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Motivation

The U.S. Ailing Infrastructure

. of the nation's 590,750 bridges were rated
structurally de cient or functionally obsolete. The degiation
of transportation networks due to poor maintenance, natura
disasters, deterioration over time, as well as unforeseen

attacks now lead to estimates Gf in the U.S. in
terms of needed repairs for roads alone. Poor road condgtion
in the U.S. cost motorists in repairs and operating

costs annually (ASCE Survey (2005)).

» Due to the constant breakdowns of the U.S. transportation
networks and the increasing number of vehicles, American
commuters now spené a year stuck in trac,
which translates to a cost of a year to the
economy (ASCE (2005)).
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Motivation

The U.S. Ailing Infrastructure

e The U.S. is experiencing a freight capacity crisis that
threatens the strength and productivity of the U.S. econamy
According to the American Road & Transportation Builders
Assaociation (see Jeanneret (2006)), nearly’s of U.S. freight
is carried in the U.S. on highways, and bottlenecks are aayisi
truckers of delay annually with an estimated
associated cost of

e The number of motor vehicles in the U.S. has risen Ly
since 1960 while the population of
licensed drivers grew by (U.s.
Department of Transportation (2004)).

Anna Nagurney, Qiang Qiang, Ladimer S. Nagurney Environmental Impact Assessment Indices



Motivation

Transportation Network Capacity and Its Environmental
Impact

e According to a U.S. EPA (2006) report, the transportationer in
2003 accounted for of the total greenhouse gas emissions in
the U.S. and the increase in this sector was

e The energy use due to transportation is expected to increlage
between 2003 and 2025, even with modest improvements in
the e ciency of vehicular engines.

e A study claims that infrastructure capacity increases aiedtly
linked to decreases in polluting emissions from motor vigsic
Using a tra ¢ micro-simulation, it showed, for example, tha

swithout generating
substantially more car trips (Knudsen and Bang (2007)).
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Figure: Melting Ground and Sea Ice Destroying Villages in Alaska,
Source: globalwarming.house.gov
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Figure: Examples from Alaska, Source: Smith and Levasseur
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Motivation

Figure: Roads are Damaged by Floods, Source: The Oregonian
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Trans. Networks and Emissions

Notation for the Transportation Network Models

® Network G with the set of linksL with n_ elements, the set of paths
P with np elements, and the set of O/D pairg/ with ny elements.

e The set of (acyclic) paths connecting O/D paiw are denoted by
Pw, the links bya; b, etc, the paths byp; g, etc., and the O/D pairs
by w1, ws, etc.

e The ow on path p is denoted byx, and the ow on linka by fa. x
is the column vector of all path ows and is the column vector of
all link ows.

e Travel cost on a pattp is denoted byC, and the travel cost on a
link a by c,. C is the column vector of all path costs andis the
column vector of all link costs. Assume that the user link tos
functions are continuous.

® Denote the travel demand between O/D pawv by d,, and the
travel disutility by ., whered,, is xed and known for allw.
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dw = Xp; 8w 2 W; (2)
p2 Py

lia = Xp ap; 8a2L; (2)
p2P

where 5 = 1, if path p contains linka, and 5, = 0, otherwise.

G = Ca apy 8p2P; ©))
a2l

The user cost on linka is denoted byc, where
Ca= Ca(fa); 8a2L: (4)
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calfa) = 191+ k(%) | 8a2 L, 5)

U, is the \practical" capacity on linka, which also has the
interpretation of the level-of-service ow ratey is the free- ow
travel time or cost on linka; k and are the model parameters
and both take on positive values. Typically, in application
k=:15and =4.

Anna Nagurney, Qiang Qiang, Ladimer S. Nagurney Environmental Impact Assessment Indices



Motivation Literature  Trans. Networks and Emissions Assessment Indices Link Importance Numerical Examples Summary

Ca= ) = Cald) = QLKD) ] f 822l (§)

TC = ¢Ca(fa); ()
a2L

where the link owsf must lie in the feasible sek:
K f f 2 Rj9x 2 R{® satisfying (1) (2)g.
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Trans. Networks and Emissions

The U-O and S-O models that we utilize are classical (see
Beckmann, McGuire, and Winsten (1956) and Dafermos and
Sparrow (1969)).
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The User-Optimized (U-O) Problem

A path ow pattern x 2 K}D where

K' f xjx 2 R anddy = ,p, Xp; 8W 2 W holdg, is said to
be a transportation network equilibrium, in the case of xed
demands, if the following condition holds for each O/D pair

w 2 W and every pathp 2 Py,:

=0; if Xy > o,

GO w 0 if x,=0. ®
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Trans. Networks and Emissions

Equivalent Optimization Problem

The equilibrium link ow (and path ow pattern) can be obtaiad
via the solution of the following optimization problem:
X £
Minimize >k Ca(y)dy: 9)
a2l ©
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Trans. Networks and Emissions

The System-Optimized (S-O) Problem

Assume that there is a central controller of the tra c who rdes the
tra c in an optimal manner so as to minimize the total cost inhie
network. That is,
. . . X
Minimize ok €a(fa) (20)
a2l
The total cost on a path, denoted b¢,, is the user cost on a path times
the ow on a path, that is,

& = Coxp; 8p 2 P; (12)
where the user cost on a patl@,, is given by (3).

In view of (2), (3), and (4), one may express the cost on a pgtlas a
function of the path ow variables and, hence, an alternativersion of
the above S-O problem with objective function (10) can betsthin
path ow variables only, where one h)e%s now the problem:

Minimize ok 1 Co (X)Xp (12)
D2 P
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System-Optimality Conditions

Under the assumption of increasing user link cost functiathe objective
function (10) in the S-O problem is convex, and the feasibé¢ K? is
also convex. Therefore, the optimality conditions, that the
Kuhn-Tucker conditions are: for each O/D paw 2 W and each path

p 2 Py, the ow pattern x 2 K, must satisfy:

= o if xp > 0,
é,‘j(x) x; if xz=0, (13)

whereé\,‘j(x) denotes the marginal of the total cost on path, given by:

X @y(fa)
&(x) = a (14)
P a2l @. P

evaluated in (13) at the solution and,, is the Lagrange multiplier
associated with constraint (1) for that O/D paimw.
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Emission Functions

* Alexopoulos and Assimacopoulos (1993) have argued that
carbon monoxide (CO), since it is emitted exclusively by
vehicular tra c, is important as an indicator for the levelfo
atmospheric pollution generated by such tra c.

» It has been shown that CO is the most signi cant pollutant
among all other types of vehicle emissions (cf. US Departinen
of Transportation Federal Highway Administration (2006b)

e It is noted that other pollutants that are related to congésh
exhibit similar behavior (cf. Hizir (2006) and the Califoen
Air Resources Board (2005)).
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Emission Functions (Cont'd)

Yin and Lawphongpanich (2006) utilized the following furan to
estimate vehicular CO emissions:

ea(fa) = 0:2038 ca(fa) 7792 (gin) (15)

wherel, denotes the length of linla and ¢, (cf. (4)) corresponds to the
travel time (in minutes) to traverse link. The lengthl, is measured in
kilometers for each linla 2 L and the emissions are in grams per hour.

The expression for total CO emissions on a lamkdenoted bye(fy), is
then given by:

&(fa) = ea(fa) fa ()]
The total emissions of CO generated on a network is denoted Byand
is, hence: X
TE = &,(fa): a7)
a2l
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The Environmental Impact Assessment Indices for
Transportation Networks

The environmental impact assessment indices for a tranigiam
network G with the vector of demandsl, the vector of user link cost
functionsc, and the vector of link capacities are de ned as the relative
total emission increase under a given uniform capacity méten ratio

(2 (0;1]) so that the new capacities (cf. (5)) are given by. Letc
denote the vector of BPR user link cost functions and tedenote the
vector of O/D pair travel demands.

TE, o TEu o
TEu o
whereTEy o andTE, , are the total emissions generated under the

user-optimizing ow pattern with the original capacitiesnd the
remaining capacities (i.e., u), respectively.

Ely, o = Elu o(G;c;d; ; u)= (18)
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Assessment Indices

The Environmental Impact Assessment Indices for
Transportation Networks (Cont'd)

TEg o TEs o
TEs o
whereTEs o and TEg 4 are the total emissions generated at the

system-optimizing ow pattern with the original capaciteand the
remaining capacities (i.e., u), respectively.

Els o = Els o(G;cid; ; u) = 19)

A transportation network, under a given capacity retentideterioration
ratio (and under either the S-O or the U-O travel behavior), is
considered to beenvironmentallyrobust if the indexEl is low. This
means that the relative total emissions do not change mucll,amence,
the transportation network may be viewed as being more rapfrem an
environmental perspective.
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Link Importance

Link Importance ldenti cation and Ranking
Link importance indicators from the point of view of envinmental
impact assessment:

| _TEy o(G I) TEu o
u o~
TEu o

(20)

i _TEso(G ) TEso

(21)

wherel|;  denotes the importance indicator for linkassuming the U-O
behavior and  denotes the analogue under the S-O behavior;

TEyu o(G ) denotes the total emissions generated under the U-O
behavior if linkl is removed from the network antiEs o(G 1)
denotes the same but under the S-O behavior. Based on theispec
values of (20) and (21) the links for a given transportatioetaork can
then be ranked.
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Numerical Examples

The Yin and Lawphongpanich (2006) Network

The topology of the rst transportation
network that we studied is depicted on the

right. There are two O/D pairs in the 1 a

network: wy = (1;3) andw, = (2 ; 4) with @)

demands ofd,, = 3000 vehicles per hour @@ g

and d,,, = 3000 vehicles per hour. The user 2 6

link cost functions, which here correspond e & @9
to travel time in minutes, are of the BPR b

form given by (5) and are as follows:
Ca(fa) = 8(1+ :15(fa=2000Y"); cy(fy) = 9(1+ :15(f,=2000}");

ce(fe) = 2(1+ :15(f.=2000}"); cq(fq) = 6(1+ :15(f4=4000})
ce(fe) = 3(1+ :15(f=2000)); c; (f; ) = 3(1+ :15(f; =2500);
c(fy) = 4(1 + :15(f;=2500}"):
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Numerical Examples

The Yin and Lawphongpanich (2006) Network (Cont'd)

The lengths of the links, in kilometers, in turn, which areeded to
compute the environmental emissions are given by:

la=8:0;1p =9:0; I =2:0; Iy =6:0; [ =3:0; |y =3:0; Ig =4:0:

Table: Total Emissions Generated (grams/hour) and Environmental
Impact Indicators for Varying Degradable Capacities foetkiin and
Lawphongpanich (2006) Network

TEy o Ely o TE s o Elg o

1 26, 74462 .0000 27,14019 .0000
9 27,33624 .0221 27,56500 .0157
8 27,98255 .0463 28,04561 .0334
7 2882011 .0776 28,75398 .0595
:6 30;291.05 .1326 30, 16284 1114
5 33,87437 .2666 33,75830 .2438
‘4 | 4503394 .6839 44,97011 .6570
S 88,96412 2.3364 88;94363 2.2772
2| 35563984 | 12.2976 | 35563628 | 12.1037
1| 5;351,01500 | 199.0782| 5;351;01650 | 196.1621
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Figure: Ratio of TE;, 5 t0 TE s o
for the Yin and Lawphongpanich
(2006) Network
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Figure: Plot of El, 4 and Ek g
for the Yin and Lawphongpanich
(2006) Network
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Numerical Examples

Link Importance

Figure: Link Importance Values and Rankings Under the U-O and the
S-O Behavior for the Yin and Lawphongpanich (2006) Network
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Numerical Examples

The Sioux Falls Network

There are 528 O/D
pairs, 24 nodes, and
76 links in the
Sioux-Falls network.
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Numerical Examples

Algorithms

e The projection method (cf. Dafermos (1980) and Nagurney
(1999)) with the embedded Dafermos and Sparrow (1969)
equilibration algorithm (see also, e.g., Nagurney (1984))d
the column generation algorithm (cf. Leventhal, Nemhauser
and Trotter (1973)) were utilized to compute the equilibriu
solutions.

e Based on the equilibrium solutions, the network e ciency wa
determined and the importance values and the importance
rankings of the links were computed.
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Table: Total Emissions Generated (grams/hour) and Environmental
Impact Indicators for Varying Degradable Capacities foet8ioux Falls

Network

TEy o ( 1) | Ely o |[TEs o 1F) | Elg o
1 2:2323 .0000 5:2578 .0000
9 2:5964 .1636 7:2030 .3700
8 3:2447 4542 10:6592 1.0273
7 4:4820 1.0087 17:2023 22717
6 7:0677 2.1675 30:7401 4.8466
5 131320 4.8854 623732 10.8631
4 30:0623 12.4720 1505202 27.6279
3 92:0500 40.2540 4731643 88.9920
2 4605401 205.3999 | 23907321 | 453.6959
1| 73486102 | 3292.4000, 382351022 | 7271.0529
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Figure: Ratio of TE, , to TEg  for the Sioux Falls Network
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Figure: Ratio of E|,  to Elg 4 for the Sioux Falls Network
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Summary

* We proposed environmental impact assessment indicatoas th
allow one to determine the environmental impacts of the
degradation in transportation network link capacities.

e The proposed indicators can evaluate the impacts assodiate
with either the U-O behavior or the S-O behavior.

* We illustrated through numerical examples that there may be
ranges of link capacity deterioration for which the U-O
behavior yields lower emissions than the S-O behavior and
vice versa.

e We also proposed link importance indicators that allow foet
evaluation of the impact on environmental emissions if &lin
deteriorates to such a degree that it is no longer usable.

* Further research should include the extension of the resirit
this paper to multimodal transportation networks and mugdte
pollutants as well as theoretical and computational seivity
analysis studies.
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Summary

Thank You!

For more information,
see http://supernet.som.umass.edu
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