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Abstract

Including both transportation supply and demand management (TS-DM) measures underpins the development of an effective transportation management strategy. One may consider transportation infrastructure provision as the supply; whereas the traveling public as the demand, subject to demand management measures which are often introduced as a separate policy tool, distinct from supply management. Nevertheless, synergy can be achieved in solving congestion problems when TS-DM strategies are developed jointly in an integrated manner. This paper focuses on developing a bi-level formulation in determining the time-dependent TS-DM strategy. General properties of the formulation are discussed and an illustrative network example is given.
1. Introduction
Several transportation problems plague contemporary urban areas; the most prevalent of which is traffic congestion. Traffic congestion occurs on roadways when traffic grows to beyond about 90% of their capacity (Papacostas and Prevedouros, 2001). As a result, the level of service, which is usually a measure of speed or delay, deteriorates to unacceptable levels. Congestion countermeasures are basically classified into supply and demand measures. Supply measures add capacity to the system or make the system operate more efficiently. Their focus is on the transportation system infrastructure. Demand measures, on the other hand, focus on motorists and travelers and attempt to modify their trip-making behavior. Longer term strategies to mitigate congestion include land-use planning and policy.
Supply strategies for resolving congestion include the development of new or expanded infrastructure. All actions in this category are to add “supply capacity” so that the demand is better served, and delays and queuing are lessened. On the other hand, demand strategies include congestion pricing, parking pricing, restrictions on vehicle ownership and use, and other incentive and disincentive policies. All actions in this category aim to modify travel habits so that travel demand is lessened or switched to other modes, other times, or other locations that have more capacity to accommodate it. In this study, we consider link capacity expansion and road pricing as the supply and demand measures to be included in an integrated strategy.
The time-dependent Transport Supply and Demand Management (TS-DM) problem can be conceptualized as a bi-level program. The upper level specifies the objective to be achieved across time by optimizing the TS-DM strategy, subject to demand growth, physical capacity, and economic constraints.  The lower level problem contains the time-dependent combined model, with respect to the time-dependent TS-DM strategy selected in the upper lever problem. Some examples of the objective to be optimized include travel cost minimization, reserve capacity maximization, consumer surplus maximization for elastic demands, and multi-objective optimization including user cost, construction cost, etc (Yang and Bell, 1998).
The costs and effects of any TS-DM strategy will accrue over a long period of time, subject to the ever-changing demand patterns, gradual network upgrades, varying road pricing scheme and location costs. In this paper, we will develop a unified model to cover integrated transportation supply and demand management (mainly road pricing) strategies over time. The analysis will shed light on facilitating a long-term, well-managed growth in transport infrastructure over time.

The organization of this paper is as follows: Section 2 describes the lower level combined trip-distribution/ traffic assignment problem; Section 3 outlines the bi-level formulation in determining the time-dependent Transportation Supply and Demand Management Strategy, and converts the bi-level problem to a single level optimization; Section 4 illustrates the formulation with a small network example; and Section 5 concludes the paper.

2. Time-Dependent Combined Model
This section develops the lower-level time-dependent combined model. Given a time-dependent TS-DM strategy, to model the resultant demand changes and changes in activity travel patterns over time, the combined models are essential for this purpose. Boyce (1980) proposed the methodology in merging trip distribution and traffic assignment into a single model. Lam and Huang (1992) developed extensions to accommodate multiple user classes. In this study, we further introduce the time dimension in the formulations. The time scale considered in the model is typically 5-10 years, which is much longer than the second-to-second scale of traffic dynamics, or day-to-day scale of route choice dynamics. The equilibrium condition holds at each discretized time frame in the planning horizon. The interaction across time mainly involve the overall population growth over time, the competing modes’ supply over time, network capacity expansions accumulated over time (assuming that network capacity once added would not be demolished), finance related transactions and rates over time, and the locations’ holding capacities over time (once developed, the amount of land available will diminish).
In this model, the population is separated into locators and non-locators (Lam and Huang, 1992). Locators are those who have no fixed employments and residential locations; they choose their residence locations, job locations, and routes simultaneously. Non-locators are those with fixed locations of residences and decide their employment locations, and the corresponding transportation. In addition, the whole population is stratified by income and is modeled as different classes.

2.1 Notations
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Superscript 
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is the planning horizon.
2.2 Travel Cost

To save notations, travel time is expressed in monetary terms throughout this paper. In this study, we adopt travel time function of the BPR form:
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where 
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’s free-flow travel time and capacity at time 
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In addition to travel time, we consider link toll 
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as the demand measure for congestion; hence, the link travel cost is
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[image: image39.wmf](

)

(

)

,

ij

ll

tt

 are the associated location costs/ benefits if link 
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; these two terms are null if link 
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 is not a starting or terminating link on a path. The path travel cost is then the composite travel cost (travel time plus toll), expressed as
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2.3 Combined Model
To solve for the time-dependent trip-distribution/traffic assignment model, we solve the following Mathematical Program (MP):
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subject to 
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The Lagrangian for the MP (8)

 is: (5)
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The KKT optimality conditions are:
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Combining (10)

, we have:(6)

 and 
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Combining (11)

, we have:(7)

 and 
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As in typical combined models, the parameter 
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 controls both trip distribution and traffic assignment of class 
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 people (Sheffi, 1985). 
2.4 Location Cost function
The location cost is formulated to be related to the level of congestion and composed of a fixed term and a variable. The fixed term describes the intrinsic cost/ benefit of that zone. The variable part is related to the zonal congestion. For residential zones, more residents living in a zone means the living environment is less pleasant and a lower chance of finding satisfactory housing for locators, leading to decreased zonal attraction or increased location cost. The same applies to employment zones. As zonal employment is more or less fixed, more workers working there implies less likely of finding jobs there. In this study, we extend the location cost function in Yang and Meng (1998) to allow for income class 
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. Following the same notations as in the previous sections, we use 
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The fixed components 
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 are assumed to be negative, denoted the benefit of living/working in zone 
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.
After developing the time-dependent combined model that depicts the interaction between trip distribution, traffic assignment, traffic congestion, and zonal activity congestion, we proceed to optimization of the transport network. The optimization objective can take several forms, such as the total discounted travel time over time, total discounted social welfare, total discounted profit, etc. To solve this problem, we rely on the technique of bi-level programming, with the time-dependent combined model developed in the preceding section serves as the lower level equilibrium problem.
3. Mixed TS-DM strategy under total cost recovery

Transportation planners seek an optimal strategy to manage the transportation network. The time-dependent combined model developed in Section 2 provides an evaluation platform to proceed with the optimization. Transportation network operators develop an upper level objective function, such as travel cost minimization for fixed origin-destination (OD) demands, reserve capacity maximization assuming unchanged base OD demands, consumer surplus maximization for elastic demands and multi-objective optimization including user cost, construction cost etc (Yang and Bell, 1998), subject to demand growth, capacity and economic constraints.

To solve for the optimal upper level objective, we formulate the problem via bi-level programming. In this study, we consider that the network operator implements transportation supply and demand management strategy simultaneously in order to minimize the total system travel cost. To make the transportation infrastructure projects financially viable, link tolls are collected to achieve total cost recovery by setting the total discounted profit (TDP) over the entire planning horizon equal zero. The Total Discounted Profit (TDP) is defined as:
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where 
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is a function which converts the total travel cost at time 
[image: image72.wmf]t

 to time 0 (starting time) with 
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as the discount rate. The first term in 
(15)

 is the total toll collected over the entire time horizon, the second and third terms are the total construction and maintenance cost respectively, with  GOTOBUTTON ZEqnNum241486  \* MERGEFORMAT  and 
[image: image75.wmf]M

B

 as the unit construction and maintenance cost parameters, subjecting to an inflation rate of 
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 per year. The three terms are discounted to time 0.

Since the total traveling population is fixed, we take the objective function to be the discounted total system travel cost (TSC), defined as:
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Hence, the bi-level program is:
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subject to
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where 
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For each schedule of 
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 to  GOTOBUTTON ZEqnNum933611  \* MERGEFORMAT . By Theorem 5.1 in Dempe (2002), the bi-level programming problem has a global optimal solution provided it has a feasible solution.
There are a number of ways to reformulate the bi-level problem as a one-level one. One way is to replace the lower level problem by its Karush-Kuhn-Tucker conditions expressed as a system of equations and inequalities, written as:
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The first three constraints are inherited from the upper-level program and the rest are lower-level conditions which must be held at equilibrium given the prescribed schedule of  (y, .  For the lower level problem is a convex regular problem, the transformed one-level program and the original bi-level program are equivalent. 
Furthermore, the Lagrangian for this MP is
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From the first order conditions with respect to link expansion and link toll, we obtain a general property of time-dependent TS-DM strategy:
PROPOSITION 1: For a link with positive link capacity expansion performed at time 
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 and such link is tolled after the construction, the marginal reduction in total system travel cost must offset the marginal cost of construction and maintenance.
PROOF:

From the first order conditions with respect to 
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Furthermore, making use of (4)

, we have:
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Combining (24)

:  
(23)

 and  (22)

, 
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If for a particular link with a positive 
[image: image96.wmf](

)

a

y

t

 and 
[image: image97.wmf](

)

t

a

r

(
[image: image98.wmf]t

t

>

), 
[image: image99.wmf](

)

(

)

0

t

yaa

t

r

kk

==

, then the first term in the square bracket should vanish. Restating, if the link capacity is expanded at time 
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 and is tolled afterwards (whether the link is being tolled at time on or before 
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is irrelevant), the marginal reduction in total system travel time due to capacity expansion must offset the marginal cost (both construction and maintenance) associated with it.
4. Numerical Example
To illustrate the formulation in Section 3, a numerical example with a small network over 30 years (in three 10-year periods) is shown in this section. The network consists of two origins (nodes 1, 2) and two destinations (nodes 5, 6), and is connected by 7 links, as shown in FIGURE 1. The initial link capacities, free-flow travel times are detailed in TABLE 1. The whole population is stratified into two classes (
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), and each class is composed of both locators and non-locators. We assumed 
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. The total population is growing over time according to TABLE 2 and sectors of the gross population are not growing uniformly. In addition to zonal population variation, zonal attraction is varying over time, as detailed in TABLE 3. As described in Section 2.4, the zonal attraction is dependent on the intrinsic attraction and total opportunity. In this example, we consider that zones 1 and 6 are intrinsically more attractive than zones 2 and 5. However, the total opportunities in Zones 1 and 6 are not expanding over time; on the other hand, zones 2 and 5 are actively expanding zones to accommodate the escalating demand. Furthermore, the inflation rate
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 in the travel time function (1)

 is taken to be 0.15 and 4 respectively. The unit construction cost is $500, unit maintenance cost per year is $5.
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FIGURE 1 The Test Network
TABLE 1 Link characteristics
	Link
	free flow time
	capacity

	1
	30
	20

	2
	10
	10

	3
	10
	20

	4
	10
	10

	5
	10
	10

	6
	30
	20

	7
	10
	10


TABLE 2 Population composition over time
	Zone
	T = 0
	T = 1
	T = 2

	
	Locator
	Non-Locator
	Locator
	Non-Locator
	Locator
	Non-Locator

	
	k=1
	k=2
	k=1
	k=2
	Sum
	k=1
	k=2
	k=1
	k=2
	Sum
	k=1
	k=2
	k=1
	k=2
	Sum

	1
	10
	10
	10
	10
	20
	10
	20
	10
	15
	25
	15
	30
	15
	15
	30

	2
	
	
	10
	10
	20
	
	
	15
	10
	25
	
	
	20
	15
	35

	Total
	60
	80
	110


TABLE 3 Location cost function over time
	Zone
	T = 0
	T = 1
	T = 2
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	1
	-30
	30
	10
	-30
	30
	10
	-30
	30
	10

	2
	-10
	30
	10
	-10
	50
	10
	-10
	80
	10

	5
	-10
	30
	10
	-10
	50
	10
	-10
	80
	10

	6
	-50
	30
	10
	-50
	30
	10
	-50
	30
	10


The optimization program in Section 3 is solved and the optimal TS-DM strategy obtained is summarized in TABLE 4, the respective trip ends in TABLE 5, and OD matrix in FIGURE 2.
TABLE 4 Optimal TS-DM Strategy

	link
	T = 0
	T = 1
	T = 2

	
	Expansion
	Toll
	Expansion
	Toll
	Expansion
	Toll

	1
	2.41
	0
	0
	0
	-
	0

	2
	12.36
	0
	25.02
	0
	-
	0

	3
	72.88
	0
	8.85
	0
	-
	0

	4
	43.61
	6.83
	0
	0
	-
	0

	5
	50.92
	31.06
	0
	0
	-
	0

	6
	14.82
	15.04
	0
	0
	-
	0

	Total System Travel Time ($)
	19,521,491.69
	
	
	

	Total System Travel Cost (Time + Toll)
	22,135,841.47
	
	
	


TABLE 5 Trip ends by class
	Zone
	Class
	T = 0
	T = 1
	T = 2

	1
(intrinsically more attractive)
	Locator (k=1)
	5.51
	5.77
	6.90

	
	Locator (k=2)
	6.91
	13.95
	12.07

	
	Non-locator (k=1)
	10
	15
	15

	
	Non-locator (k=2)
	10
	10
	15

	
	Sum
	32.42
	44.73
	48.97

	2
(expanding over time )
	Locator (k=1)
	4.49
	4.23
	8.10

	
	Locator (k=2)
	3.09
	6.05
	17.93

	
	Non-locator (k=1)
	10
	10
	20

	
	Non-locator (k=2)
	10
	15
	15

	
	Sum
	27.58
	35.27
	61.03

	5
(expanding over time)
	Locator (k=1)
	6.54
	3.85
	7.03

	
	Locator (k=2)
	7.87
	4.64
	12.75

	
	Non-locator (k=1)
	12.55
	9.81
	16.07

	
	Non-locator (k=2)
	0.00
	2.89
	11.68

	
	Sum
	26.96
	21.20
	47.53

	6
(intrinsically more attractive)
	Locator (k=1)
	3.46
	6.15
	7.97

	
	Locator (k=2)
	2.13
	15.36
	17.25

	
	Non-locator (k=1)
	7.45
	15.19
	18.93

	
	Non-locator (k=2)
	19.99
	22.11
	18.32

	
	Sum
	33.04
	58.80
	62.47
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FIGURE 2  The OD matrix under the optimal TS-DM strategy
TABLE 4 supports the motivation of our research. It can be seen that scheduled upgrade plan is more preferred in terms of minimizing the total system cost 
[image: image129.wmf](

)

TSC

over the planning horizon. Owing to the capacity expansion, the accessibility of certain zones improves drastically over time, resulting in significant changes in OD-demand matrix (FIGURE 2). If we carefully inspect the trip end totals in TABLE 5, locators are in fact relocating their homes and changing employment locations in respond to location attraction changes. Non-locators who are not moving their homes still optimize composite cost modify their work location over time. Decision on residential and employment location as well as route choice under time-dependent TS-DM framework involves inseparable interaction between link capacity expansions and pricing which impacts transportation cost, intrinsic location attraction, zonal development (changes in total opportunity), and population changes.  These relationships should be jointly considered and carefully modeled. By means of time-dependent TS-DM framework
To further demonstrate the strength of including time dimension in our formulation, several scenarios are compared, namely:

1. Time-dependent mixed supply and demand strategy (Mixed)
2. Full blown network construction at T=0 Construct @T0)
3. Full blown network construction at T=0 and collect toll in T=1 and T=2 only (Construct @ T0, toll T1, T2 only)
4. Collect toll at T=0 but do not invest in link capacity expansion until T=1 (to gather capital before investment) (Construct @T1 only)
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FIGURE 3 Normalized Total System Travel Time/ Cost under different TS-DM Scheme
Though it appears from FIGURE 3 that building a full-blown network at T = 0 (Construct at T0) is only marginally worse than sequencing the upgrade to several phases (Mixed), in fact there are some further advantages of using time-dependent strategy not captured by TST/ TSC. Recall from Section 2.4 that trip ends are associated with the location cost functions. If the value of such functions is negative, it means that commuters originating/ ending his trip at that node obtain some benefit. To make the illustration simple, FIGURE 4 plots the location benefits. From FIGURE 4, we can see that the time-dependent mixed TS-DM strategy maximizes the total location benefit of the population. Though sequencing the link capacity expansion (Mixed strategy) and constructing the full-blown network at T=0 are close in terms of their discounted total system travel time and total system travel cost, the Mixed strategy outperforms the other strategies in terms of maximizing location benefit.
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FIGURE 4 Land Revenue

5. Conclusion  
This paper has provided an exposition on the formulation for solving the bi-level time-dependent TS-DM problem. The lower level program is a combined trip-distribution/ traffic assignment model which accommodates residential and work location choice of locators and non-locators as well as their route choice behavior. The upper level objective is to minimize the discounted total system travel cost by determining the optimal link capacity expansion and tolling plan, subject to the cost recovery constraint. In fact, the technique developed can be transferred to other objective functions and upper-level constraints. This provides a great flexibility in analyzing scenario such as pure supply management (pure construction), pure demand management (pure road pricing) or mixed strategy by private operator(s) with profit maximization. The formulation proposed in this paper can be solved by descent algorithm, penalty method, (Dempe 2000), SQP Method (Jiang and Ralph, 2000) or other heuristics. 
In the small network example, we demonstrated the strength of the time-dependent TS-DM formulation in determining the optimal tolling and capacity expansion plan in view of changes in population and its composition as well as zonal attraction over time. We illustrated that the decisions on residential and employment locations as well as route choices under the time-dependent TS-DM framework involves inseparable interactions between link capacity expansions and tolling, which impact transportation costs, intrinsic location attraction, zonal development (changes in total opportunity), and population changes. These relationships should be jointly considered and carefully modeled. The final part of the numerical example illustrated evaluating the time-dependent TS-DM strategy in terms of valuating the location benefits, which could be related to the land value, which is an important area for further research. Merging the two disciplines of studies, namely, network management and land value, could lead to theoretically innovative and practically insightful results. 
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