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ABSTRACT

This study proposes nine different models to reduce vehicular green house gas emission by
designing optimal emission pricing in a given transportation system. All the models are
formulated as a bi-level problem, i.e. upper level as planner’s policy variable and the lower level
as road user’s response to the strategies set by the planner. The model is solved using genetic
algorithm at the upper level and Frank-Wolfe algorithm at the lower level. The developed
models are tested on a small hypothetical test network and a real medium sized network of
Mumbai city in India. The performance of all the proposed models is compared to the Base-Case
(do nothing) and reductions in emissions shows efficacy of the models. The study makes two
major contributions, first it proposes a new set of models for planners to design emission pricing
for emission reduction considering possible constraints in the field and second it realistically
models both planner’s decision and user’s response to the decision to achieve minimal value of
objective. Although the proposed models are solved for CO; only, the methodology can be used
for analysis of policy variables for any pollutant.

1. INTRODUCTION

Sustainability is concerned with attainment of goals through a variety of policy instruments,
given not only the transportation network and environmental parameters but also the travel
behavior (/). The travel behavior of road users can be influenced by imposing optimal
impedance so as to achieve objectives like minimal emission and reduction of carbon footprint
due to vehicles on the road network. In this context emission pricing and congestion pricing can
be seen as options that can modify the traffic flows in a transportation system so as to achieve
minimal emissions. The lack of efficient methods for minimizing emissions using suitable policy
variables 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 by-products of vehicular movement. However, recent research
findings point to the fact that travel time variables are affected differently from air quality and
fuel consumption variables, due to various traffic flow improvement strategies like capacity
expansion (2-4).

In U.S., all federal and state agencies are constructively working towards identifying and
addressing environmental issues and designing policies to develop a sustainable and livable
environment. The vehicular pollution is being studied in various contexts from reducing
pollutants emitted from a vehicle using a new technology, to develop emission pricing so as to
curtail the present emission levels. The international concern towards green house gases (GHGs)
being at the center of all emission reduction issues. Almost 28% of GHGs are produced by
transportation sector (5) and a major portion of it is attributed to emission from private vehicles.
With more emphasis in reducing the carbon footprints from various sources the state Department
of Transportation’s (DOTs) and Metropolitan Planning Organization’s (MPOs) are also looking
to regulate the CO, emissions from vehicles. At present there are two types of feasible methods
one long term solution to improve public transport such that the mode shift can cause a large
emission reduction and other short term solution of changing the traveler behavior by imposing
emission pricing such that there is minimal emission produced in the system. While



—
SO0 IO N B~ W

—
AW N =

15
16

17
18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

36
37
38
39
40
41
42
43
44

Sharma and Mishra 2

improvement of public transport is the ideal scenario, for long term sustainable solution, the
emission pricing needs more careful analysis before deciding the additional cost to the user so as
to achieve minimal emissions. In this study we develop various models to reduce total system
emission (in terms of CO,) in a given network by shifting the traffic flows on different
links/routes by imposing optimal emission pricing. The shift in traffic flows causes changes in
the average speed of the links leading to change in emissions. Further, emission factor is a
function of average speed. While, it is equally important to quantify emissions also as a function
of acceleration, deceleration and idling of vehicles but that is used in operational models rather
than planning models which are macroscopic in nature. Moreover availability of such micro-
scopic level data is a challenge in itself. The developed models consider a planner as the policy
designer whose sole objective is either minimizing congestion or emission or both with variety of
constraints in the real world. The methodology developed in this paper is generic and can be
applied to any pollutant. However we show the application of proposed models in terms of
reducing CO,, a major GHG from transportation sector.

2. LITERATURE REVIEW

In this section we introduce bi-level problem and some of the studies that considered minimizing
emission as one of the objective in a transportation system.

In general, the bi-level problem can be expressed as follows: the leader or system
manager (referred as planner in remainder of the paper) wishes to determine an optimal policy as
a function of his/her control variable (x) and the users respond (y) to these policy decisions. The
user response generally takes the form of a network traffic flow. The planner then seeks to
minimize both x and y, where some constraints may be imposed upon x as well as the fact that y
should be a user equilibrium flow, parameterized by the control vector, x. The network users,
after and with complete knowledge of the planners decision, make route choice decisions in an
attempt to minimize their travel cost, resulting in an aggregate network flow pattern. A complete
description of bi-level problem can be found in Yang and Yagar, 1994 (6).The optimal traffic
flow is known by solving traffic assignment problem. The process of allocating given set of trip
interchanges to the specified transportation system is usually referred to as traffic assignment.
The fundamental aim of the traffic assignment process is to reproduce on the transportation
system, the pattern of vehicular movements which would be observed when the travel demand
represented by the trip matrix, or matrices to be assigned is satisfied. In this paper we use bi-
level model to capture users response to the planners policy variable (optimal emission pricing)
for achieving his/her goal of minimal emissions.

Some of the initial studies in this domain considered only traffic assignment while
modeling and quantifying the emissions. Tzeng and Chen, 1996 investigated traffic assignment
as a multi objective decision model with system optimum conditions to consider the
environmental parameters (7). Bendek and Rilett, 1998, formulated a system equitable traffic
assignment which uses generalized environmental cost as the objective function (8). A multiple
user class equilibrium assignment algorithm was formulated by Venigalla et. al., 1999, to
determine the vehicle trips and vehicle miles of travel in various operating modes on highway
links (9). A specialized equilibrium assignment algorithm was used for finding emissions.
Nagurney, 2000a, with the help of three distinct paradoxical phenomena tested on a hypothetical
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small road network proved that the so-called improvements to the transportation network may
result in increased emissions (/0). Further, Nagurney, 2002, considered a multi criteria traffic
network model with emissions in the objective function (/7). Sugawara and Niemeier, 2003,
explored theoretical emissions-optimized trip assignment model to estimate the maximum
carbon monoxide reduction under varying congestion levels on a hypothetical network (/2). The
experimental results indicated moderate reductions in system-level vehicle emissions under
emissions-optimized trip assignment as compared to the conventional user-equilibrium and
system optimum models. The solutions were also compared with Bendek and Rilett, 1998, and
Venigalla et. al., 1999. Recent research related to emission minimizing in the networks include
imposing emission pricing as one of the solution. Yin and Lu, 1999 studied the traffic
equilibrium problems with environmental concerns, and proposed minimal traffic emission
model (MTE) (/3). Later, Yin and Lawphongpanich, 2006 studied congestion and emission
pricing such that it allows decision makers to trade-off between two conflicting objectives,
alleviating congestion versus reducing traffic emissions (/4). However, no pre specified
constraints were considered in the model. Sharma and Mathew, 2007 studied transportation
network design in a bi-level problem when user is conscious about emission, in terms of
emission cost (/5). This was modeled in traffic assignment stage by a generalized cost function;
a convex combination of travel time function and emission function.

Although most of these studies have tried to understand emission reduction either
formulating it as objective in the traffic assignment problem or making improvement (i.e.
capacity expansion and toll) to the network while minimizing the total emissions. However, there
is a need to model the optimal emission pricing value that reduces the emission while road user
behavior is captured and different planners’ perspectives can be accounted for, in terms of
various objectives. In this study we attempt to find the optimal emission price value for a
network such that it reduces the overall emissions and associated objectives for the planner.
Variety of constraints has been designed to be fit in the model as needed for planning and
analysis by the planner.

3. MODEL FORMULATION AND SOLUTION METHODOLOGY

In this study, the optimal emission pricing model is formulated as a bi-level problem with a
number of constraints. The upper level is the planner’s perspective i.e. either minimizing total
system emission (TSEM) or total system travel time (TSTT) or both objectives simultaneously
by determining a set of optimal emission pricing subjected to some constraints. The lower level
of the model represents the road user’s behavioral reaction towards the planner’s policy
decisions (optimal emission pricing vectors) subject to the classical deterministic user
equilibrium conditions. The deterministic user equilibrium is well known as static traffic
assignment and is commonly used to model the road user behavior in transportation planning.

3.1 Upper Level

In this study we formulate one Base-Case (do nothing) and nine different categories of models to
augment planners decision making procedure. The models have been developed to incorporate
various objectives of the planner either single or in combination at the upper level. The lower
level is same for all the models as it captures the user’s response towards planner’s policy at the
upper level. Table 1 represents the structure of the proposed models, their objectives and
constraints at upper level and lower level.
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Model-1 demonstrates the planner’s objective to minimize total system emission while
obtaining optimal emission pricing. The total emission ‘TE,’ is the sum of product of traffic flow
‘x,” and emission factor ‘ef,(v,)’ as function of average speed ‘v,” on link ‘a’ and length of the

link ‘l,;’. The emission pricing value ‘ez’ for each link acts as an additional cost for a road user
given by c, (x4, e,) as shown in equation (3). Thus different values of ‘es lead to change in

travel cost and hence variation in the flows throughout the network. The real value variable ‘ez’

is chosen such that it is within the value of 1 (i.e. maximum increase in travel cost is 100%) and
0 (i.e. no emission pricing at all). The change in flows because of emission pricing further causes
changes in travel time which varies the average speed on the link and further emission factor (see
equation 1) and hence total emissions.

Model-2 represents the planner’s goal to estimate total system emission by obtaining
optimal emission pricing such that total system travel time ‘77,” i.e. time spent by users in
transportation network remains minimum. It is given by sum of product of flow ‘x,’ on link ‘a’
and travel time t,(x, ) as a function of flow on the link ‘a’ (equation 2).

Model-3 depicts planner’s objective to minimize the total system emission subject to a
threshold ‘TTp’ on total system travel time. ‘TTp’ acts as a constraint, since the total system
travel time may get sacrificed in order to minimize total system emissions.

Model-4 is a case when planner minimizes total system travel time while keeping a
constraint on total emissions produced in the network. The constraint is written as total emission
budget ‘TEp’.

Model-5 is when planner has to constraint the emission produced on a particular link.
This case is relevant when particular route or link passes through a residential zone and planner
attempts to reduce emissions on that link to some extent while imposing emission pricing on the
network. The main objective of reducing total system emission is the same as model-4.

Model-6 employs a very different constraint of minimum volume and capacity ratio. This
is relevant if traffic flows from the longest route may get shifted to large extent on other links on
the same route due to emission pricing. For this constraint the minimal threshold for traffic flow
on a link can be decided by planner based on his/her experience.

Model-7 is a multi-objective model in which both objectives of total system travel time
and total system emissions are being minimized simultaneously. Since in multi-objective
problems, there is no best solution with respect to both objectives as a best solution for one may
be worse off at the cost of the other. Therefore, there usually exists a set of solutions and these
are called pareto optimal solutions. This model results a set of pareto optimal solutions and each
solution set has different values of policy variable.

Model-8 is also multi-objective model with emission produced on a link as a constraint
whereas Model-9 contains the constraint of volume capacity ratio. The multi-objective models
(Model-7, Model-8 and Model-9) are different from single objective models (Model-1 through
Model-6) since they consider both objectives simultaneously and offer variety of solutions to
choose from.
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The notations used in the models are given below:

TE,
1T,

X

e

TTs
TEg
E,
VC,
efa(Va)
Ly

fa

t,(x,)

c,(x,.e

a’“a

f r.s
k

K

I QI

. is the total system emission with emission pricing vector “e”
. is the total system travel time with emission pricing vector “e”
. is the vector equilibrium link flows, x = [x,].
. is the vector of emission pricing, e = [e,].
: is the maximum threshold for total system travel time fixed by planner.
: is the maximum threshold for total system emission fixed by planner.
: is the maximum accepted emission of a pollutant on link “a”.
: is the minimum required value of Volume Capacity ratio on link “a”.
. is the speed dependent emission factor for link “a” (gm/miles) where v, is link speed.
. is the length of link a (miles).
: free flow travel time.
: travel time as a function of flow x,.
): travel cost as a function of flow x, and emission pricing e,.
. is the flow on path k between OD pair r s.

. is 1 if route k between OD pair r, s uses link a, and 0 otherwise.

. is the set of links in the network.

. is the set of OD pairs.

. is the vector of fixed OD pair demands, q" € q.

. is the set of paths or routes between OD pair r and s.
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TABLE 1 Planner Based Models For Emission Reduction

Scenario* UPPER LEVEL LOWER LEVEL
OBJECTIVE CONSTRAINT OBJECTIVE CONSTRAINT
- - Xa
Base-Case Z f tq(xq)
~ Jo
<e <
Model-1 TE, = Z(xaefa(va)la) O=e. =1 Yok fIS=qTs

a
<e <
Model-2 IT, = Z(xata(xa)) Use, <1 X = z Z Z 5‘:’516 T
r s k

a

_ Ya(xata(xy)) <TTg
Models | TEe= ) (aefululle) | ZeCalaCia)? . _
a
- xgefa(y)ly <TE Zf €a(¥a, €a)
Model-4 T, = Z(xata(xa)) La%a ({“S(e‘:)sa 1 B o X, =0
Model-5 TE, = Z(xaefa(va)la) xaef‘;(”a)lg <Eq kEK acA
a Usea =<1 r,s €
X
Model-6 TE, = Z(xaefa(va)la) a/Ca > VG,
a 0< €aq <1
TE, = ) (taefu(va)lo) O e <1
Model-7 a
TT, = Z(xata(xa))
a
l,<E
TE, = ) (taefu()la) Fofaalle < Ea
Model-8 4
T, = Z(xata(xa))
a
X
TE, = Z(xaefa(va)la) a/Ca > Ve,
Model-9 a 0<e, <1

TT, = Z (xata(xa))

rs

Note : * The “Base-Case” scenario is solved as a simple UE assignment method (Lower Level only)
The emission function ef, (v,) typically has a polynomial form with an average link
speed ‘v,” as the dependent variable and is given as
ef,(vy) = by v2 + by v, + by (1)

where: b;, b,, and b; are the coefficients to be calibrated from the observed vehicular emission
data. In this paper we consider the pollutant as CO,, a major GHG and adopt a polynomial
function from El-Shawarby et. al. (16).The reason for considering only one pollutant is present
focus of agencies and policy makers on minimizing the GHGs from vehicles as discussed in the
introduction.

3.2 Lower Level

The lower level of the bi-level formulation assigns the trip matrix into the network using the
route choice algorithm. A user equilibrium assignment based on Wardrop's first principle is
proposed, which denotes that “no user can experience a lower travel time by unilaterally
changing routes” (/7). However, it assumes that the user has perfect knowledge of the travel cost
and flows are present simultaneously on all the links. In simple terms the equilibrium is achieved
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when the travel cost on all used paths is equal. This principle is behaviorally robust,
computationally efficient, and possesses unique solution (/8). The formulation for the user
equilibrium assignment in the form of an optimization problem is shown in second column of
Table 1. The travel time function 7,(.) is specific to a given link ‘a’ and the most widely used
model is Bureau of Public Roads (BPR) function given by

ta(xg) = t, (1 + a, (%Z))Ba (2)

where 1,(.) is free flow time on link ‘a’, and a, and [, are link specific constants, normally
calibrated using the observed field data. The BPR function is a monotonically increasing convex
function. The emission price variable e, changes to travel time into travel cost such that ¢ is
value of time in monetary terms ($/hr).
Ba
xa
ca(xp ) =@ (L+eg)ta(xg) =9 (1+e)to|1+aq (C_> 3)

a
Constraint shown in Table 1 for lower level are flow conservation equation, states that
the flow on all paths connecting each O-D pair has to be equal to the O-D trip rate. In other
words, all trips have to be assigned to the network. The next constraint is a definitional constraint

relating the link flows ‘x,’and path flows ‘f7*’. The remaining two constraints are non-negativity
conditions that are required to ensure that the solutions are physically meaningful.

3.3 Solution Algorithm

The overall solution algorithm is presented in Figure 1. The upper level is solved using genetic
algorithm (GA) since its efficacy in solving bi-level problems of large real sized network has
been proved in the literature (/9,20), which is our final objective to make the model realistic and
applicable. The lower level has been solved by using traditional Frank-Wolfe algorithm; the
detail algorithm is available in Sheffi, 1985 (18).

The algorithm starts with the upper level by reading all the inputs including network
details, demand matrix, constraints, link cost functions, travel time function, investment function
and emission cost functions. Inputs on constraints include total system travel time threshold
(TTp), total emission threshold (TEp), Volume capacity threshold (VC,) or maximum emission on
a link (E,). A population of link emission pricing vector is created and randomly initialized.
These trial links emission pricing vectors are then translated into the current travel cost. The
lower level algorithm is then invoked with the current link capacity vector where the demand
matrix is assigned into the network using the formulation presented in Table 1. The lower level is
solved using Frank-Wolfe Algorithm. The output of the lower level is the link flow vector which
is used to compute link travel time using the BPR function and travel cost. Since BPR equation,
is a monotonically increasing convex function and hence the travel cost is also convex function.
The travel cost on the link ‘a’ depends on the flows on that link alone, the lower level
formulation is convex. Therefore, there is a unique global solution and can be computed by any
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efficient convex combination method like Frank-Wolfe algorithm. The Frank-Wolfe algorithm,
used in this study, is extensively reported in literature and has been elaborately discussed in
Sheffi, 1985 (I8). Then TSTT is computed as the sum of the product of the link travel time and
link flows in the network. The average speed on each link is computed from the length and the
travel time on that link. The average speed on the link is used to derive emission factor based on
the equation 1. After calculating speed dependent emission factors, total emissions generated for
each pollutant is computed.

The emission of each pollutant is a cumulative sum of the product of the link lengths, the
traffic flow of particular mode and emission factor of a particular pollutant and mode. Thus, the
total system travel time and the total emissions computed will form the objective function values
of the current generation. Once the values of objective functions are obtained, solutions are
checked for constraint violation and fitness function is computed. If the current generation is
greater than the pre-specified maximum generations then algorithm is terminated. Solutions are
reported in the form of total system travel time, total emissions, emissions on each link, optimal
emission pricing vector, and link travel times. Otherwise, a new set of solutions are obtained
using the genetic algorithm. This process is repeated till number of generations is completed.

INPUT Start

Network Data

Travel time function [ c———————————Jee
OD Matrix Upper Level

Emission function

Generate population of
emission pricing vector

Randomly initialize emission
pricing vector

”»

e

Get travel cost from emission
pricing vector

Next Generation
gen=gen + 1

—> GA Operations

Lower Level

Traffic Assignment Using

v

Frank Wolfe Algorithm
OUTPUT

Objective function values

C'ompute,- ' OBJ 1= Total System Travel Time Totgl system travel time
Link travel time and Jor Emission of pollutants
Link emissions OBJ 2 = Total System Emission Pareto optimal solutions

Link Travel Cost

S |

FIGURE 1 Flowchart demonstrating solution methodology for proposed model
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4. TEST NETWORK

To explore the applicability of the model, a test network consisting of four nodes and five links is
considered (Figure 2). The length (), capacity (C), Free Flow Speed (FFS),a, and 3 of each link
is also presented in Figure 2. The demand from node 1 to node 4 is taken as 4,000 vehicle/hour.
For all single objective models (Base-Case and model 1 through 6), link level solution is
presented in Table 2. The link level result of each model is shown in form of link emissions, link
flow, link speed, link v/c ratio and optimal pricing for each link. The variation in each link
attribute with different pricing options is shown in Table 2.

FIGURE 2 Small Test network

In Table 2, the results for each link are different for Model-1 compared to Base-Case. All the
links are subjected to pricing thereby increasing the user cost such that the traffic flow is
dispersed so as to minimize total system emissions. For example, for link 1, the optimal travel
cost is 0.457 times the Base-Case travel cost (or Base-Case travel cost * 1.457). Similarly,
pricing of 0.921 is highest for link 3 in Model-1. These optimal travel cost values act as
impedance for road users such that shift in the traffic flows on various links result in the
minimum value of objective function.
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TABLE 2 Link level results for the test network
Model Link Emission (gm) Flow (veh/hr) Speed (mi/hr) | v/cratio Pricing
al 2,685,662 2,691 27 0.841 %
a2 1,746,202 1,309 21 0.793 -
Base-Case a3 929,875 1,380 36 0.431 -
a4 1,748,856 1,311 22 0.795 -
a5 2,683,558 2,690 27 0.841 -
al 1,973,520 2,084 31 0.651 0.457
a2 2,751,689 1,916 16 1.161 0.016
Model-1 a3 105,876 164 40 0.051 0.921
a4 2,758,747 1,920 16 1.164 0.134
as 1,969,025 2,080 31 0.650 0.764
al 2,727,533 2,726 27 0.852 0.291
a2 1,690,567 1,274 22 0.772 0.307
Model-2 a3 983,798 1,453 36 0.454 0.236
a4 1,688,157 1,273 22 0.771 0.457
a5 2,729,462 2,727 27 0.852 0.520
al 2,202,179 2,286 30 0.714 0.236
a2 2,404,236 1,714 18 1.039 0.063
Model-3 a3 352,331 543 39 0.170 0.811
a4 2,454,064 1,743 17 1.057 0.165
as 2,168,452 2,257 30 0.705 0.504
al 2,478,846 2,522 28 0.788 0.465
a2 2,013,908 1,478 20 0.896 0.213
Model-4 a3 719,226 1,086 38 0.339 0.220
a4 1,945,171 1,436 20 0.870 0.472
as 2,530,097 2,564 28 0.801 0.850
al 1,861,298 1,982 32 0.619 0.598
a2 2,930,494 2,018 15 1.223 0.008
Model-5 a3 546,786 835 39 0.261 0.811
a4 1,497,795 1,147 23 0.695 0.677
as 2,885,836 2,853 26 0.891 0.417
al 2,467,979 2,513 28 0.785 0.874
a2 2,028,624 1,488 20 0.902 0.386
Model-6 a3 663,561 1,006 38 0.314 0.087
a4 2,059,999 1,507 20 0.913 0.024
as 2,444,933 2,493 28 0.779 0.252

Note: No pricing is performed for Base-Case.

The system level results are presented in Table 3. In the second, third, and fourth column
TSEM', TSTT', and vehicle miles travelled (VMT") for each model is presented. In comparison
to Base-Case, there is 2.4% reduction in TSEM and 16.33% increase in TSTT is observed for
Model-1. The objective of Model-1 is minimization of TSEM, which shows the efficacy of

" In remainder of the paper total system emission is denoted as TSEM, total system travel time is denoted as TSTT,
and vehicle miles travelled is denoted as VMT.
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model in reducing TSEM, but this leads to increase of TSTT. Moreover the VMT decreases by
12.51% compared to Base-Case. Similarly Model-2 results show reduction in TSTT of 0.13%.

The Model-3 has an additional constraint of TSTT to Model-1 considering planners limiting
traffic congestion in form of pre-specified threshold for time spent in the network by users. The
threshold for TSTT can be pre-specified based on planner’s experience. However , the value of
TSTT was assumed as the average from Model-1 and Model-2 ie. 98,368 min
((105,858+90,878)/2). The Model-3 showed a reduction of 10.69% of VMT compared to Base-
Case (the reduction is slightly less than Model 1; i.e. 12.51%). There is 2.17% reduction in
TSEM compared to base case, while TSTT is increased by 7.96% (as opposed to 16.33% in case
of Model 2). Clearly, Model 3 performed better on both TSEM and TSTT compared to Model 1.
Model-4 represents a case where planner has a pre-determined target of reduction of emissions
for a system. This value can be anything like percentage reduction in emissions from current or
base case emission scenario. The difference between Model-2 and Model-4 is addition of upper
bound of TSTT as a constraint. The constraint value was chosen similar to Model-3. Model-4
shows a reduction of 1.09% in TSEM and increase of 1.18% of TSTT compared to Base-Case.
This model is useful when planner tries to simultaneously minimize congestion using pricing and
emissions in the system. Model-5 is constructed as an added layer of information from the
planner’s perspective. An additional constraint of threshold of emission on a particular link is
introduced in Model-5. This constraint makes sense from planner’s perspective as it is possible
that one link passes through residential neighborhood, and it is desirable to reduce emission on
the specific link/route. In the test network one link is considered while multiple links can be
easily integrated in case of a real world network. The link emission constraint was considered as
1,500,000 gm of emission threshold on link 4 in the test network (sixth row, Table 3). The results
show reduction of 0.73% of TSEM and increase of 10.64% of TSTT compared to the Base-Case.
Moreover VMT reduced by 9.28% for Model 5 in comparison to Base-Case. Model-6 represents
planner’s strategy towards containing a flow (i.e. v/c ratio) on a particular link. Since pricing
might result in shift of large flow on a particular link, this model results in optimal pricing such
that the flow on particular links is maintained to specified threshold v/c value. In the test network
the v/c ratio of 0.30 for link 3 is added as a constraint in Model-6 (seventh row, Table 3). The
results show reduction of TSEM by 1.32%, an increase of TSTT of 1.8% and 8.46% reduction of
VMT compared to the Base-Case. While various models were presented in this section, all the
models considered only one objective at a time at upper level, the next section explores the
consideration of more than one objective and solution for multiple objectives simultaneously.

4.1 Multi Objective Optimization Results for Test Network

While it is imperative to minimize TSEM and TSTT individually, from planner’s perspective, it
is desirable to consider both or consider a significant value of TSEM and TSTT as per the
planning need. Multi-Objective (MO) Optimization is suitable for considering more than one
objective function in the planning process. Three scenarios of MO optimization problems are
analyzed for the test network:
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Minimization of TSEM and TSTT with no additional constraint (Model-7)

e  Minimization of TSEM and TSTT with emission on a link as an additional constraint
(Model-8)

e  Minimization of TSEM and TSTT with v/c ratio on a link as an additional constraint
(Model-9)

The results from these models are presented in Figure 3. Unlike single objective optimization
results (Model-1 through Model-6), the results from Model-7 are series of pareto optimal
solutions satisfying both the objective functions (TSEM and TSTT) to varying degrees. Each
point on Figure 3 represents a unique value of TSTT and TSEM and contains a solution vector of
optimal pricing strategies for the network. For instance, two extremes of results on the pareto
optimal curves are: maximum emission with least TSTT, and maximum TSTT with least
emission (i.e. both ends of the pareto optimal curve). On the other hand, the pareto optimal
solution represents a spectrum of trade off solutions between the two extremes. Model-7
resulted in minimum TSEM of 9,558,480 grams, and minimum TSTT of 90,878 minutes that
concur with the optimal solution obtained from Model-1 and Model-2.

9,900,000
O Model-7
4 O Model-8
9,850,000
Model-9
9,800,000 -
@
£ 9,750,000
5 @
2 ®0000m0 00
=
& 9,700,000
H
9,650,000 %
°e
9,600,000 %0, %
Ooo
(-1 Oo
°0 oo
o 0
9,550,000 T T T T T T T |oo °
90,000 92,000 94,000 96,000 98,000 100,000 102,000 104,000 106,000 108,000
TSTT (minutes)

FIGURE 3 Pareto optimal solutions from Model-7, Model-8 and Model-9.

The next MO model is Model-8, which is a modified version of Model-7 with emission on
particular link as an added constraint. Figure 3 shows the set of pareto optimal solutions
generated for Model-8. The results show minimum TSEM of 9,722,392 grams, and minimum
TSTT of 91,113 minutes.
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TABLE 3 Network level results for the test network
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Constraint % Improvement™**
Link
TSEM TSTT VMT | TSEM TSTT Emission Link

Model (gm) (min.) (gm) (min.) (gm) v/c ratio TSEM TSTT VMT

Base-

Case 9,794,156 91,000 | 41,524 | - - - -
Model- 1 9,558,858" 105,858 36,328 | - - - - -2.40% 16.33% -12.51%
Model- 2 9,819,517 90,878 38,907 | - - - - 0.26% -0.13% -6.30%
Model- 3 9,581,261" 98,240 37,086 | - 98,368 | - - -2.17% 7.96% -10.69%
Model- 4 9,687,247 92,077 38,172 | 9,689,188 | - - - -1.09% 1.18% -8.07%
Model- 5 9,722,208" 100,683 37,670 | - - 1,500,000 | - -0.73% 10.64% -9.28%
Model- 6 9,665,096 92,637 38,011 | - - - 0.31 -1.32% 1.80% -8.46%

Note: *: Objective function; **: % improvement = (Subject model - Base-Case) *100 / Base-Case
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The higher value of TSEM and TSTT of Model-8 compared to Model-7 can be attributed to an
additional constraint of emission threshold on link 4. In Model-9 the constraint is with v/c ratio
on particular link (link 3 in this case). Similar to other solution we can see the set of solutions in
Figure 3. However most of the solution points overlap with Model-7 but because of the
additional constraints the range of solutions is smaller. The minimum TSEM value is 9,663,635
grams and TSTT is 90,878 minutes. The pareto optimal solutions provided options for the
planner to consider a desired solution from series of alternative solutions which cannot be
obtained by single objective optimization (Model-1 to Model-6).

4.2 Synthesis of Test Network Result

Synthesis of the test network result for all models in the form of TSEM and TSTT is presented in
Figure 4. A total of 13 data points are presented. One Base-Case, six single objective
optimization models, and two subset of the pareto optimal results for three MO optimization
solutions (2x3). The two subsets of MO include minimum of objective 1 and objective 2. These
data points for multi-objective optimization is an indicative of array of pareto-optimal solutions,
where as one can choose any other desired data points. The test network results can be
summarized as follows:

¢ Minimum TSEM is achieved by Model-1. Similar result is also achieved by Model-7, at
the minimum of objective 1. The robustness of the multi-objective optimization (in
Model-7) is demonstrated with realization of similar TSEM to Model-1.

e  Minimum TSTT is achieved by Model-2. Similar TSTT is also achieved by Model-8, at
the minimum of objective 2.

® Model-3 produced second-best TSEM (first best being Model-1), with improved TSTT.
Along with the single objective optimization, the multi-objective optimization provided a
range of options to select for the decision makers.

e Model-4 through Model-6 and other multi-objective optimization solution points
produced intermediate solutions of TSEM and TSTT. These solution points can serve as
tradeoff between the two spectrum of minimum TSEM and TSTT.

S. CASE STUDY

The Central Business District (CBD) of Mumbai, India commonly referred as “Fort Area” is
considered as the case study in this paper. All the links in the Fort Area network carries heavy
traffic during peak hours on weekdays. The topography of the Fort Area is presented in Figure 5.
Traffic flow data is for evening peak hours (between 5:00 p.m. to 7:00 p.m.) of working days.
The road network has 17 highway nodes and 56 highway links. Various traffic flow and network
parameters such as OD matrix, mode split, a,, B,, free flow speed, and capacity are reported in
Sharma and Mathew (75). The original OD matrix was increased by employing a growth factor
of 1.2 to represent the present demand on the network. The peak period trips in the network are
37,317 vehicles. The link characteristics of the network have remained unchanged as reported in
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FIGURE 4 Synthesis of Test Network Results
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Sharma and Mathew (/5). The GA parameters were chosen after performing a sensitivity
analysis to obtain the best solution.

5.1 Case Study Results and Discussion
For the Fort Area network following results are presented.

e Base-Case

e TSEM minimization (Model 1)

e TSTT minimization (Model 2)

e TSEM and TSTT minimization (Model 7)

The other models (presented in Table 1) can also be solved using the proposed
methodology and adding the threshold value of various desired objectives as constraints. We are
presenting the working of only three basic proposed models for sake of brevity. The results from
Base-Case, Model-1, and Model-2 are presented in Table 4. Compared to Base-Case, Model-1
resulted in decrease in 2.38% of TSEM, while TSTT is increased by 8.45% (Second row, Table
4). Although this improvement is small it should be noted that the reduction in TSEM is only for
peak hour of the day since loaded demand is for peak hour. The overall reduction in CO, for a
complete day and over the entire life of the network will be substantial. Further the amount of
reduction in the emissions may vary among different networks based on network topology and
demand. In this case study, the network is heavily congested (V/C>0.9) and lack of efficient
alternative routes may not cause substantial reduction in emissions. For Model-1 the VMT is
decreased by 2.82% (Second row, Table 4). The reduction in amount of pollutant also depends
on the relation of emission factor with the speed. The more sensitive the emission factor of a
pollutant to average speed, more reduction can be achieved by containing traffic flow (and hence
speed) by emission pricing.

Model-2 resulted in marginal increase and decrease in TSTT and increase in TSEM, and
VMT. This can be attributed to congestion level on the case study network. Had it been less
congested the reduction in TSTT would have been more. MO optimization (Model-7) was also
performed for the Fort Area network. The pareto optimal solutions for Model-7 are presented in
Figure 6. Minimum TSEM of 12,469,310 grams and minimum TSTT of 167,610 minutes are
resulted from Model-7. The set of solutions shows the capability of model to provide a large
number of choices to the planners. Results of Model-8 and Model-9 for fort area are not
presented in this paper for brevity.
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TABLE 4 Emission Pricing Results for the Fort Area Network

% Improvement™**
Model TSEM TSTT VMT
TSEM TSTT VMT
Base-Case 12,769,641 168,045 29,192
Model-1 12,465,742* 182,252 28,370 -2.38% 8.45% -2.82%
Model-2 12,832,822 167,685* 29,585 0.49% -0.21% 1.35%
Note: *: Objective function; **: % improvement = (Subject model - Base-Case) *100 / Base-Case
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0
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n %
i Do,
12,550,000 w%\
12,500,000 .= (‘%
@000
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TSTT (minutes)

FIGURE 6 Pareto optimal solutions for Fort Area Network

6. CONCLUSION

The paper presents a series of alternative approaches for planners to minimize emission
considering a number of options such as emission pricing, link specific emission and flow
constraints. A Base-Case and six single objective optimization models are presented. The
objective is kept as minimization of TSEM or TSTT. The functionality and significance of each
model is examined with the help of a test network. Improvement of specific measures such as
TSEM, TSTT, and VMT are compared to the Base-Case. In each of the six models, either TSEM
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or TSTT is minimized subjected to a set of emission pricing options. In addition to TSEM and
TSTT minimization, threshold for maximum acceptable emission, system travel time and link
flows and emission are considered as constraints. To minimize and consider both objectives
(TSEM and TSTT) simultaneously multi-objective optimization models were proposed. As
opposed to single objective optimization, multi-objective optimization models provided a set of
pareto-optimal solutions to act as tradeoffs between TSEM and TSTT to account for the
planner's desired objectives.

The transportation network in the CBD of Mumbai, India was considered in the case
study. Single objective models produced better TSEM and TSTT based on their corresponding
objective function when compared to the Base-Case. In addition, the multi-objective
optimization model produced a set of solutions to choose considering both TSEM and TSTT. All
the proposed models offer strategies to minimize emission with a number of insights to the other
network parameters such as VMT and average travel time. The proposed models can serve as a
set of useful tools to minimize emission, travel time and both. An insight from the study is
minimizing total system travel time does not reduce the total emissions produced in the
transportation system. The robustness of the proposed models is examined with the case study,
and the framework can be used to solve medium to large scale city networks. Although only CO,
has been studied in this paper as it being a GHG and pollutant of immediate concern, the
proposed models are generic and applicable for various other pollutants. However, the amount of
reduction in emissions from the proposed models depends on the network characteristics and
pollutant type. This study can be further extended by incorporating multi-modes and interaction
among these modes in modeling.
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