PAGE  
Sharma and Mathew


MODIFIED LINK COST FUNCTION FOR SUSTAINABLE 

TRANSPORTATION NETWORK DESIGN PROBLEM

By

Sushant Sharma
Research Scholar

Indian Institute of Technology Bombay 

India, Mumbai-400076 

P: +91-22-2576-7349

F: +91-22-2576-7302

Email: sushantsharma@iitb.ac.in
and
Tom V. Mathew 

Assistant Professor of Civil Engineering 

Indian Institute of Technology Bombay 

India, Mumbai-400076 

P: +91-22-2576-7349

F: +91-22-2576-7302

Email: vmtom@iitb.ac.in
Modified Link Cost Function for Sustainable Transportation Network Design 
Problem 
Sushant Sharma1 and Dr. Tom V Mathew2
Abstract
Transportation network design problem can be formulated as a bi-level continuous optimization problem: the upper level determines the optimal link capacity expansion vector and the lower level determines the link flows subject to user equilibrium conditions. Traditionally, it is believed that minimizing the link travel time of the user will also minimize the emissions generated in the transportation network. This study is an attempt to modify the link travel time function considering emissions. This is particularly true in the context of emission pricing where driver’s route choice includes travel time as well as environmental concerns. Accordingly, at the lower level, the link cost function is modified by incorporating both link travel time as well as emission. The travel time and emission are then converted into monetary term by assigning weights based on the value of time and emission cost. The upper level problem is an example of system optimum assignment and is formulated as optimization problem of minimizing system travel time. The proposed model is first applied in a small example network and the results are compared with those obtained by a complete enumeration. This shows that the existence of unique solution and the ability of GA to find that. Finally, the network design of a medium sized network (Fort area, Mumbai, India) is taken as a case study. The network performance measures are compared with and with out the emission term. 
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INTRODUCTION
Traffic planners experience a number of constraints especially while designing facilities for urban areas. They have to overcome some of the invaluable socioeconomic, environmental, budget and space impediments to further development. This is when the concept of optimal network design seems to be a possible solution. The network design problem is to choose facilities to add a transportation network or to determine capacity enhancements of existing facilities of a transportation network which are, in some sense, optimal.  

As in current practice, environmental mitigation objectives are considered only as incidental aspects (or effects) of the travel time-based objectives that are typically sought. In other words, the generally accepted concept in designing and implementing traffic models and traffic control strategies is, minimizing trip times will subsequently result in reducing harmful vehicle emissions. Some recent research findings, however, point to the fact that travel time variables are affected differently from air quality variables by the various traffic flow improvement methods (Yu, 1997). Lack of efficient methods for minimizing emissions can be attributed to the traditional perception within the transportation community that believes, the minimization of travel times will concurrently result in associated reductions in the undesirable environmental byproducts of vehicle travel. In some cases, this perception is true, such as in a typical freeway operation scenario. On the other hand, there are other traffic scenarios, such as capacity improvements on an urban road network where it may lead to increase in emissions. The emissions rather need to be minimized separately for obtaining a sustainable transportation network. The aspect which has been neglected in network design problem (NDP) is the deterioration of environmental quality. 

BACKGROUND 
The network design problem can be roughly classified into three categories: the discrete network design problem (DNDP) that deals with the selection of the optimal locations (expressed by 0-1 integer decision variables) of new lanes to be added; the continuous network design problem (CNDP) that determines the optimal capacity enhancement (expressed by continuous decision variable) for a subset of existing links; and the mixed network design problem (MNDP) that combines both CNDP and DNDP in a network. Network Design Problem is to determine the set of link capacity expansions and the corresponding equilibrium flows for which measures of performance index for network is optimal. The decision variable affects the route choice behavior of road users while assigning traffic to network. The objective of NDP is to achieve a system optimal solution by choosing optimal decision variables in terms of capacity expansion values. This decision taken by the planner affects the route choice behavior of road users and need to be considered while assigning traffic to the network. In general, NDP can be formulated as a bi-level problem which has an upper level representing a system optimal design and a lower level representing travelers route choice behavior. Network design models concerned with adding indivisible facilities (for example a lane addition) are said to be discrete NDP, whereas those dealing with divisible capacity enhancements (for example road widening) are said to be continuous NDP. It should be noted that discrete models can easily allow the investment to significantly affect the mean free speed of proposed links; this seems to be difficult in the case of continuous models. Continuous models, on the other hand, have the advantage that the optimal levels of improvement (with the corresponding investment) for each link are determined by the model. Continuous network design models with convex investment costs usually result in minor increases in practical capacity of many links proposed for the improvement. This may be desirable if the purpose of the model is to improve or maintain the existing transportation network rather than to construct new roads (Abdulaal and LeBlanc, 1979). In practice, networks used in transportation planning are quite large, and so the continuous investment model appears to be a good compromise between network accuracy and model sophistication. There are many so-called improvements to the transportation networks which may actually induce increase in total emissions generated. The emission paradoxes presented with the illustrative examples in (Nagurney, 2000) reinforce the fundamental importance of including emission by vehicles as one of the objectives in planning stages of network design itself. Hence in order to evaluate the effects of transportation policies aimed at pollution reduction one must consider such critical network parameters as: the network topology, the user cost structure, the travel demand structure, and the behavior of the travelers on the network, in addition to such environmental factors as emissions (Nagurney,2000) . 
LITERATURE REVIEW
The first discrete network design formulation was proposed by LeBlanc,1975 and later Abdulaal and LeBlanc,1979 , extended it to a continuous version. This network design problem with continuous investment variables subject to equilibrium assignment was formulated as a nonlinear unconstrained optimization problem. Since then, several variations of the network design problem were studied extensively. Optimization of road tolls under condition of queuing and congestion (Yan and Lam, 1996), optimization of reserve capacity of a whole signal controlled network (Yin, 2000), estimation of trip matrix and optimization of traffic signal (Maher et. al. 2001) are some variations of the network design problems. All these problems are normally formulated as bi-level programming problems in which the lower level problems are either deterministic or stochastic user equilibrium as in Meng et al., 2004. The upper level problems are variants of system optimum design with decision variables specific to the problem at hand. Bi-level formulations of the network design problem are non-convex and non-differentiable and therefore getting global optimum solution is not easy (Yin, 2000). Therefore, several solution approaches have evolved over the past few decades. 
Chen and Yang, 2004 considered both spatial equity and demand uncertainty in their study. The models were solved by a simulation based genetic algorithm, results showed significance of the equity issue and demand uncertainty in NDP. To consider the environmental parameters in assignment stage various studies have been carried out with traffic assignment like a multi-objective decision model with system optimum conditions Tzeng and Chen, 1993. The formulation was done as nonlinear programming and problem solution generated were a series of non inferior solutions. A new kind of assignment called system equitable traffic assignment was attempted by Bendek and Rilett, 1998, taking generalized environmental cost function. Nagurney, 2000 considered a multi-criteria traffic network model with emission terms in objective function. Pollution levels tend to be highly correlated with fuel consumption. Fuel consumption is typically modeled as a function of speed, with some minimum rate of occurring at optimal speed that it is typically in range of 45 to 55 mph. As volume on the link increases the speed decreases, this results in lower fuel consumption and hence lower CO emissions (Rilett and Bendek, 1994). Most of the environmental cost functions, however, do not monotonically increase with volume and is concave upto a particular volume to capacity ratio and then convex past point of inflection. It was found that when average speed is less than critical speed the function is convex (Bendek and Rilett, 1998). The total pollution in a link is represented by the product of the average amount of pollutant emitted per vehicle in the link and volume of vehicles on the link. One of the important conclusions of their work was that greatest environmental benefits can be obtained by increasing capacity rather than through an Intelligent Transportation System (ITS) strategy based on System Optimum and CO produced as cost. Along with this Bendek and Rilett, 1998 proposed future work to determine cost function that would best model pollutant emissions. A multiple user class equilibrium assignment algorithm was formulated by Venigalla et. al. 1999 to determine vehicle trips and the vehicle miles of travel in various operating modes on highway links. A specialized equilibrium assignment algorithm referred as Traffic Assignment Program for Emission Studies (TAPES) was used for finding emissions. The operating mode mix of Vehicle Mile Traveled (VMT) in cold transient, hot transient and hot stabilized modes, was derived on link to link basis. The results were linked by facility type and location of link segments. Nagurney, 2000, proved three distinct paradoxical phenomena that can occur in congested urban transportation networks as regards the total emissions generated, which demonstrate that improvements to the transportation network may result in increases in total emissions generated. In particular, Nagurney, 2000b has illustrated, through specific examples, the following: (a) the addition of a road may result in an increase in total emissions with no change in travel demand, (b) the total emissions may increase with a decrease in travel demand and (c) the improvement of a road in terms of travel cost may result in an increase in total emissions without a change in the travel demand. Further Nagurney, 2000a considered a multicriteria traffic network model with environment in objective function. Unlike Bendek and Rilett, 1998, Nagurney, 2000 considered travelers can have several criteria that they take into consideration in their decision-making, notably, travel time, travel cost, and environmental pollution generated. The user will be charged according to emissions produced on a particular link. Moreover, the governing equilibrium conditions due to the generality of functions were reformulated as the solution to an optimization problem in variational inequality theory.  

Genetic algorithm (GA) is yet another tool that has emerged as an efficient and simple implementation of several non smooth optimization problems (Yin, 2000). GA was successfully utilized for optimal road pricing and reserve capacity of a signal controlled road network by Yin, 2000. The motivation of using GAs is due to its globality, parallelism, and robustness. In addition, GAs are simple and powerful in their search for improvement and not fundamentally limited by restrictive assumptions about the search space (assumptions concerning continuity, existence of derivatives, and other matters) Yin, 2000.  Ceylan and Bell, 2004 used GA-based approach for traffic signal control problem. GA based model is also used for very large transit route network design and frequency setting problem (Aggarwal and Mathew, 2004). 
MODEL FORMULATION
The following notation has been used for continuous NDP formulation: 

A
: is the set of links in the network. 

Ω
: is the set of OD pairs.
q
: is the vector of fixed OD pair demands, qrs 
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K
: is the set of paths or routes between OD pair r and s.
R
: is the set of paths between OD pair r and s.

f 
: is the vector of path flows, f = [
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: is the flow on path k between od pair r s.
x
: is the vector equilibrium link flows, x = [xa].

 y
: is the vector of link capacity expansions, y = [ya].

B
: is the allocated Budget for expansion (Rupees).
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      : is a constant conversion factor from emission to travel cost (Rupees/gm).
ea
: is  the emission factor at link a (gm/km).

la              : is the length of link a (km)

ga(ya) 
: is a function representing the investment for  improvement 
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      : is 1 if route k between OD pair r, s uses link a, and 0 otherwise.

α, β      : link cost function parameters

[image: image6.wmf]0

a

t

        : free  flow travel time  

[image: image7.wmf](

)

a

a

a

y

x

t

,

: travel time as a function of flow xa and capacity improvement ya

The bi-level problem can be mathematically represented as below:
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It may be noted that function ga(ya)   represents the investment cost  corresponding to   improvement ya  and B is total budget available. The upper level will give a trial capacity expansion vector ya and will be translated into new link capacities. Based on the new link capacity values, the link flows can be computed by solving the following formulation:
Lower Level

Minimize 
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Note that the solution to the above formulation will give Wardrop's user equilibrium link flows. The link cost function used in this study is sum of the popular Bureau of Public Roads (BPR) equation and emission function which is given by:
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                                 (3)                                                                                      
 
                                                        BPR function             Emission function
The upper level objective function (1) is formulated as optimization problem of minimizing system travel cost within the given budget constraints. The lower level objective function (2) is the formulation for user equilibrium principle. The equation (3) represents the sum of BPR function and emission function. The BPR function being monotonically increasing function and emission factor being a constant term their sum will also be a convex function. 

SOLUTION METHODOLOGY
A flowchart of the solution approach is given in Figure. 1. The algorithm starts in the upper level by reading all the inputs like network details, demand matrix, budget, link expansion cost functions, travel time function, and emission cost functions. The upper level algorithm will give a trial capacity expansion vector and will be translated into new network capacities. The lower level algorithm is then invoked with these new link capacities. In this level, the demand matrix is assigned into the network considering both travel time function and emission cost function. 
Traffic network design has been formulated as a bi-level optimization problem: the upper level determines the optimal link capacity expansion vector and the lower level determines the link flows subject to user equilibrium conditions. The upper level problem is an example of system optimum assignment and is formulated as optimization problem of minimizing system travel time and can be solved using different algorithms. In this case GA is used because of its modeling simplicity and ability to handle large problems. The lower level problem represents route choice behavior of users. Traditionally, path travel time is identified as the sole criterion in choosing a particular route. However, in the context of emission pricing, driver's route choice includes travel time as well as environmental concerns. It has been assumed that emission metering is being done and user has to pay for the emissions generated by him/her, thus making the user environment cautious.

Accordingly, at the lower level, the link cost function is modified by incorporating both link travel time as well as emission. Link travel time used in this study is the classical Bureau of Public Roads (BPR) equation which relates the flow and the travel time on a link. The emission term is calculated based on link dependent average speed and a constant emission factor. The travel time and emission are then converted into travel time based on the value of time and emission cost. Although, the link cost function is modified to represent both the link travel time as well as the emission concerns still it is  convex and is therefore solved using convex combination method or Frank-Wolfe algorithm.
The proposed model algorithm starts in the upper level by reading all the inputs like network details, demand matrix, budget, link expansion cost functions, travel time function, and emission cost functions. The upper level algorithm will give a trial capacity expansion vector and will be translated into new network capacities. This then invokes the lower level problem with these new link capacities. In this level, the demand matrix is assigned into the network considering both travel time function and emission cost function. The output of this model is a vector of link flows which is passed to the upper level. The upper level then computes the objective function which is the system travel time from link flows and assigns penalty if the budget constraint is violated. This objective function value is given to the upper level algorithm which supplies a new capacity expansion vector and the process is repeated till convergence.
For the study purpose we are dividing the problem in four cases, Case 1, there is no capacity expansion and no emission pricing in simple words user equilibrium assignment with equation (3), simple BPR function, 
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is taken as 0. Case 2, is same as Case 1 except 
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=1 is considered for user equilibrium assignment, i.e. the user is being environmental conscious because of charge kept for emission generated. In both these cases the upper level will not play any role as y is 0; meaning no capacity expansion. Case 3, is optimal network expansion without considering emission pricing i.e. 
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= 0. It is bi-level formulation with no emission pricing for y = [ya]. Case 4 is when optimal expansion done considering environmental cost i.e. the whole new proposed model with 
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= 1 and y = [ya]. To summarize Case 1 and Case 2 are simple user equilibrium assignment without considering optimal capacity expansion and Case 3 and Case 4 is the bi-level formulation.
RESULTS
Example Network:
To investigate the solutions of proposed problem for different scenarios, an example network having 4 nodes and 5 links is considered. The hypothetical network and the data adopted the study is given in Figure 2. The demand is from node 1 to node 4 varying from 50 veh/hr to 250 veh/hr as given in Table 1. The free flow speed considered for the network is 60 kmph. The α and β are taken as 0.15 and 4 units respectively. The model is applied to this network. The four cases were taken into consideration as Case 1, when there is no capacity expansion and no emission pricing or metering. Case 2, there expand the network but user is being environmental conscious because of charge kept for emission generated, Case 3, when optimal network expansion is done without considering emission pricing and Case 4 when expansion is done considering environmental cost. The ca is demand for link ‘a’ in (veh/hr); xa is flow on link ‘a’ (veh/hr); l​a is the length on link ‘a’ (kms) and  ea is emission factor for all the links value taken as 2.3 gm/km. All the results are tabulated in Table 1.
The results of the study on the network are shown below in terms of average of Total System Travel Time or rather average travel time (Av. TT) in minutes, which is nothing but the average time spent in the network to reach from one origin to destination. Average emissions (Av. E.) produced in the network a product of emission factor and vehicle kilometers traveled divided by total demand. 
The Table 1 shows the travel time is decreasing with the expansion. At lower demand the decrease in travel time is less because of the less congestion in the links but at higher demand there is significant reduction in travel time. The relative difference in travel time while considering emission pricing as in case 2 and case 4, as compared to case 1 and case 3 is not much. Also it can be interpreted from the graphs at low demand (50 veh/hr) the emission in the network is same for all the cases but as the demand increases different cases show a dissimilar trend. In Case 1 i.e. do nothing case (in which we neither expand the network optimally nor consider user as environment conscious, i.e. simple user equilibrium assignment) the emission takes a steeper slope than other cases after demand more than 100 veh/hr. Case 2 shows a consistent emission with increase in demand after 100 veh/hr. In Case 3 of expansion without emission pricing we can see as demand increases there is a sudden increase in emission values. It may be attributed to traffic flow shifting to longer routes because of congestion, resulting in increase in vehicle kilometers. Also showing that, while capacity expansion at higher demands, if we do not consider the emission pricing we tend to pollute more than other cases. Case 4 results in least emission as compared to other cases showing the need of considering emissions while expanding the links. 
Real Network
For case study a network area is taken into consideration. The area taken as the case study was near the Fort area, Mumbai, India as shown in Figure. 4. The Fort area, in the CBD of Mumbai (southern part of city), is having good road network with almost heavy traffic flow on all the links, during peak hours of the working days. For the purpose of traffic flow data collection, evening peak hours (between 5:00 p.m. to 7:00 p.m.) of the week’s middle working days (Tuesday, Wednesday and Thursday) were selected. There are 17 road nodes and 56 road links. The demand data is given in Table 2. Various traffic flow parameters like αa , βa, free flow speed, and capacity for all the links were found after surveying. Table 3. shows sample input data for the  real network. The ea emission factor for the study in this network links is taken for the cars especially Carbon monoxide (CO) (being one of the most harmful pollutant) as 2.3gm/km (CPCB,2005). The assignment done in this study is highway assignment, not considering the mixed traffic condition.  
Various scenarios obtained by the proposed algorithm and the relative improvement in the network design parameters are shown in Table 4. In contrast to test network there is a high difference in decrease in average travel time with capacity expansion in the real network. The average speed has comparatively increased by 14% from base case to proposed model. Also the average travel time reduces by 42 % in case of expansion without emission cost expansion with emission cost as compared to base case (no capacity expansion and no emission cost). The average emission also shows a reduction. There is a marginal decrease in average emission produced but this is due considering of constant emission factors. If speed sensitive emission factors are used they may be closer to realistic situation. 
CONCLUSION
As shown earlier in a hypothetical network there is a necessity to consider the emission while expanding the links. The emission increases if we do not consider the after effects while optimally expanding the network.  The analysis will be a very useful tool for planners to consider emission generated within the network while expanding links and prioritization of links for improvements.
The major contribution of this study is the development of a model for considering emission while doing optimal capacity expansion of a road network. This study demonstrated the different scenarios where it was clearly visible to consider either emission metering or pricing for the users so as to minimize overall emission generated in 

the system. The improvement in speed with capacity expansion is also significant but the effect of the same cannot be captured in emission as the emission factors are based on average speed. However if emission factors as the function of speed would have been available it could have given a much more realistic picture. Since such emission factors are not available for Indian scenario it is proposed to develop the same. Further research is needed while considering the mixed traffic condition and speed dependent emission factors.
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Table 1 Results of Example Network
	 Demand
	Case 1
	Case 2
	Case 3
	Case 4

	
	No expansion 

 and

No Emission cost
	No expansion

but 

Emission cost
	Expansion but

No Emission cost
	Expansion

with

Emission cost

	(Veh/hr)
	Av. TT (minutes)
	Av. E (gms)
	Av. TT (minutes)
	Av. E (gms)
	Av. TT (minutes)
	Av. E (gms)
	Av. TT (minutes)
	Av. E (gms)

	50
	12.0296
	25.9648
	12.031
	25.9639
	12.0292
	25.9637
	12.0289
	25.9568

	100
	15.7232
	26.4033
	15.7232
	26.4033
	15.1593
	26.3987
	15.1465
	26.3945

	150
	32.6903
	26.4736
	32.7895
	26.4298
	23.1757
	26.4245
	23.2013
	26.422

	200
	78.222
	26.5265
	78.799
	26.4325
	32.681
	26.4917
	32.6373
	26.4193

	250
	174.29
	26.5406
	175.81
	26.436
	41.9
	26.5156
	41.6838
	26.4138


Table 2 Input O-D Matrix for the Fort Area Network, Mumbai

	            
	1
	2
	3
	4
	7
	8
	12
	13
	14

	1
	0
	410
	410
	136
	54
	110
	436
	38
	590

	2
	800
	0
	1398
	182
	156
	372
	1028
	118
	892

	3
	230
	526
	0
	204
	74
	132
	570
	42
	654

	4
	100
	222
	390
	0
	108
	122
	272
	18
	288

	7
	100
	268
	376
	176
	0
	78
	372
	40
	362

	8
	554
	956
	802
	168
	144
	0
	780
	90
	724

	12
	1382
	1884
	306
	376
	446
	0
	298
	1830
	502

	13
	64
	56
	32
	26
	72
	442
	0
	82
	40

	14
	908
	1888
	260
	372
	296
	1700
	170
	0
	596


Table 3 Sample Input Data for the Real Network

	From
	To
	Length

(km)
	αa
	βa
	Capacity

(veh/hr)
	Free
Flow Speed

(km/hr)

	1
	2
	0.3
	0.7
	1.9
	2150
	40

	1
	8
	0.95
	0.65
	2.25
	1650
	30

	2
	1
	0.3
	0.7
	1.9
	2150
	40

	2
	3
	0.6
	0.68
	2
	2600
	50

	2
	5
	0.8
	0.68
	2
	2600
	50

	3
	2
	0.6
	0.68
	2
	2600
	50

	3
	4
	0.35
	0.7
	1.9
	2150
	40


Table 4 Results of Model Application on Real Network

	Case
	No expansion and

No Emission cost
	No expansion

but

Emission cost
	Expansion but

No Emission cost
	Expansion

with

Emission cost

	TSTT(hours)
	2557.75
	2610.19
	1474.81
	1504.46

	Total Emission(gms)
	94602
	92997.77
	89837.605
	89160.89

	Av. Speed (km/hr)
	32.98
	32.97
	37.6989
	37.70

	Max Speed(km/hr)
	50.00
	50.00
	50.00
	50.00

	Min. Speed(km/hr)
	4.10
	2.60
	7.8496
	8.114

	Av. TT (minutes)
	4.93
	5.03
	2.8452
	2.9025

	Av. Emission (gms)
	3.04
	2.99
	2.8886
	2.8669

	Total Veh. kms
	41131.34
	40433.81
	39059.828
	38765.604


1 mile = 1.61 km
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