refusal or with a constant service refusal rate
where 6§ = 0, the consumer surplus would decrease as fare rises and the fare at the optimal
consumer surplus is always zero.

Similarly, the impact on consumer surplus regarding the change of fleet size N can be
examined by deriving the following partial derivative:

dw Q
SC,N =-0Q N

N _QE = —Q{wy,k[(1 — 1) — QxT1} (21)
Apparently, S,y is positive meaning the consumer surplus would increase as more vacant
taxis are available and the waiting time is shortened. However, the service refusal behavior
would weaken the effects of fleet size in the same way as it does to the demand since only a
proportion of the change in the fleet size actually affects the market.

Now let’s check how the expected profit would impact the consumer surplus. The partial
derivative of S, with respectto s is:
Qs

Jw
Sc,s = _Qg = _QE = _Q{WN,,K[_VN - QsT]} (22)

Scn is negative as it has the same sign as Q. Obviously, it states that the consumer surplus
would shrink if taxi drivers expect higher expected profits and exhibit a higher service refusal
rate.



3.5. Summary of the static effects of relative variables

The above analysis examines the static effects on the demand, waiting time and consumer
surplus regarding variables of the fare, the flee size, and the expected profit per ride, where
the service refusal phenomena has been explicitly considered by integrating a sigmoid refusal
function. The results are summarized in Table 2.

Table 2: Comparative static effects in markets with and without service refusal*

With service refusal Without service refusal
With respect to fare per ride P
Demand fifawny NS f ;
1+fw'T (+7) 1+fw'T )
Waiting time N6-fA1T ©) AT ()

w
Ny 1+fown, T Ny 1+fown, T

Consumer surplus —Q[1 + wy, k(=8N — QpT)] (+/-) —Q[1 — wy,kQpT](-)

With respect to fleet size N

Demand NS-AT AT oy
No 14w, T *) W, 1+fwn, T *)

Waiting time 1-r ; 1
g wn, 1+fwy, T Q) W, 1+fwn, T Q)
Consumer surplus —Q{wy,xk[(1 —7) — QyT1} (+) —Q[wy, k(1 — QyD)] (+)
With respect to mean expected profit s
Demand ZYNRWNy ©) 0
1+f2WN’|]T
Waiting time N +) 0

w
No 14 fown,T

Consumer surplus —Q{wy,xk[—yN — QsT1} (-) 0

In summary, the impacts exhibit following unique features in comparison with the market
without service refusal.

The most distinguished characteristic is that both the demand and the consumer surplus are
not monotonously decreasing function with respect to the fare. The interaction between the
opposite impacts brought by the increased fare and the shortened waiting time determines
whether or not the demand and consumer surplus would increase. Counter-intuitively, it
implies that raising the fare to a decent level could actually drive the demand when the benefit
from the shorted waiting time due to the decreased service refusal rate outweighs the negative
impact from the markup. This is different from the market without service refusal, where the
demand is decreasing and the maximum demand is always achieved when the fare equals
zero.

The waiting time appears similar decreasing trend as the fare rises in both markets with and
without service refusal. The difference lies in the fact that the service refusal has an additional
effect in terms of the increased taxis available due to the decreased service refusal rate. Hence,
the waiting time would decrease more rapidly compared with the market without service
refusal as the fare rises.

4 (#), (-) and (+/-) means the derivative is positive, negative or undetermined, respectively.
10



With respect to the fleet size, the service refusal would weaken its impact on the market in
terms of the demand, the waiting time and the consumer surplus by a coefficient of (1 —r)
since only a proportion of the changes in the fleet size would actually be in service and have
an effect on the market.

Lastly, if taxi drivers expect higher profits per ride, the service refusal rate would rise. That
would result in severer service refusal behavior in the taxicab market, and lead to a
contraction in both demand and the consumer surplus. The waiting time would also increase
since fewer taxis are in service.

4. Optimal social welfare solution

As discussed in the previous section, the service refusal behavior imposes different impacts to
the taxicab market. This section explores conditions of optimal social welfare with service
refusal regarding the two regulating variables: the fare and the fleet size.

The social welfare comprises both the consumer surplus of Eq. (17) and the taxicab profits.
Here, we need to specify the equation of calculating the taxicab profits. To note that, the costs
associated with the taxi operation normally consist of the gas cost and the license fee. In
China, taxi drivers normally have to pay a certain amount of license fee per month to their
companies. Hence, the profit is the income minus the gas cost and the license fee for
operating taxis, while the taxi drivers out of service would face a loss of the license fee.

The profit of taxis is formulated as:

S, =PQ—(1—71)CN —1rCyN (23)
where C, accounts for the license fee per hour for taxis out of service. C is the cost for
operated taxis including both the license fee C, and the gas cost.

With Eqg. (23), the social welfare is specified as:

S(P,N) = f f(w)dw + PQ — (1 —7r)CN —rCyN (24)
p

The partial derivative of S regarding P is:
0S Qp

op = —Q7+Q+PQp +5CN = 5CoN (25)
w
The partial derivative of S regarding N is:
aS Qn
a_N=_Q—+Q+PQ,\,—(1—7”)C—7”C0 (26)
w

The necessary condition of the maximum social welfare is dS/0P = 0 and dS/0N = 0.
Using Eq. (11) and Eg. (20), Eq. (25) can be written as:
(€ = Co) + Qrwy,

P = —Qwy kT — 6N 27)
v Qp
Similarly, Eq. (26) can be written as:
C —Cy) + Qrw C
P = —Qwy, kT + (1 —7) (€ = Co) + Qrewy, +-2 (28)

Qn Qn
Combing Eq. (27) and Eq. (28), one would obtain:

11



—Go0p

(C - CO) + QKWNU = SNQN + (1 _ r)QP (29)
Taking Eq. (30) into Eq. (28), we have:
B Co(QpT + SN)
P—(C—CO)T+5NQN+(1_r)QP (30)
Using Eq. (11) of @, and Eq. (12) of Qy, Eq. (31) can be further simplified to:
Coll+ T T + 6N
p=(c—cor+ 2l W(Vlv”_v r));fp )
6N
:(C_CO)T+1—T(T+f_p> (31)
=CT + C r T oN
= 0[1—r +(1—r)fp]

Eq. (31) is the central result of the optimal social welfare condition with service refusal
behavior. The first term of CT is the operation costs for the operating taxis. If without the
service refusal behavior (r = 0 and § = 0), the fare would equal to CT. That means the fare
per ride just covers the operation costs during the trip and taxis are operated at a loss equal to
the cost of vacant taxi-hours (Yang et al., 2005). This is exactly the same result derived by
Arnott (1996). Also, if the license fee cost C, is ignorable, the fare equation is simplified to
CT. That implies if there are no loss to the taxi drivers out of service, the fare at the optimal
social welfare would also equal to that in a market without service refusal.

As one would observe from Eq. (31), with the impact of service refusal, the fare at the
optimal social welfare covers an additional term regarding the cost for idle taxis. Since § > 0
and fp < 0, this term implies an extra charge, which compensates the costs of idle taxis.
Hence, the fare per ride at social optimum is higher due to the service refusal behavior. This
brought a possibility that the profit of the taxis firms may not be negative at the social
optimum in a market with service refusal. These properties will be verified and discussed in
the numerical study.

5. Maximum profit solution

In this section, the focus is to regulate the fleet size and the fare in a monopoly taxi market to
obtain the maximum profit. The comparison to the market without service refusal behavior is
discussed.

The profit of the taxi firm is given by:

I(P,N) = PQy — (1 =1)C —1C, (32)
including the costs of both operating taxis and taxis out of service. To maximize the profit,
the first-order conditions have to be satisfied, which is the partial derivatives of I with
respectto P and N should equal to zero.

The partial derivative of the profit with respectto P is:

al
55 = Q+QpP +CNS = CoNG =0 (33)

and further written as:
P_CNS—CONS—Q

Qp
12

(34)



The partial derivative of the profit with respectto N is:

ol
ﬁ:QNP—C(l—r)—COr:O (35)
which can be written in the similar form to Eq. (34):
Cl-r)+C
p= u (36)
Qn

Combining Eq. (34) and Eg. (36), one can obtain:
CA—7)+Cor CNS&—CoN&—Q
Qn Qp
Taking Qy from Eq. (11) and @ from Eq. (12), we have:
fZWNv[CoN5 —Q(1—1)]
fi

(37)

rC,+C(1—r) =

(38)

Now taking Qp into Eq. (36), one obtains:

1+ fowy T
P=[C1—7)+Cyr] fWn,

szN,,(1 —7)
_C(1+ fowy,T) N Cor(1+ fowy,T)
B szN,, fZWN,,(l -7)

1

L [rCo + C(1 —1)]
A= fowy, -1

(39)

Applying Eq. (38) to Eg. (39), we have:
pocr+—tor gy LN L Q
B 1-7) A-nfi f

(40)

By comparing the fare at the social optimum, the charge per ride at the maximum profit is
apparently higher than the fare at the social optimum by an additional amount of Q/f;, which
represents the consumer’s marginal net willingness-to-pay for a ride. If ignoring the service
refusal (r = 0,8 = 0), the consumer would be charged at a lower fare of CT + Q/f;, which
is the same result derived in Yang et al. (2005). However, with the presence of the service
refusal, the fare does need to be raised in order to achieve maximum profit.

6. A numerical study and discussion

To demonstrate the analytical analysis obtained so far and further explore numerical
properties of the market equilibrium with service refusal, a case study is presented and
discussed in this section. The basic parameters, such as the average trip distance, operation
cost, license fee, congested speed and free flow speed, are directly obtained and derived from
the Annual Report of Beijing Transportation (Beijing Transportation Research Center, 2011),
while the other parameters such as the sensitivity parameter of «, value of waiting time and
value of travel time are referred to travel surveys and studies of Beijing (Beijing Municipal
Commission of Transport, 2013; Jia et al., 2007; Liu et al., 2008).
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Table 3 Values of parameters

Parameters Values
Initial flag-drop price ps 12 CNY
Charge per kilometer (km) p; 2 CNY
Charge per waiting wait p; 55 CNY per hour
Average trip length L 8 km
Average traveling speed in congested network (km/hour) 10 km per hour
Free flow speed u, 40 km per hour
Cost per hour C for taxis in service 40 CNY
Cost per hour C, of taxis out of service 10 CNY
Potential demand Q 1,100,000
Proportion of congested segment o 0.6
Value of waiting time 60 CNY/hour
Value of trip time < 35 CNY/hour
Customer’s choice behavior « 0.03
Waiting time parameter A 1000 veh-h
Driver diversity parameter u 10

6.1. Impact on demand

Figure 3 illustrates the demand curves with respect to fare per ride in markets with and
without service refusal. The solid line clearly demonstrates that the demand would decrease
as fare rises and the maximum demand is achieved when the fare equals zero if the service
refusal is ignored.

But this is essentially different from demand curves in markets with service refusal as
illustrated by dotted lines in Figure 3. It can be seen that the demand curve exhibits a convex
shape as the fare rises. The maximum demand is achieved when the fare is set to a certain
threshold that makes Qp equal zero. If the fare is below this threshold, raising the price
would not hurt the demand. Instead, the benefit brought by the shortened waiting time due to
increased operating taxis outweighs the negative impact from the raised price, which would
boost the demand. This stage corresponds to the ascent phase of the curve. However, when
the fare is higher than the threshold, raising the fare would hurt the demand as the benefit
from increased number taxis in service is less significant than the impact of the markup. As
the fare rises, the demand curves in markets with and without service refusal will eventually
overlap when the service refusal rate tends to zero.
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Figure 3: Demand curves with respect to fare per ride in market with and without service refusal
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Comparing demand curves between markets with and without service refusal, one would
observe that given the same fare and the same fleet size the demand is apparently lower with
service refusal. That implies by solely regulating the fare, either decreasing or increasing,
cannot eliminate the negative impact on the demand if the desired demand is beyond the
maximum demand attainable in the market with service refusal.

Furthermore, if the taxi drivers expect greater profit per ride, the service refusal rate would
rise, which further shrinks the demand as seen in the figure. Meanwhile, the threshold fare
that maximizes the demand would also rise since the peak of the curve shifts to right. The
maximum demand decreases in the market with severer service refusal. These observations
are consistent with and further extend our analytical discussion in Section 3.

Figure 4 plots demand curves with respect to the fleet size. Obviously, the demand grows as
the fleet size increases in both markets with and without service refusal. However, the service
refusal renders this growing at a slower rate. This coincides with our analysis in Section 3,
and the reason is that only a proportion (1 —r) of the increase in the fleet size would have
an effect on the market. As the expected profit and the service refusal rate rise, the growing
rate would be further decreased. That implies to achieve the same demand while keeping the
fare unchanged, the fleet size has to be increased to compensate taxis out of service.
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Figure 4: Demand curves with respect to fleet size in market with and without service refusal

6.2. Impact on waiting time

The passenger waiting time both with and without service refusal is illustrated in Figure 5 and
Figure 6. Apparently it decreases as the fare rises, which is the same regardless of service
refusal. However, the waiting time decreases at a faster rate in presence of service refusal.
Based on the analysis in section 3, this is because both the shrinking demand and the

increased vacant taxis contribute to the decrease in the waiting time. Given the same price and
fleet size, service refusal deteriorates the service quality since the waiting time is much longer.
As the fare rises, the waiting times in the taxicab markets with and without service refusal
would overlap when the service refusal rate tends to zero.

Furthermore, greater expected profits and higher service refusal rates would make the
decreasing curve steepen, implying a longer waiting time. This can be explained by the
positive sign of W;. To achieve the same service quality (the same waiting time) as that in a
market absence of service refusal with the same fleet size, the fare has to be raised. This
markup has to be higher in the market with severer service refusal.

The impact of the fleet size on the waiting time is illustrated in Figure 6. Similarly, the
waiting time in a market either with or without service refusal exhibits the same decreasing
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trend as the fleet size increases. But in presence of the service refusal, the waiting time is
longer. These observations are consistent with the derivation and discussion of Wp, Wy and
W.
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Figure 5: Waiting time with respect to fare in market with and without service refusal
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Figure 6: Waiting time with respect to fleet size in market with and without service refusal
6.3. Impact on consumer surplus

Effects of the service refusal on the consumer surplus are demonstrated in Fig. 7 and Fig. 8 in
terms of the fare and the fleet size. By comparing Fig. 8 with Fig. 4, one would easily identify
that curves in both figures exhibit exactly the same trends. This can be easily verified from Eq.
(19). Since f,, equals aQ based on the exponential demand function of Eq. (6), S;p would
equal to —Qp/a. Apparently, S p isthe partial derivative of @ times a coefficient, which

is the opposite of the reciprocal of the sensitivity parameter.

Hence, the features exhibited in Fig. 7 and Fig. 8 can be explained in a similar way as the
characteristics of the demand, which are also consistent with the analysis in Section 3.4. The
consumer surplus in presence of service refusal shows a convex form as the fare rises. But it
will eventually overlap with the curve in the market without service refusal when the service
refusal rate tends to zero. When the fare is relatively lower, raising the fare could increase the
consumer surplus as consumers could benefit more from the decrease in waiting time due to
the lowered refusal rate than the negative effect from the markup itself. As the expected profit
rises, the demand curves shift to the right and the maximum demand achievable also
decreases. Increasing the fleet size would raise the consumer surplus. But with service refusal
phenomena, the impact has been weakened.
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Figure 8: Consumer surplus with respect to the fleet size in market with and without service refusal
6.4. Social optimum

The social optimums for market with and without service refusal are illustrated in Fig. 9 to
Fig. 12. The service refusal clearly imposes significant impact and renders the contour of the
social welfare exhibits a different pattern.
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Figure 9: Social welfare contour in market without service refusal
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Figure 10: Social welfare contour in market with service refusal (s=5)
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Figure 12: Social welfare contour in market with service refusal (s=30)
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First of all, service refusal would apparently lower the maximum social welfare achievable in
the market. The maximum social welfare ignoring the service refusal is 8.7 million CNY as
seen in Fig. 10. But in presence of the service refusal when the expected profit is set to be 5
CNY, the maximum social welfare would be lowered to 7.5 million CNY. A higher expected
profit results in severer service refusal, which would further decrease the maximum social
welfare. As seen in Fig. 13, the maximum social welfare drops to 5.7 million CNY when the
expected profit rises to 30 CNY.

Secondly, consistent with our analysis in section 4, the fare should be raised to achieve the
social optimum accounting for the service refusal. As seen in Fig. 9, the optimal fare is 22
CNY for market without service refusal, which just covers the cost for the ride time. However,
it needs to be raised to 35 CNY in presence of service refusal when the expected profit is 5
CNY. And the fare at the social optimum keeps growing as the expected profit rises. When

the expected profit is 30 CNY per ride, the fare has to be raised to 52 CNY. Even so, the
maximum social welfare is still much lower compared with market in absence of service
refusal. This trend is also demonstrated in Fig. 9.

In contrast to the increase in the fare, the fleet size at the social optimum is decreasing as the
service refusal becomes severer. The fleet size is controlled at 190 thousands to achieve the
social optimum if ignoring the service refusal. But this size has to be limited to 150 thousands
accounting for service refusal behavior when the mean expected profit is set to be 30 CNY
per ride.

Furthermore, by comparing Fig. 9 to Fig. 12, one would observe that contour tends to shift
upward as the service refusal becomes severer. That implies to maintain the same amount of
social welfare as that in the market without service refusal the fare has to be raised if keeping
the fleet size stable. Meanwhile, the contour also tends to skew towards the right as the
expected mean profit rises. That indicates the fleet size has to be enlarged to achieve the same
amount of social welfare if the fare keeps unchanged. Generally, contours for the same social
welfare shrinks in presence of service refusal.
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Figure 13: Fare and fleet size at the social optimal with respectto s

6.5. Maximum profit
The properties of the maximum profit are examined at this section. Figs. 14 to 16 present the

contour of the profit in markets with and without service refusal. Important characteristics of
effects of the service refusal can be identified.
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Figure 17: Profit contour with service refusal (s = 30)

Consistent with the analysis in section 5, in a market with service refusal the fare should be
raised to achieve the maximum profit comparing the market with drivers’ full compliance.
From Fig. 14, the fare at the maximum profit is 56 CNY per ride, but it rises to 64 CNY in
presence of service refusal when the mean expected profit is 30 CNY. However, the fleet size
at the optimal profit does not show a significant change for market either with or without
service refusal. For the study case, it is around 69 thousands. Furthermore, the maximum
profit achievable decreases as the mean expected profit rises and service refusal become
severer. The maximum profit in market without service refusal cannot be achieved by
regulating fare and fleet size if considering the service refusal. This can be viewed as an
interesting faster-is-slower phenomena as found in many dynamic systems (Helbing and
Mazloumian, 2013; Parisi and Dorso, 2007; Wei and Liu, 2013). That implies if drivers
expect higher profits and refuse to serve when the profit cannot match the expected, the
maximum profit they could achieve would actually decrease.

By observing the profit contour, a similar trend as the social welfare has been found. The
contour for the same amount of profit would shift upwards and skew toward the right as the
mean expected profit rises. That implies in order to achieve the same amount of profit as in
the market free from service refusal, the price has to be raise if the fleet size keeps unchanged.
Similarly, the fleet size has to be enlarged if it is the only regulated variable. The social
optimal price and fleet size are also marked in the contour. In terms of the fleet size and the
fare, the gap between the maximum profit and the optimal social welfare is shortened as the
service refusal becomes severer.
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Figure 18: Fare and fleet size at the social optimal with respectto s
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Lastly, let’s examine the profitability at the social optimum. Figure 19 plots the curves of the
optimal social welfare, as well as the corresponding profit and loss for operating taxis and
taxis out of service, respectively. Apparently, in the market without service refusal (s - —0),
the profit is negative at the social optimum. However, in the market in presence of the service,
the profit of the taxi firms at the social profit could be positive. The profit of the operating
vehicles increases as the service refusal becomes severer, and the loss to the vehicles out of
service also rises. However, the total profit increases at the social optimum as the mean
expected profit rises. It implies as the service refusal in a market becomes severer, the optimal
social welfare would decrease but the profit at the social welfare would actually increase.
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Figure 19: Fare and fleet size at the social optimal with respect to s

7. Conclusion and future work

Taxicab market is a multi-actor system that involves different levels of decision-makers such
as travelers, taxi drivers and governing agencies. In a real-world market, it is common that
taxi drivers do not fully comply with regulating policies especially in developing countries.

Service refusal behavior due to the lower-than-expected profit leads to a new equilibrium
mechanism of the taxi market, where the supply is not solely determined by the regulated
fleet size but also relies on the service refusal behavior. In this paper, the equilibrium
properties are investigated through introducing a sigmoid function to depict the service
refusal behavior. The solutions for the social optimum and maximum profit are examined.

It is found that the demand could be boosted by raising the fare at a decent level so that the
benefit from the decreased service refusal rate outweighs the markup itself. This would also
benefit to the consumer surplus and result in shorter waiting time and higher service quality.
This is contrary to the common understanding that raising fare would always reduce the
demand and customer surplus. The ability to regulate the market via tuning the fleet size is
weakened since only a proportion of the changes in the fleet size would actually have an
effect on the market.

To obtain the social optimum, both the fare and the fleet size need to be raised. Even so, the
maximum social welfare achievable cannot match that in the market without service refusal.
However, the profit at the social optimum could be positive in presence of the service refusal.
To achieve the maximum profit, the fare has to be raised as well but the fleet size can be
controlled at a stable size. An interesting faster-is-slower phenomenon is found that the
maximum profit would be lowered if drivers expect higher profits per ride and exhibit severer
service refusal in the market.
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The future work would be focused on the trip specified service refusal, which accounts for the
fact that taxi drivers prefer trips that could bring higher profit. Network models will be
adopted to tackle this issue.
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