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Abstract

This paper focuses on the fare and frequency of bus services when the use of automobiles is under-priced. Three types of bus provision are considered, which are second-best, operation under zero-profit constraint, and monopolistic operator. By incorporating the congestion effect of buses on road congestion, this paper shows that the square root rule should be modified, and derives an optimal decision rule on bus services in each type of provision. This paper also investigates how the bus service policies should change with the introduction of road tolling and shows that the direction of change in bus fares and the change in private welfare depends on the type of provision. 
Introduction
Road congestion is an important subject in transport economics. Heavy road congestion is caused by excessive usage of automobiles, which are relatively under-priced compared to alternative modes of transport (e.g. bus or mass transit). The remedy to road congestion is to levy an optimal congestion (road) toll on automobile users that equals the negative externalities (first-best). However, since first-best pricing is not very practical, an instrument to shift automobile users to other modes of transport is desirable. This paper focuses on a bus service policy that includes setting fares and service quality, and analyzes how different types of provision affect road congestion and economic welfare.

The experience in London raises policy questions regarding bus services. London introduced congestion charging in Feb 2003 along with an improvement of bus services (mainly frequency). Consequently, there was an increase in the number of bus passengers. The reduction in congestion caused a decrease in waiting time, and the reliability of the bus service improved (See Table 1). Note that the congestion toll in London (and many other cities around the world) is not the first-best one, thus it is worth examining how the bus service provider should respond to tolling that is not optimally designed. As shown later, these responses depend on the type of provision, i.e. public or private. Although bus fares did not change in London, analysis in this paper provides a useful insight regarding bus fare policy. 

TABLE 1.

 Improvement in bus service quality in London
	
	2002.9.13~ 2003.1.12
	2003.9.13~ 2004.1.12

	All Buses
	Vehicle kms scheduled (million)
	126.5
	137

	
	 - % vehicles kms operated
	95.2
	96.6

	
	  - % kms lost due to traffic 
	3.1
	1.8

	
	Bus passenger kms (million)
	1,772
	2,012

	
	Bus passenger journeys (million)
	474
	534

	Higher frequency services (353 route)
	Average actual wait (min)
	6.58
	6.04

	
	  - Average scheduled wait
	4.55
	4.44

	
	  - Average excess wait
	2.03
	1.60

	Lower frequency services (181 route)
	Departing on time (%)
	72.3
	76.6

	
	Departing early (%)
	3.8
	3.9

	
	Departing 5~15% min late
	17.5
	15.2


Source) Transport for London, Transport for a Growing City: Delivering achievements, Mayor 
of London, 2003, p.8

The bus service policy has been studied for many years, and numerous studies have accumulated. Seminal papers include the Mohring (1972), Jansson (1980) and Small (2004) on optimal frequency in bus provision and Turvey and Mohring (1975) Glaister and Lewis (1978), Berglas et al. (1984), and recently by Parry and Small (2005) on bus fares
. Mohring (1972) points out that optimal bus frequency is proportionate to the square root of the demand for the bus service (square root rule), which is expanded by Jansson (1980) to the case in which boarding time is also considered. A recent study by Small (2004) derives the two-third power rule in determining frequency taking route density into account, which implies that when route density is optimized, optimal service provision varies with output to the two-thirds power.

After Turvey and Mohring’s pioneering work that points out that optimal bus fare should equal the difference between the social marginal cost and the private time cost, second-best bus fares were studied by Glaister and Lewis (1978), Berglas et al. (1984) and recently by Parry and Small (2005) incorporating modal choice. Glaister and Lewis derived a second-best pricing rule on bus services in peak and off-peak periods. Berglas et al. (1984) argue that in the absence of congestion tolls, the second-best bus fare should be lower than the difference between the social marginal cost and the marginal private cost. More recently, Parry and Small (2005) derived the rule for the second-best public transport fares incorporating almost all relevant externalities, and they suggest that the second-best bus fare could be negative under certain circumstances. 

However, none of the above-mentioned studies answer the following questions: Is the derived rule for bus fares and frequency dependent on the type of bus provision? How could and should each bus provider respond to the introduction of congestion tolling? Are these responses related to the type of provision? Even though Small (2004) investigated the effect of road pricing on bus services, modal choice was not incorporated and the effect on different types of bus provision (e.g. 2nd-best and monopolistic provision) was not investigated. Parry and Small’s work (2005) did not investigate the effect of road pricing on their second-best bus pricing.

This paper develops a model in which the modal choice between bus and automobile is incorporated. This study supposes the situation in which buses and automobiles use the same road. The bus fare and frequency were obtained in three alternative types of bus provision: second-best, zero-profit and monopolistic bus provision. This paper also investigates the effect of road pricing on the decisions of different bus providers and economic welfare. In addition, this paper shows that rules for bus frequency and fare are dependent on the type of provision. More importantly, the direction of bus fares with tolling and the effect on private welfare are dependent on these types of provision, whereas the effect of tolling on social welfare is always favorable.

  The structure of this paper is as follows. Next section presents the basic model and explains the first-best pricing for each mode. And by specification, the equilibrium number of trips is solved for a given toll level, bus fare and bus frequency. Next, alternative bus service policies are investigated regarding fare and frequency under three types of provision. The fourth section reports the results of the effect of road pricing on bus services and economic welfare based on numerical simulation. The last section presents a summary and concluding remarks. 
The model
Cost, demand and equilibrium

Suppose that a single road is used by automobiles (A) and buses (B). We assume that the cost of automobile use consists of the monetary cost for the trip and the in-vehicle time cost (
[image: image3.wmf]C

). The former is the sum of the fuel cost (
[image: image4.wmf]l

) and the toll (
[image: image5.wmf]A

f

) if it is levied, and this monetary cost is independent of traffic volume. On the other hand, the in-vehicle time cost increases with the total traffic volume on the road. The cost (or full price) of automobile use can be written as follows.
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,where A, δ, B and W are the traffic volume of automobiles, the frequency of buses, total number of bus passengers and road capacity, respectively. Also, we assume that 
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 are derivatives with respect to 
[image: image11.wmf]A

 and 
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, respectively. 
Bus user cost is assumed to consist of the fare (
[image: image13.wmf]B

f

) and travel time cost, which is divided into waiting time cost (
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) and in-vehicle time cost (
[image: image15.wmf]C

). Waiting time cost is a decreasing function of bus frequency (
[image: image16.wmf]d

) and an increasing function of the value of waiting time (
[image: image17.wmf]a

). Disregarding the walking time cost to the bus-stop and loading and unloading passenger time cost, the cost (or full-price) of the bus trip can be written as follows.
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The above formulation of in-vehicle time cost implies that a bus runs at the same speed as an automobile, which is made by non-bus-stop assumption. The total profit of the bus operator can be written as follows.
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,where 
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 and 
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g

 are respectively frequency related operating cost and other fixed cost, which are an exogenous constant. We define the total trip cost for producing automobile and bus trips as follows. 
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The social marginal cost for producing A and B is obtained by simply differentiating the total cost function with respect to A and B, i.e. 
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where 
[image: image27.wmf]k

is capacity per bus. (5) is the case when a bus is fully occupied by passenger and (6) is the case when a bus is not fully occupied by passengers.

Next, we assume there are 
[image: image28.wmf]m

 homogenous individuals in the economy and that the utility of the consumer depends on the consumption of services requiring automobile trips (
[image: image29.wmf]a

) and bus trips (b) and the consumption of composite goods (g). Then the representative consumers’ problem of utility maximization subject to budget constraint can be formulated as follows.
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 are respectively exogenously given income and head tax to cover the deficit in government expenditure, and we treat composite goods as numeraire. By solving this problem, we obtain the demand functions for automobile and bus, i.e. 
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 is obtained by substituting the demand functions into the direct utility function. 

The equilibrium number of automobile trips and bus trips are determined according to the following equations.
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Social optimum (First-best)

The total social resources are G (sum of composite goods consumption), A, B, W and 
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. Then, the social resource constraint can be written by the following equation.
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  The first term, i.e. 
[image: image43.wmf]my

 is the sum of income for individuals. The socially optimal allocation is obtained by maximizing the utility of the representative consumer subject to resource constraint. Since 
[image: image44.wmf]mh

(i.e. total head tax in necessity) equals the total deficit in providing transport facilities, we can formulate the problem to be optimized as follows.
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The relevant Lagrangian becomes
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, where 
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 is the Lagrangian multiplier for the capacity constraint. The first order conditions with respect to 
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 yields the following equation system.
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where 
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 is the marginal utility of income.

  There are two possible solutions. If 
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, i.e. buses are not fully occupied, the first-best toll level and bus fare would be determined by solving (12-1) and (12-2). Thus the solution becomes.
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    Then, the first-best bus frequency can be derived by solving Equation (12-3), i.e.
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This is the optimal rule for determining bus frequency, which depends on the value of waiting time, average operating cost, demand for a bus, and congestion effect per bus. It is worth noting that Equation (13) means that the square root rule cannot hold if the congestion effect of the bus is taken into account. Equation (14) shows why the first-best fare should be zero. The first-best pricing requires social marginal cost pricing defined by (6). Applying (14) into (6) yields 
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, which results in zero bus fare. Thus this implies that if the bus frequency is determined optimally, a marginal increase in operating cost equals the sum of congestion externalities (negative externalities) and decrease in waiting time, i.e. frequency economy (positive externalities).

If the congestion effect of the bus is neglected, i.e.
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, which means the optimal bus frequency is proportional to the square root of bus demand. 

If 
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, in other words the bus is fully occupied, the optimal bus frequency always satisfies the relationship of 
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. Hence the first-best toll and fare becomes as follows.
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Thus congestion tolling should be levied on automobile and bus users in the first-best optimum. It is worth noting that Equation (16) means the positive externalities should be deducted from the bus fare, which comes from the frequency economies. 
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 in (16) implies frequency economies in providing bus services (See Mohring (1975)), which is exactly the same as the waiting time cost per capita. It also implies that even if a road toll is not levied on the bus user, distortion in the bus sector is not as serious as distortion in the automobile sector, which could be grounds for exempting bus users from tolls. 

Specifications and solution for given level toll, bus fare and frequency

To obtain an explicit solution, we specify the utility function of the representative consumer as quasi-linear and quadratic and it is assumed to be concave.
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Maximizing the utility function subject to the budget constraint leads to the following demand functions. 
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, where 
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Concavity of the utility function implies 
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. This type of demand function implies that there is no income effect
. 

We specify the in-vehicle time cost of automobile and bus use as a linear one. 


[image: image74.wmf](

)

(

)

W

A

W

B

A

C

)

(

,

,

0

1

wd

r

r

d

+

×

+

=

                              (19)


[image: image75.wmf]1

r

 is the fixed component of travel time cost, which means travel time cost without congestion (or free flow situation). 
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 is the congestion effect of automobile use, while .
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 is that of bus use. Since, the contribution on road congestion of a bus is considered to be more severe than that of automobile use, it is assumed that 
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In the market equilibrium, individuals make trips based on the private average trip cost for given 
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(bus fare) and 
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(bus frequency). By using Equation (1), (2), (8), (18) and (19), the equilibrium numbers of trips are derived as follows.
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And for any value of non-negative trip cost, the condition for the above solution to be positive can be derived as follows (See Appendix 1).
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The change in the number of trips of automobiles and buses with respect to 
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 becomes as follows.
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The first term of 
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) in (22) represents a decrease in automobile (bus) trips caused by the congestion of increased bus frequency and the second term represents the decrease (increase) of automobile trips (bus trips) caused by the decrease in waiting time.

Alternative System of Bus Service Provision

  In this section, I derive the rule determining the bus fare and frequency under the constraints of the real world. The relevant bus provision schemes are as follows. 

( The second-best bus service when automobile use is under-priced 

( Bus service under a zero profit constraint

( Bus service by a private monopolistic operator

Hereafter we only consider the situation that buses are not fully occupied, i.e. 
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The second best bus service

  The social optimal condition says that the optimal road toll should be imposed on both users to achieve the social optimum. However that kind of road toll is not being levied around the world due to mainly political reasons. Even if road tolling were being implemented already, it would not be the first-best tolling. In this case, the public operator or authority may choose the second-best bus service to maximize social welfare. 

Let 
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 be the exogenously given road toll, and we assume that automobile use is under-priced, i.e. 
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. Then, the problem of the second-best social optimum can be described as follows. 
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Then, by substituting the relevant constraints into the indirect utility function, the above maximization problem can be converted as follows.
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The first order condition with respect to 
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 yields the same conditions as Equation (12-2) and (12-3). Since the toll level is not a control variable, Equation (12-1) is irrelevant. 
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Note that the first term in the square bracket in (25-1) takes the negative sign from (22), and 
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 also takes a negative sign, which requires that the second-best bus fare is a negative sign. Thus the second best bus fare is derived as follows
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The inequality (26) means that when the first-best road toll is not levied on automobile use, subsidy should be provided for bus frequency to induce passengers from the under-priced automobile use. In (26) 
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 and constant by (22), which leads to the conclusion that the second bus fare should set at zero when 
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. This result implies that when the substitution effect is zero, bus fare is not an effective policy instrument for reducing the road congestion. Using bus fare as an instrument, the transport authority must correct the distortion in the bus sector by setting the bus fare at the first-best level. 
The second-best bus frequency is derived by solving (25-2), however the first and second terms cannot be cancelled out due to the non-optimality of the toll level. By applying (22) to (25-2), this frequency becomes as follows.
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  The last term in the square bracketed term always takes the negative sign, since the toll is not optimally designed. If the toll level is optimally designed, so that the toll level is the same as the congestion effect of automobile use, (27) is reduced to (14). Thus a second-best operator should take into account the congestion externality (i.e. 
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) caused by increased bus frequency as well as the degree of distortion in the under-priced automobile sector caused by the congestion externalities of automobile use. If the congestion effect of extra buses is neglected, i.e. 
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, (27) is reduced to the square root rule (Mohring, H. (1972)). 

Zero profit bus service
  Suppose that a public operator provides a bus. If the bus service is provided by a given rule such that the total cost is financed only by bus fare, and if the bus operator is in pursuit of maximizing social welfare, the control variable for the public operator would be only the bus frequency, i.e.
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. 

Firstly, because the fare should be set to cover the total fixed cost of the bus operator as well as the operating cost (Average cost pricing), for a given bus frequency, the bus fare should be set as follows.
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This zero profit bus fare would be determined by the provided bus frequency, thus it is decided only after the optimal frequency is obtained. So, the public bus operator should solve the following maximization problem to determine the optimal frequency. 
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However, a zero profit constraint in bus provision allows us to rewrite the problem (29) as follows.
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  The first-order condition with respect to 
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 yields the following equation, which is in essence the same as the condition in (12-3), i.e. 
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Thus the rule for zero-profit bus frequency can be reduced as follows.
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  Again, a zero-profit operator should take into account the congestion externality in increasing the bus frequency as well as market distortion in the automobile sector. Since 
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 in (32) is a function of 
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, ultimate zero-profit bus fare and frequency can be obtained by solving Equation (28) and (32) simultaneously.  

Monopolistic bus service 
Suppose that a bus service is provided by a monopolistic private bus operator maximizing the profit from the bus business. Then, the problem of the operator is written by the following profit maximization problem.
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The private operator should determine the optimal 
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 as well as 
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, which are control variables for this problem. Then, the first order conditions in 
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 and 
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 yields the following equations.
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  Equation (34-1) means that the marginal cost of increasing the frequency (RHS of (34-1)) should equal the marginal revenue from the change in the frequency (LHS of (34-1)). And Equation (34-2) implies that the monopoly operator maximizes the total revenue (Nash (1978)). These equations of (34-1) and (34-2) imply that the following relation holds.
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Thus the rule for determining the bus frequency supplied by the monopolistic operator becomes as follows. 
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Note that if we recall the equations of determining the frequency in each type of provision, i.e. (14), (27) and (32), it is found that the term of 
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) is ignored in (36). This term reflects the congestion externalities of a marginally increased bus frequency. If a public operator provides a bus service, this term should be considered to attain the social optimum, while this term is not a component to be considered by a private operator. Equation (36) also implies that when substitutability between modes is sufficiently high, a monopolistic private bus operator supplies the bus frequency based on the square root rule. 

Also, note that if the congestion effect of bus to road congestion is ignored, the above rule is reduced to the square root rule. This implies that if the contribution to road congestion of an increase in bus traffic were ignored, the determining rule for bus frequency is the same regardless of the type of provision
. 

  Solving (34-2) yields the monopolistic bus fare, which becomes as follows.
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Thus the monopolistic bus operator is likely to set the level of bus fare in accordance with the level of substitutability. When there is no possibility of substitution between modes, the operator sets a high level of bus fare by utilizing market power. However this bus fare will be decreased with the advent of a substitute mode. And this monopoly fare increases with increase in the number of bus trips.

Numerical simulation: the effects of road pricing on bus services and welfare properties.

Tolling on automobiles designed to reduce congestion on roads is likely to bring about a modal split from automobile to bus, resulting in an increase in the number of bus passengers. But it may be expected that the response of the bus operator in terms of the quality of the bus service such as the bus fare and frequency depends on the types of bus provision. This section investigates the impact of tolling on bus services such as the fare and frequency determined in previous section by numerical analysis. In addition, the effect of tolling on social welfare and private welfare is discussed. Social welfare is estimated by the indirect utility of the individual, where the toll revenue is used to subsidize the bus operation and reimburse the consumer, i.e.
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Private welfare is estimated by assuming that the toll revenue is not used to subsidize the bus sector or to reimburse the consumer. Thus the deficit in bus operation should be financed by a head tax, i.e.
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The values of basic parameters are set as follows (See Appendix 2 for details). The effect of changes in parameter values is examined below.

The major results from the simulation analysis under the basic parameter setting are represented in Table 3. In the case of no-tolling, the second-best bus fare takes a negative sign whereas those of a zero-profit and monopolistic firm are positive. A negative bus fare leads to a deficit in bus operation and a budget balance of the transport authority, which are covered by a head tax (by the constraint of the transport authority in (23)). 
TABLE 2.

 Value of basic parameters  

	Demand and generalized cost

parameters
	
	Other parameters

	Demand (
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Population of economy (
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Substitutability (
[image: image142.wmf]b
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Value of waiting time (
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Congestion effect of an Automobile (
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Congestion effect of a Bus (
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Fuel cost (
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	Individual Income (
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Variable cost (
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TABLE. 3 
Basic results on each type of bus provision

	
	First-best

(
[image: image150.wmf]o
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f

= 0.607)
	Second-best
(
[image: image151.wmf]A

f

ˆ

= 0)
	Zero-profit
(
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f

ˆ

= 0)
	Monopoly
(
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ˆ

= 0)

	No. of automobile trips

No. of bus trips

Frequency

Fare

Time cost*

Load Factor**

Social Welfare (SW)

Private Welfare (PW)
	5417.98

7230.37

242.393

0

0.4723

0.4971

108.274

106.629
	6551.28

7138.36

241.06

-0.180

0.5266

0.4935

108.092

108.092
	6845.65

6063.17

240.709

0.299

0.5407

0.4198

107.966

107.966
	7629.3

3243.6

172.859

1.446

0.5718

0.3127

106.537

106.537

	Profit in Bus operation

Toll Revenue
	-1825.7

3289.4
	-3099.8

0
	0

0
	3379.24

0

	Budget Balance of

Transport Authority***
	1463.7
	-3099.8
	0
	3379.24


* Time cost is measured by in-vehicle time per kilometer, i.e. 
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** Load factor is defined by 
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, where k is assumed as 60 per bus vehicle.

*** Budget balance means the sum of toll revenue and profit in the bus operation
Effect on bus service quality and load factor

Figure 1 shows the change in the bus fare of each provision with tolling. Bus fares of second-best and monopolistic provision are increased as the toll level becomes larger, whereas that of zero-profit provision decreases. This implies responses to tolling depend on the type of provision. This result does not depend on parameter value.

The implications are as follows. If the bus is operated under the second-best situation, the reason is derived by the following equation, which is the same as Equation (25-1). 
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FIGURE 1.  

Effect of road pricing on each bus fare

(a) 2nd-best              (b) Zero-profit             (c) Monopoly 
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Tolling is likely to decrease the RHS of (40), since the congestion externality of automobile trips is decreased by tolling. This means that the LHS of (40) should become lower, so that the absolute value of LHS should decrease. Since 
[image: image161.wmf]B

f

 takes a negative sign, which results in increase in the second-best bus fare. If the toll is at the optimal level, the second-best fare should also be at the optimal level, i.e. zero. Change in the second-best bus fare becomes more sensitive as substitutability (
[image: image162.wmf]b

) becomes higher. On the contrary, if the value of the substitution parameter is zero, there is no change in bus fare, because bus fare does not have any effect on modal choice. Tolling would increase the bus demand by substitution effect, which gives a monopolistic operator an incentive to raise the fare by Equation (37). Thus monopolistic bus fare also increases with tolling. On the contrary, a zero-profit bus operator reduces the fare with tolling. Tolling is likely to increase bus frequency as well as the number of bus passengers. This implies that a change in the zero-profit fare is determined by an increase (or decrease) in the average cost for a given level of increased bus demand, i.e.
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The above condition is likely to take a negative sign, because change in the bus frequency is relatively small when it is compared with the change in the bus demand as shown in Table 3.

FIGURE 2.

Change in each bus frequency with tolling

(a) 2nd-best              (b) Zero-profit             (c) Monopoly 
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The change in the bus frequencies is shown in Figure 2, which shows that it always has a positive change regardless of the type of provision. Also, this result does not depend on the parameter value. Note that change under the monopolistic provision is relatively large while changes under second-best and zero-profit provision are at a relatively slight and negligible level. 

This result stems from the behavior of a private operator, who would not take into account the contribution to the road congestion of buses. Thus, change in the frequency is larger when service is provided by a monopolistic operator, while additional frequency service by a public operator is more or less restricted by its consideration of the congestion effect of increased bus frequency on road congestion. 

The change in the load factor under provision always increases. This result is inferred from <Table 3>, where the change in the bus trips is relatively higher than of the change in the bus frequency. 

Effect on financial condition of second-best bus operator

It is interesting to investigate the financial condition of the second-best bus operator, because the negative bus fare in the second-best situation gives rise to questions regarding the deficit in the bus sector. The first question is how the level of deficit changes with tolling. And the second question is that if the toll revenue is used to subsidize public transport, what happens to the financial condition of the bus operator. Figure 3 shows the answer to these two questions where the budget balance (for the transport authority) is the sum of the profit in bus operation and total toll revenue.

When no toll is levied for automobile use, the deficit of the bus operator is enormous, which as a result should be covered by subsidy through a head tax. But tolling reduces the deficit in bus operation and also brings in toll revenue. 

FIGURE 3. 
Change in budget balance of transport authority  (2nd-best)

(a) Basic parameter value              (b) High congestion: 
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Budget balance also means how much head tax is necessary to cover the deficit if the toll revenue is used for public transport operation. Thus a negative budget balance needs a positive head tax, whereas a positive budget balance means a negative head tax (i.e. positive transfer to the consumer). Figure 3 shows that if the toll revenue is used to cover the deficit in bus operation, the financial condition of the bus operation could be improved dramatically. 

However, whether the cost of bus operation can be fully covered by toll revenue or not may depend on the substitution and congestion parameter. Thus, it is necessary to investigate what range of parameter value deficit can be fully covered by toll revenue. Figure 4 illustrates what toll level (with respect to first-best toll) is necessary to cover the deficit for a given parameter value. Thus, the area under the thick black curve (break-even curve) indicates that the toll revenue cannot cover the deficit of the second-best bus operation, whereas the area above the curve indicates that it can be fully covered by the toll. For example, if we take the low congestion parameter (
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), it will be found that no toll level that brings forth a positive budget balance exists. On the contrary, if we take the basic parameter value such as
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 and 
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 (same value as in Figure 3 (a)), Figure 4 (a) shows that the budget balance becomes positive from 60% (0.60 in Figure) of the first-best toll level. Furthermore, if we take another parameter such as 
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 (same value as in Figure 3 (b)), Figure 4 (a) shows that the deficit can be covered in the range of 58.6% and 82.5 % of first-best toll level. Figure 4 (a) also shows that when the congestion parameter is sufficiently low or high, cost recovery cannot be expected. In other words cost-recovery can be expected under a moderate level. The intuition is as follows. When the congestion effect is low, the derived toll of the first-best level would be low (price-effect). On the contrary, when the congestion effect is sufficiently high, it results in a low level of auto-trips (quantity-effect). Under these two situations it is expected that sufficient toll revenue to cover the deficit in second-best bus operation cannot be collected.

FIGURE 4. 
Break-even curve of budget balance;  Change in budget balance of transport authority with tolling

(a) Break-even curve               (b) Change in break-even curve 

                                   with substitution parameter
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 Figure 4 (b) shows the change in the break-even curve with the change in the substitution parameter value. Thus cost-recovery can be expected particularly when substitutability between modes is low. This is a natural result. If the substitutability is sufficiently high, automobile trippers faced with increased tolling can easily use a substitutable mode (i.e. bus), which results in sufficient toll revenue to finance the deficit in bus operation.
 Change in the break-even curve with the change in the other parameters was also examined and it was found that the larger level of operating cost, fixed cost and value of waiting time shifts up the break-even curve. Increase in operating and fixed cost raises the cost burden in bus operation, which is likely to result in deficit of the transport authority. The effect of increase in waiting time cost can be explained by the frequency rule (i.e. Equation (27)), which indicates that greater frequency should be provided as the value of waiting time becomes higher. This also implies that the cost in the bus operation increases, which results in an upwards shift in the break-even curve.

Effect on social and private welfare

Figure 5 plots the values of social welfare and private welfare defined by (38) and (39). Social welfare under each provision always increases with tolling. Under the basic parameter value, private welfare decreases with tolling (Figure 5 (a)). However whether private welfare can be decreased with tolling is ambiguous. Figure 5 (b) shows the case in which private welfare is increased by tolling. When the congestion parameter is high, even though tolling is not used to cover the deficit, an individual could attain higher private welfare than the case of no-tolling (case of 2nd-best and zero-profit provision). This implies that even without revenue recycling, consumers are possibly better off by the introduction of road tolling.

FIGURE 5.
  Change in social welfare and private welfare;
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Figure 5 shows another aspect of tolling. When the toll level is sufficiently large, this gap in the social welfare between the second-best provision and the zero-profit provision is decreased. 

As mentioned before, the possibility of improving private welfare depends on the parameters’ value, in particular the substitutability (
[image: image187.wmf]b

) and congestion effect (
[image: image188.wmf]0

r

). Figure 6 (a) shows under what condition private welfare could be improved and what toll level is necessary to improve the private welfare. The basic concept of the diagram is the same as that in Figure 4. Thus areas above the curve represent areas where private welfare is improved by tolling, whereas areas below the curve represent areas where improvement of private welfare cannot be expected. Because the level of private welfare on the curve is exactly the same as that of the no-tolling case, for convenience, this curve can be regarded as the private welfare improvement possibility curve. 

Figure 6 (a) shows that when the congestion parameter is low, improvement of private welfare cannot be expected regardless of the type of provision. However, if the congestion parameter is high such as 0.00025, private welfare under the second-best and zero-profit provision can be improved, whereas that under monopolistic provision cannot be improved. If the congestion parameter is sufficiently high (e.g. 
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, private welfare under all three provisions can be improved. Thus whether private welfare can be improved depends on the type of provision as well as the relative toll level. This implies that opposition against tolling is expected to be less severe under the second-best and zero-profit provisions than under the private monopolistic provision.

Figure 6 (b) shows the change in the private welfare improvement possibility curve with the change in the higher substitution parameter value, where it can be observed that high substitutability shifts down the curves of all types of provision. Since high substitutability means that the consumer can use a relatively cheaper mode easily, it is a natural result. A decrease in the value of waiting time and operating cost works in the same way to shift down the curve. 
FIGURE 6.  
Private welfare improvement possibility curve

(a) Basic parameter (
[image: image190.wmf]3

.

0

=

b

)             (b) High substitutability (
[image: image191.wmf]4

.

0

=

b

)  
[image: image192.png]0.00005

0.0008

0.00028

”
0.00038

0.00005

0.00025

0.30025

0.0002




　　　[image: image193.png]2nd-best (#=03)
Zero-profit (f=0.3)
Monopoly (8= 0.3}

= = = = = 2nd-best (§=04)

Zero-profit (f=0.4)
Monopoly (8 =04}





The effect of increase in fixed cost (
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g

) shifts down only the curve of zero-profit, because fixed cost is not a component to be considered in determining bus fare and frequency as for the second-best and the monopolistic operator.
Summary and Conclusion

This paper investigates the bus service policy under various types of provision incorporating modal choice and capturing the congestion effect of buses on road congestion. The major aspects of bus services in each type are summarized in Table 4. 
TABLE 4.  
Bus services in each type of provision

	Types
	Bus fare
	Bus frequency
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In the second-best situation, bus fare should be set to a negative level. A negative bus fare is also derived by Small (2005, e.g. the case of London). But since he captured other externalities such as the pollution cost of a bus as well as the congestion externality, a positive bus fare is also derived (e.g. the case of Washington and L.A). However, if the authority considers the congestion externality only, a negative bus fare is valid for reducing road congestion and congestion externality, as asserted in this paper. 

 Another finding is that when the congestion effect of a bus is taken into consideration, the well-known square root principle should be modified.   
The effects of road pricing on different types of bus services were also investigated by numerical methodology, and the major results are summarized in Table 5. The direction of change in bus service and the effect on private welfare, more or less, depends on the characteristics of the bus operator and the circumstances. Nevertheless, the effect on social welfare is favorable for all types.

In the context of the Congestion Charging Scheme in London, the results of this analysis indicate that if the bus fare were set at the second-best level, the fare should be increased against introducing road tolling. But, in reality, the fare in London is not set at the second-best level, but set at a constrained level such that buses should be operated at the allowable deficit level. In this respect, the fare should have been decreased when congestion charging was introduced. 

But, the frequency of buses has increased, which led to the increased load factor. The policy response in London is correct in this regard. Although this paper does not analyze the effect of toll revenue recycling for public transport improvement, that kind of policy instrument is expected to lead to a favorable effect on economic welfare and on reducing road congestion. Under certain circumstances, road pricing reduces the cost per trip, which suggests that road pricing may be politically acceptable if the toll revenue contributes to improving the bus service.
The above results may be extended to a case in which a spatial dimension is introduced. For example, if cordon pricing is implemented between two zones, the effect of such road toll on automobile use will be different according to the zone. This means that optimal bus provision changes according to the zone affected by such cordon pricing. Cordon pricing has been studied by Mun et al. (2003) and Verhoef (2005) under mono-centric city configuration, which has been extended by Mun et al. (2005) to the non-mono-centric case. One of the expected results of incorporating modal choice between automobiles and public transport is that a more favorable effect could be obtained by letting the transport authority have more policy instruments.
TABLE 5. 
Results of comparative static analysis

	
	2nd-best
	Zero profit
	Monopoly

	Fare
	↑
	↓
	↑

	Frequency
	↑
	↑
	↑

	Load factor
	↑
	↑
	↑
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Appendix 1: Condition for having the interior solution

Since we suppose the interior solution, A and B must always be positive for any value of non-negative trip cost, 
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 and 
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Appendix 2: Parameter Calibration

- User costs
Free flow speed was assumed to be 50 kilometer per hour. This implies that at least 1.2 minutes per kilometer was required to make a trip. The monthly average wage was reported to be 334,910 yen in Japan (2005), which is equivalent to 2,832 US dollars (as of Feb, 2006). As of 2005, the monthly working time was reported to be 150.2 hours (Ministry of Health, Labour and Welfare), which leads to a wage of 18.85 US dollars per hour. Following Small (1992), 50 percent of the wage is applied in calculating the value of in-vehicle time, which leads to 9.43 US dollars per hour. Thus 
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 is calculated as 18.9 cents per kilometer. Since the capacity of road (W) is normalized to 1, the congestion effect of private automobile use is determined so as to satisfy the following relationship at monopolistic equilibrium.
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 represents the number of automobile trips and the bus frequency at monopolistic equilibrium. The above formula shows that the trip time cost required at equilibrium is three times as large as that under free flow speed, which implies that the average vehicle speed is one-third of the free flow situation (approximately 17 km/hour). Thus it is derived as 0.000048 and the congestion effect of a bus is considered to be double that of a private automobile following (De Borger et al. (1996), 2000 HCM (Highway Capacity Manual) and Small (2005)). 

There is consensus that the value of the waiting time cost (
[image: image217.wmf]a

) is larger than the value of the in-vehicle time, thus it is assumed to be 1.5 times as large as the in-vehicle time cost. Fuel efficiency is assumed to be 6.6 km per liter, which implies that 0.151 liters is consumed per kilometer of trip. If a fuel price of 100 yen per liter (84.56 cents) is applied, then the fuel cost per kilometer (
[image: image218.wmf]l

) is 12.77 cents. 
- Operator cost

The operating cost for supplying each frequency and fixed cost (for each service line) were calculated from a report by Osaka City Survey (2005), where it is reported that the operating cost accounts for 89.6% of the total cost. Thus the frequency related operating cost (
[image: image219.wmf]0

g

) per service kilometer is approximately 7.3 dollars. Since the average frequency of the public line was obtained as 45 from the bus timetable in Osaka city, fixed cost (
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) is roughly calculated as 32 US dollars to provide this frequency. 

- Demand

Demand 
[image: image221.wmf]s

 is assumed to be 5. The population density of Osaka Prefecture was obtained from the 2005 population census of Japan, which was 11,843 per square kilometer. Since automobile and bus usage is relatively lower than railway usage, accounting for 21 percent of all commuter trips, the population of economy is assumed to be 2,000. 
Substitution parameter (
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) is chosen as follows. Empirical estimates on own-price elasticities and cross-fare elasticities (Glaister and Lewis (1978), Goodwin (1992) and Oum et al. (1992)) show that private automobile usage is far more elastic with respect to own-price than bus fare. On the contrary, the gap of elasticities of bus usage between bus fare and automobile price is not so large. Thus the substitution parameter is set to the level such that these cross-elasticities do not deviate far from empirical estimates. 















































































































































































� Other studies on bus services on fares, frequency or both without incorporating modal choice were conducted by Baum (1973), Nash (1978), Frankena (1983), Jansson (1993) and Small (1992, 2004) while Jansson (1979), Kraus (1989), Delle Site and Filippi (1995) and De Borger. et al.(1996,1999) with incorporating modal choice.


� Ignoring the income effect enables us to isolate substitution effects. And in the context of urban transportation, it is reasonable that the product of expenditure share on transport and income elasticity of demand for transport is small, which enables us to neglect the income effect (See Arnott and Yan (2000) for details). 


� To keep the analysis simple, we fix the value of � EMBED Equation.3  ��� and � EMBED Equation.3  ���to zero and W to 1. This assumption is not decisive for the results obtained.


� This implies that � EMBED Equation.3  ��� of Equation (12) equals zero. Analysis on full occupancy has already been conducted by Ahn, K.J. (2005).


� This formula is in essence the same as that for the second-best frequency, because solving equation (25-2) yields the following equations.





� EMBED Equation.3  ���





Because the parenthesis terms in � EMBED Equation.3  ��� of the numerator are cancelled out by the first-order condition, the numerator is reduced to � EMBED Equation.3  ���. And by applying the fare� EMBED Equation.3  ��� to the above equation, (27) can be obtained. 


� The only exception is a bus service provided by a zero-profit public operator. 
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