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A bilevel programming approach is used to study the strategies of
increasing revenue of the railway agency running between Beijing
and Tianjin, China. Bilevel programming approacheshavebeen used in
many studiesto tackle a variety of transportation problems, but rarely
for railway revenuestrategy analysis. I n thispaper, theupper-level prob-
lem of the bilevel programming isto determine optimal pricing, speed,
and level-of-service (LOS) strategy that maximizes the revenue of the
railway agency. The lower-level problem describes passengers mode
choice behavior under atransportation market with three competing
modes: bus, rail, and car. The lower-level problem isto minimizethe
traveler’s cost in terms of money, time, and other related factors such
ascomfort and safety. A generalized cost function, considering thesefac-
torstogether with alogit model, isused tosimulatetravelers modechoice
behavior. Study results clearly show that the bilevel programmingis
appropriate for the problem studied here. The resultsindicate that,
toincreaseitsrevenue, therailway agency should focus on not only the
pricing but also travel time and LOS. A pricing breakpoint of about
¥31 (¥7=US$1) isfound, asit resultsin the highest revenuefor all trav-
eling speeds and L OS. Further increase of the price leads to reduced
revenue. A consistent revenue increase trend is observed for all higher
traveling speeds and L OS, which emphasizes that the railway agency
should pay attention to a combined revenue strategy.

Passenger transportation in China has experienced considerable
development in recent years. However, rapid development results
in higher-than-ever travel demand. Most passenger transport systems
areworking at capacity and suffer serious congestion during impor-
tant holidays (i.e., Spring Festival and National Day). The expe-
riences of developed countries demonstrate that it isimportant to
establish amodern passenger transport system to achieve sustain-
able development. A fundamental requirement for such a system
is the inclusion of various transportation modes that compete with
each other. In this case, amathematical model that can consider the
characteristics of each mode and evaluate the benefit to individual
passengers and carriers is essential to test proposed transportation
strategies and policies.
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There has been growing interest in the development of integrated
transport strategiesin Europe, the United States, and el sewhere. Early
work in the United Kingdom (1) suggests that system performance
islikely to be particularly sensitive to the pricing elements, and that
clever pricing and management measures should enable sustainable
transport strategies to be developed. In contrast to the free market
system, passenger transport market in Chinaisnot only governed by
thelaw of supply and demand, but also restrained by past government
interference, regulation, and subsidy. Previous studies (2, 3) have
suggested that the integrated transport strategies for China should
efficiently facilitate cooperation and competition among different
modes. The aim of this paper isto develop a mathematical model
using hilevel programming for testing different revenue strategies
and policiesto be implemented.

Anunderstanding of travelers' behavior, especially mode choice,
isimportant in evaluating revenue strategies of carriers. The mode
choice model is an effective tool for evaluating theimpact of trans-
port strategies by estimating the shiftsin mode shares. Mode shares,
together with pricing information, largely determine the profit of
carriers, and therefore, their competitiveness. McFadden (4, 5) pro-
posed logit-based disaggregate model s for which the user chooses
one modewithin afull set of choicesthat would provide him or her
maximum utility. Oum and Gillen (6) devel oped an aggregate mode
split model based on the user’s behavior. More recently, Si and
Gao (7, 8) introduced the Wardrop’ s user equilibrium principleinto
mode choice. They presented a stochastic user equilibrium (SUE)
model that describes passengers’ mode choice behavior under the
market competition condition of several modes, whilethe conges-
tion produced by excessive demand beyond the capacity is consid-
ered explicitly inthetraveler’ s utility function. In thispaper, asimilar
approach is used to model passenger mode choice and resulting
carrier revenue.

A literature review indicates current research is limited to study-
ing thefeasibility of new railway transportation modes, such ashigh-
speed (9) and magnetic levitation (10, 11). These studies also fall
short with a*one-way analysis’ in that a constant share of the new
mode is assumed and then benefit—cost ratios for every mode being
considered are computed and compared. Ingeneral, thereisno inter-
action between the mode choice behaviors of travelers and revenue
strategies of carriers. Therefore, it is not possible to test revenue
policy with those frameworks.

In recent years, the bilevel programming approach has emerged
as an important tool for tackling a variety of complicated trans-
portation problems (12-14). In this paper, bilevel programming is
used to test various strategies that may be used by therailway agency
(Beijing Railway Bureau) to increase its revenue. The approach



considersthe behaviors of the transportation agency and passengers
simultaneously. The upper-level problemisto determine an optimal
strategy (e.g., alower fare or higher operating speed) to maximize
the revenue of the carrier. The lower-level problem isto simulate
passengers behavior with amode choice model under amarket con-
dition influenced by the revenue strategy defined in the upper-level
problem. The objective of the lower-level problem isto minimize
passengers’ generalized travel cost.

STOCHASTIC USER EQUILIBRIUM MODEL FOR
MULTIMODAL PASSENGER TRANSPORTATION

To simplify illustration and computation of the proposed bilevel
programming optimization model, it is assumed that the total
travel demand from city r to city s, represented by q,, isgiven and
constant during the period being considered. There are K trans-
portation modes that passengers can choose from. L et f*represent
the passenger demand of mode k (k € K) betweenr and s. The fun-
damental relationship of this mode choice problem can be written
asfollows:

fkrS = qrspkrS Vk' r,s (1)

Y fe=q, Vs )
k

whereP,fisthe probability of choosing modek e K for all passengers.

Assumethat the perceived generalized cost of each modeisaran-
dom variable consisting of the observed component and a perception
error, which can be written as

TE(8) =t (1) +e,  Vkr,s &)

where
Ti(f&) = perceived cost of modek (ke K) betweenr and s,
€, = error term, and
t(fi) = observed generalized cost of modek (ke K), which, in
general, can belinearly formulated as

te(£0)=2a™(£°)  vkr.s @

where wi"( 1) represents the cost contributed by attribute n (e.g.,
price, travel time, convenience, comfort, and so on) of modek (ke K)
between r and s, fi*; al” is aweight parameter that reflects the sen-
sitivity of the passengers to the corresponding attributes of a given
transportation service or mode.

Based on alogit model, the probability of a given transporta-
tion mode k chosen by a passenger can be defined by calculating the
probability that T is lower than the perceived generalized cost of
all other alternatives:
PE=Pr(T<T™ VleK,l#k) ©)
where T{*is the perceived cost of | between r and s respectively.

In this paper, the lower-level mode choice problem isformulated
by the following SUE model:
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minz(f)= 33 40(1) - 5 [t (w)cw
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where E[rpeikn{Tk’s} t(f ):I is the expected minimum cost from city
rtocity s. Itisaconcavefunction of t;> Themarginal perceived travel
cost between r and sis the partial derivative of E[rQiP{Tk'S} t’s(f)J
with respect to ti’, and it can be shown that it is equal to the prob-

ability of transportation mode k being chosen, that is according to
Sheffi (15):

aE[rpeiKn T}
o(ty)

()]

rs __
R°=

vk,r,s ()]

REVENUE STRATEGY EVALUATION MODEL
FOR RAILWAY AGENCY

It can be seen that users’ mode choice behavior under multimodal
market competition can be formulated by the mathematical pro-
gramming model (Equation 6). The solutionsto the model will pro-
vide the passenger demands for different transport modes with a
given set of attributes (such astravel time, pricing, safety, comfort,
and so on). Global evaluation of the likely effects of railway oper-
ating strategies thus becomes possible if it is assumed that the
presence and attributes of any other transport modes (bus and car)
are given and fixed. This assumption is deemed reasonable, espe-
cially for the short time period being considered, over which the
raillway revenue strategy is evaluated and adjusted. The model can
now be formulated to search for an optimal operating strategy for
the railway company such that a particular system performance
criterion or system objective function is optimized. Many alterna-
tive system performance measures could be adopted as the optimal
railway operating strategy. Meaningful objectives can be the mar-
ket share of railway, revenue of the railway, or net revenue of the
railway.

Because the central government in general pays for the infra-
structure development in China, the objective function of arail-
way passenger transportation company in this case considersonly
factorsinfluencing its revenue (although amore complicated objec-
tive function can be specified to consider both cost and revenue
under afree market scenario in the United States and many other
countries). In this paper, the objective function is formulated as
the following:

F=Yfou® keK )

where ui¢denotes the average price of transport mode k (k € K)
betweenr and s.

In China, the government regul ates transportation serviceswith
a specified pricing range. According to the current policies, the
price of agiven transportation service should fit into alower and
upper bound:

Uy <y vkor,s 9
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where u¥™" and u¥™ represent the lower and the upper price
boundary of modek (k e K) betweenr and s, as determined by the
government.

The optimal revenue strategy of railway passenger transport under
multimodal market competition can be represented as a leader—
follower game in which the railway bureau is the leader, and the
passengers who choose modes to travel are the followers. It isrea-
sonable to assume that the railway bureau can influence atraveler's
choice by changing the railway operating strategies, such as fare
and traveling speed. The passengers make their mode choi ce deci-
sionsin auser-optimal manner according to themarket situation. This
interaction game can berepresented by thefollowing bilevel program-
ming problem (U = upper-level programming and L = lower-level
programming):

(U) maxF=> f5(u®)-u (10a)

st. U™ <ur<y ™ vk r,s (10b)

where f3(u™), usually called the response function, is implicitly
defined by

(L) minz(f)= 33 K (K)-2 3 [t (w)aw
—g quE[rQiKn{Tf}

t'S(f)J 11)

The upper-level problem is to determine optimal pricing for a
given passenger transport mode k (k e K) to maximize its revenue,
intherange of pricing regulated by the government. Thelower-level
problemisto develop amultimodal network SUE model, which sim-
ulates passengers’ mode choice behavior under the competition of
different modes. The objective function of the lower-level problem
isto minimize passengers perceived travel cost.

SENSITIVITY ANALYSIS-BASED
SOLUTION ALGORITHM

Because of itsintricate nature, bilevel programming has been identi-
fied as one of the most challenging yet useful toolsfor transportation
problems. In the past, researchers have devel oped various solution
algorithms. Abdulaal and LeBlanc (12) applied the Hook—Jeeves
heuristic algorithm for a direct search of the solution for the net-
work design problem. Fisk (16) devel oped an alternative single-level
optimization model using agap function to solve asignal control
problem. Suwansirikul et al. (17) developed an aternative heuristic
method, referred to as the equilibrium decomposed optimization
algorithm, by approximating the derivative of the objective function
of the upper-level problem. The sensitivity analysis method pro-
posed by Tobin and Friesz (18), which cal culates the derivatives of
the equilibrium arc flowswith respect to perturbation parameters, has
been widely used for network equilibrium problems. Friesz et . (19)
applied it to solve network design problems. Yang and Y agar (20)
used the same method for the inflow control problem on freeways.
Yang (21) also used it for solving the queuing equilibrium network
assignment problem, for which the derivatives of equilibrium link
flows and equilibrium queuing time with respect to traffic control
parametersare derived. Stephen and David (22) proposed an efficient

computational method for the sensitivity analysis of probit-based
SUE model applied to general networks. Their approach usesinfor-
mation of SUE path flows, but it isnot specific to any particular equi-
librium solution algorithm. Chan and Lam (23) used the sensitivity
analysis-based algorithm to solve the bilevel programming model
applied to road networks, with travel timeinformation provided by
the route guidance system.

Because of its popularity, the sensitivity analysis-based solution
(18-23) isused in this study. The derivative of equilibrium demand
of each modeis used to study the perturbation of the cost function.
In this paper, the perturbation is assumed related to the prices of
different modes only, and al the other attributes, such as travel
time, comfort, convenience, and safety, are assumed constant. With
the derivative information, the objective function and constraints
of upper-level problem, which are basically a nonlinear function of
the price of agiven transport service, arelinearly approximated using
Taylor’ sformula, asfollows. Thefirst-order Taylor seriesexpansion
of fS(u') in the neighborhood of u™ = u"<? can be written as

5 (u) - fkrs(urs(o>)+£ vk s o (12)

au"

us-— u'5(°))

urs:urs(o)

where the derivative terms are the Jacobian matrices of f™ with
respect to u's, evaluated at u' = u®, which can be calculated as
follows (23):

af rs
aurs

=[vz(f)]"-[-(viz(n)'] (3

urs:urs(o)

ViZ(f)=X.a,[ (Vi) (-VP?)-(V,t) [+ Vt+ViE-R  (19)

ViZ() = 2 a.[(Vit)- (-VeP*)- (V,e™(u))] (15)

The following matrix notations are used in the above equations:

V;t = Jacobian matrix of the generalized cost vector,
V.P® = Jacobian matrix of the mode choice probability vector for
origin—destination pair r—s, and
c"(u) = relationship between the vector of generalized costs and
the vector of perturbations.

The sensitivity analysis-based solution algorithm uses an iter-
ative process between the upper-level and lower-level problem to
improve the solution accuracy. Successive averageis used to con-
stantly update the price value. A well-known simple method can
then be used for solving the upper-level programming problem. A
simulation algorithm can be used to solvethelower-level probit-based
SUE problem. One of the advantages of the simulation approach is
that the random errors can be any types of distribution.

The agorithm used in this paper is summarized as follows:

Step 0. Determineaninitial set of transport service price patterns
{uO) vk, r,s. Setn=0.

Step 1. Solve the lower-level problem that is a probit-based SUE
model and obtain a set of demand patterns { f <"}, Vk, r, s.

Step 2. Find the response function fi5(u™), Vk, r, s, which will be
subsequently used by the sensitivity analysis method.



Step 3. Solve the nonlinear programming of the upper-level
problem and obtain an auxiliary set of transport prices{\<"}, VK, r, s.
Step 4. Update.

ysd =y ﬁl(\,;s(n) ) vikr,s (16)

Step 5. If max{| uE™H— ui[} <& or n= M, then stop. Otherwise,
letn=n+ 1and goto Step 1. M isthe maximum number of iterations,
and d is astopping parameter with asmall value.

STUDY RESULTS

In this section, the results for evaluating the revenue strategy of
Beijing Railway Bureau with bilevel programming are described.
The dataused are from areport prepared by therailway agency (24).
The parameters used are estimated from the observed behaviors
of a passenger sample.

Tianjin isan important harbor city in Northeast China, 137 km
from Beijing. There are three major surface transportation modes
between the two cities: bus, train, and car. In this study, the major
variables such astravel time (represented by 1), price (represented
by uy), and the other factor synthesizing convenience, comfort, and
safety (represented by ¢,), are used to formulate the generalized cost
function of each mode. It isassumed that the error term of perceived
generalized cost function isan independently and identically distrib-
uted Gumbel variable. Under thisassumption, thelogit model can be
used to simulate the passenger mode choice (15). The generalized
cost function t,(f) in this study is defined as

t(f)=at +au +ac  Vk 17)

The attributes, including the travel time (t,), price (uy), and the
synthesized servicefactor (c,), of thethree surface modes studied in
this example are given below (24). The total demand for one-way
passenger transport between Beijing and Tianjin was estimated to
be 25,000 by the year 2000 (24).

Mode ©/h U/¥ Cx

Bus 15 25 5.993
Train 16 20 6.053
Car 12 35 6.154

The weights corresponding to travel time, price, and the other
factor in the generalized cost function defined above are a; = 30,

240,000 +
230,000 +
220,000 +
210,000 +
200,000 +
190,000 +
180,000 -
170,000 t f f f }

revenue of railway (¥)
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a, = 4.75, and a; = 20. The alternative specific constants are not
included in the generalized cost function because the estimation
results show reasonable accuracy. 3 = 0.01 isused asthe dispersion
parameter for the proposed logit model. Again, these values are
estimated from the report supplied by Beijing Railway Bureau (24).
Thelower and the upper price boundaries are ¥15 and ¥35, respec-
tively (¥7=US$1). Assuming that the attribute values of thesethree
modes and the total passenger demand from Beijing to Tianjin are
constant, through the bilevel programming used in this paper, the
optimal pricefor railway transport isfound to be around ¥30, with
maximum revenue of ¥234,492. The equilibrium demand for dif-
ferent modesisf, = 10,091(bus), f,= 7,816 (railway) and f; = 7,091
(car), respectively.

Figure 1 showsthe solution curve for the objective function of the
upper-level problem against theiteration number. It can befound that
the convergence of the solution algorithm is obtained at about the
13th iteration. The convergence pattern implies that the algorithm
used in this paper is relatively smooth and “well behaved.”

Next, an examination of the revenue of the railway agency between
Beijing and Tianjin by varying the price of railway and traveling speed
is conducted. Figure 2 shows the revenue of the railway against its
price at different traveling speeds (and therefore travel time), with an
assumption that al of the other attributes of the three modes are con-
stant. It can be found that the maximum revenue is nearly always
achieved at the“ optimal” price of about ¥30, whichimpliesthat aprice
higher or lower than thiswould lead to adecreasein revenue. Itisaso
found that the corresponding revenue of railway will increase as the
traveling speed increases. For example, at speedsof 70 kmvh, 80 km/h,
90 km/h, 100 knmvh, and 110 knvh, the optimal prices of railway are
about ¥30 and the corresponding revenues of therailway are¥215,599,
¥220,237, ¥224,932, ¥229,685, and ¥234,492, respectively. As the
railway speed increases to 120 knmvh, 130 km/h, 140 kmvh, 150 knmvh,
and 160 km/h, the optimal prices of railway areincreased to about ¥32
and the corresponding revenues of therailway are¥239,404, ¥244,396,
¥249,443, ¥254,545, and ¥259,699 respectively. These observations
can be explained by thefact that more and more passengerswill choose
the railway to travel if the railway can significantly save their travel
time, with only amarginal increase of their financia burden.

Figure 3 shows the revenue of the railway against its price at the
different levels of service (LOS) represented by ¢, in Equation 17.
Basically, Figure 3 shows asimilar trend to that shown in Figure 2.
It can befound, in general, that the revenue of the railway increases
asthe priceincreases and the L OSimproves from asynthesized ser-
vicefactor of 5.0t0 6.2. The peak of the revenue appearsto occur at
the price of ¥32 and the service level of 6.2. It can be found that
increasing the price after that point leads to declinesin revenue.

1 2 3 4 5 6 7 8 9
iteration numbers

10 11 12 13 14 15

FIGURE 1 Convergence curve of algorithm.
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260,000
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240,000
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220,000
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200,000
190,000
180,000
170,000
160,000

revenue of railway (¥)

price of railway (¥)

speed of
railway (km/h)

FIGURE 2 Revenue of railway against price at different speed levels.

Theseresultsclearly indicate that in the passenger transport mar-
ket in China, especially in the areaswhere the competition between
different modesisintensive, it will not be possibleto increasethe
revenue of the railway by merely increasing the price. Figure 2 and
3 clearly show that the maximum revenue occurs at a price of about
¥30, and further increase of the price only leadsto the declinein rev-
enue. However, ahigher traveling speed and LOSwill help increase
the revenue when the priceis set at a given value. These observa-
tionsfrom Figures 2 and 3 again emphasize that pricing strategy may
be most effective only under ahigher level of travel speed and service,
and not by itself.

CONCLUSION

In this paper, a bilevel programming approach is used to search for
an optimal revenue strategy for arailway agency in China. The
approach studies the effects of different pricing and LOS policies
on passengers’ mode choice behavior in the Beijing and Tianjin

revenue of railway (¥)

the other
factors

price of railway (¥)

FIGURE 3 Revenue of railway against price at different levels of
service.

corridor, where three major surface modes—bus, railway, and car—
compete. The upper-level problem isto determine an optimal price
that maximizesthe revenue of therailway agency, although itsvalue
is subject to arange regulated by the government. The lower-level
problem represents a multimodal network equilibrium model that
describes passenger’ s mode choice behavior under a free market
competition condition and its objective is to minimize passenger’s
perceived travel cost.

Study resultsclearly illustrate the useful ness of the approach pro-
posed in this paper. The bilevel programming is shown to be ableto
tackle complicated transportation problems by splitting them into
two independent yet connected parts (i.e., upper- and lower-level
problems). A set of constraints, such as pricing range and utility
maximization, can be easily included in the model. Study results
from this paper show that the railway agency should not use pricing
alone, but acombination of pricing with higher operating speed and
LOS, to maximize itsrevenue.
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