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Evaluating the Efficiency of

Transportation Services on

Intermodal Commuter Networks

The Intermodal Surface Transportation Efficiency Act (ISTEA ) of 1991 and it
s successor , the

Transportation Equity Act for the 21st Century (TEA - 21 ) , changed the scope of the trans
portation planning process from evaluating new regional transportation facilities to develop
ing strategies which promote more efficient use o

f
the existing transportation infrastructure ,

and created a need for new and improved analytical tools to be used in the analysis and eval
uation o

f

intermodal networks . Transportation plans that are developedmust consider a range

o
f transportation options designed to meet the transportation needs o
f
a state including a
ll

modes and their connections . Transportation planners need to investigate programs aimed a
t

reducing our reliance o
n single -occupant vehicles andmaking alternatives such a
s transit ,high

occupancy vehicle lanes , and bicycle and pedestrian facilities a more important part o
f

the
transportation program . This paper presents an efficient method fo

r
analyzing and evaluat

in
g

intermodal commuter networks ,modeling interactions between modes ,making predic
tions regarding future network activity in terms o

f

traffic volumes and travel costs , and aid
ing the decision making process in terms o

f

future transportation plans b
y

evaluating

alternative policies fo
r

improving the efficiency o
f

high occupancy modes ,mitigating conges
tion , reducing energy consumption , and a

ir pollution .

b
y

Maria P . Boilé

' he transportation -related provisions

o
f the Clean Air Act Amendments

(CAAA ) of 1990 , the Intermodal Sur -

face Transportation Efficiency Act (ISTEA )

o
f

1991 and it
s

successor , the Transportation
Equity Act for the 21st Century (TEA - 21 ) ,

create a need for new and improved analyti

cal tools to be used in the analysis and

evaluation o
f

intermodal networks . An inter
modal network can b

e

defined a
s

a
n inte

grated transportation system consisting o
f

two o
r

more modes ,which are connected
through facilities that allow travelers and
freight to transfer from onemode to anoth

e
r during a trip . Intermodal networks aim to

provide efficient , seamless transport of peo -

ple and goods from one place to another .

The new legislation changes the scope o
f

the transportation planning process from
evaluating new regional transportation facil
ities to developing strategies , which promote
more efficient u
se o
f

the existing transporta

tion infrastructure while enhancing a
ir qual

it
y . Transportation plans that are developed
must consider a range o

f transportation
options designed to meet the transportation

needs o
f
a state including allmodes and their

connections . Transportation planners need

to investigate programs aimed at reducing

our reliance o
n single -occupant vehicles and

making alternatives such a
s transit , high

occupancy vehicle lanes , and bicycle and
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pedestrian facilities amore important part of
the transportation program .
Most of the widely used transportation
planning model applications, which are
based on a sequential set of analyses , were
developed to analyze capacity expansions .
These applications do not have the ability to

determine the interactions between different
transportation modes serving the same net
work and evaluate the effects of a change in
the service provided by onemode , to the per
formance of the other , competing modes.
Existing applications are not suitable for
meeting the new legislative requirements or
performing tasks such as evaluating conges

tion pricing, transportation control meas
ures, alternative development patterns or
motor vehicle emissions (Shunk , 1992 ).
This paper presents an efficient method

for analyzing and evaluating intermodal
commuter networks,modeling interactions
between modes ,making predictions regard
ing future network activity in terms of traf

fi
c volumes and travel costs , and aiding the

decision making process . Themethod can be

used b
y transportation planners to evaluate

alternative policies for improving th
e

effi
ciency of high occupancy modes ,mitigating
congestion , reducing energy consumption ,

and a
ir pollution .

origin -destination pair on a network , the
journey times o

f

all utilized routes are equal ,

and less than those which would b
e experi

enced o
n any unused route . A more general

expression o
f

this statement considers a gen

eralized cost , disutility , o
r negative utility

function including monetary , qualitative and
time costs as the journey impedance . Dis
crete choicemodels , also known as random
utility models , describe the choices o

f indi
viduals between competing alternatives

(Domencich and McFadden , 1975 ; Oppen
heim , 1995 ) . Nested logit discrete choice
modelsmay be used to formulate themode
choice using various levels and groups o

f

similar characteristics . For example , the
upper level o

f
th
e

general model shown in

Figure 1 may b
e

used to model traveler ' s

choices ( V
i ; being the number o
f

travelers

between origin i and destination j ) of using
rail , auto ,bus , or any other mode group k .

Assuming that a traveler uses auto , the lower
level would determine the choice o

f driving

alone , using a 2 - , 3 - , or more -person carpool

o
r any other alternative m within the same

group . For travelers using bus , the lower
level would model the choice o

f
a specific bus

route among the available alternatives m

within the group .

Performance , or supply functions describe
the relationship between flow , capacity , and
level o
f

service -price . Typically ,average user
cost -volume relationships are used to

describe the performance o
f transport sys
tems . Factors that need to b

e

considered in a

motorist ' s average user cost function include
travel time , comfort , and safety ,which can

THEORETICAL BACKGROUND AND

PREVIOUS DEVELOPMENTS

The specific problem o
f

concern in this paper

is that o
f

network equilibrium modeling for
intermodal transportation planning applica

tions . Network equilibrium is defined

(Friesz , 1985 ) a
s
a nonnegative flow pattern

occurring o
n a given network which is con

sistent with market clearing ( i . e . , with supply
equals demand ) and with postulated behav

ioral principles describing decision makers

active o
n

the network , such a
s

the user equi

librium principle (Wardrop , 1952 ) . The user
equilibrium principle states that for every

Figure 1 :Nested Logit Model Structure

Upper Level

Vijk

0

Lower Level

o . . . . . b Vijm

7
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The two are

collectively be referred to as level of service,

and tolls , parking fees, and some of the
operating and maintenance costs of the vehi

cl
e

which comprise the out o
f pocket ,mon

etary costs . A transit user's cost function
would consist o

f

similar factors , including

travel time , comfort and safety , and fares as

th
e

out o
f pocket cost . Depending o
n

the

assumed behavior o
f management of trans

portation facilities in modifying characteris
tics under it

s

control such as service frequen

cy , cost and even vehicle technology , several
types o

f

user cost -volume functions have

been developed (Morlok , 1978 and 1979 ) .

types that used in this paper are :

Type I which presumes only the volume of

traffic varies , with al
l

characteristics o
f

the

facility o
r

carrier service , under the control

o
f management , assumed to b
e fixed and

Type II which includes managerial responses

to volume variations . Figure 2 shows exam
ples o

f Type I and Type II functions .

Part ( a ) o
f Figure 2 shows a Type I func

tion which represents a system o
r facility for

which the user cost is a
n increasing function

o
f

volume . This function can b
e representa

tive o
f
a congested highway segment . Exam

ples o
f

this function can be found in Levin
son e

t a
l
. ( 1975 ) and the U.S. Bureau o
f

Public Roads (1964 ) congestion curves . Part

( b ) shows a Type II function which repre
sents a system o

r facility in which changes

in the operating plan can b
e introduced

Figure 2 : User Cost - Volume Relationships fo
r

Users o
f Transportation Facilities

U
se
r
C
o
st

0

Volume

( a ) Type 1

based on considerations of volume . This

function can b
e representative o
f
a public

transit system . A
s

a
n example , themanage

ment o
f
a bus o
r

train service can schedule

departure frequencies and other characteris
tics such as vehicle size and accelerated oper

ating regimes o
n
a route primarily o
n

the
basis o

f

demand for transport .

The user equilibrium principle was for
mulated a

s
a mathematical programming

problem b
y

Beckmann , McGuire and Win
sten ( 1956 ) , who used the Kuhn -Tucker con
ditions to show that the solution to this

problem is equivalent to the user equilibrium

conditions . A computational algorithm ,

which may b
e used to solve this problem ,

was developed the same year b
y

Frank and
Wolfe ( 1956 ) . Numerous mathematical for
mulations and efficient algorithms have been

developed to model transportation networks

(Florian and Nguyen , 1974 ; Evans , 1976 ;

Florian , 1977 ; Abdulaal and LeBlanc , 1979 ;

Boyce , 1980 ; LeBlanc and Farhangian ,

1981 ; Fisk and Nguyen , 1981 ; LeBlanc and
Abdulaal , 1982 ; Dafermos , 1982 ; Boyce et

a
l
. , 1982 ; Florian and Spiess , 1983 ; Boyce ,

1984 ; Boyce and Zhang , 1996 ) . These
papers present models , which consider either

one- o
r

two -mode networks . When two
modes are considered , traffic is assigned over
modal networks . None o
f

the models con

siders connections between modes and as a

result they d
o

not apply to intermodal net

U
se
r
C
o
st

Volume

( b ) Type 1
1
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works . The first network equilibrium mod

e
ls , which explicitly consider and analyze

intermodal networks , are presented in Fer
nandez et a

l . (1994 ) , and Boilé et al . (1995 ) .

Fernandez e
t a
l
. (1994 ) presents model for

mulations , which consider two alternative
modes available a

t each origin o
f

the net
work . The alternatives are either auto and
metro o

r auto and combined (auto - to -metro )

modes . Combined modes are considered
only a

t those origins where metro is not
available . Boilé e

t a
l . (1995 ) considers inter

modal trips a
s
a
n option a
t every origin o
f

the network . This complicates the mathe
matical formulation and solution o

f

the
problem ; however , it captures a common fact

in most U . S . urban areas , that even when a

traveler has an option to walk to a nearby

train station , he /shemay prefer to drive to

o
r b
e dropped off at another station along

the route .

The performance o
f
a transportation sys

tem is typically described through Type I

functions . Type II functions were developed

with a view toward their inclusion in net
work equilibrium models (Morlok , 1978 ) .

The need to use these functions in network
equilibrium models is also evident in a con
jecture b

yMogridge (1985 ) who indicated
that the only way to increase the road speed

within and around a central conurbation is

to increase the speed o
f

the rail ( or other high
capacity ) system . It seems appropriate to

develop models that can predict such a
n

equilibrium , if rail frequencies are adjusted

in relation to transit demand . The only
attempt to develop such models b

y

includ
ing Type II functions in a passenger network
equilibrium context is presented in Boilé

(1995 ) .

Nested logit models have been tested and

used in the estimation o
f

travel volumes b
y

mode , transit station , or both (Fan e
t a
l . ,

1993 ; Miller , 1993 ; Forinash and Kopple -

man , 1993 ; and Ortuzar , 1983 ) . These mod

e
ls , however , only formulate the demand side

and have not been implemented within a

demand -supply network equilibrium con
text . The properties of these models a

re dis
cussed in Hartley and Ortuzar ( 1980 ) and
McFadden (1979 ) .

This paper presents a network equilibrium

model for intermodal transportation network
planning . The supply side of themodel uses
Type I functions for systems that are subject

to congestion , such ashighways , and Type II

functions for rail transit , to capture the effect
that transit operators can adjust the rail serv

ic
e , specifically frequency o
r headway (the

time distance between successive vehicles ) o
f

the provided service , to better meet the
expected demand . The demand side of the
model uses a nested logit function , th

e

upper

levelwhich determines travelers ' preference
between auto and transit , and the lower level
that determines the choice between walking

to a train station (pure rail trip ) or driving to

a station ( intermodal trip ) .Walk is the only
access to auto considered in this model (auto
trip ) . The model may b

e

used to analyze

intermodal commuter corridors and evaluate
operating and pricing policies aimed a

t

improving the efficiency o
f

the transportation

service provided in these corridors .

Houte

MODEL FORMULATION

General Statement and

Equilibrium Conditions

The general expression o
f

the network equi
librium model presented in this section is :

( 1 ) min Z , s . t . : 2 ; x = bi , x20

where z is a non - linear objective function
and a ; x = b ; is a set of linear constraints . A

solution to this model is obtained using the
Lagrangian method . The Lagrangian o

f the
model is formulated b

y

multiplying the con
straints with Lagrangian multipliers u

i , and
introducing them in the objective function .

The mathematical program then becomes
equivalent to :

7
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Finally, no traveler has an incentive to
change mode for he /she cannot reduce the
travel cost . The difference between the gen

eralized cost for transit ( T) and auto ( A) trips

is given as :

1

(5 ) GI-60 ( In + ata )
Br "Tij

Demand Function

The upper level of the nested logit function

(D1 ) used in this model performs the choice
between auto and transit modes and has the
form :

1
(6 ) Ti = p

ij
1 + e
x
p
( U ] - U

Where the number o
f

auto users between i

and ; ( T ™ A ) is given a
s
a function o
f

the total

number o
f

travelers between i and ; ( TV ) and
the utilities for transit and auto . The transit

and auto utilities are given as functions o
f

the

generalized cost , as follows : U " = - B2GC " T

- Ata ) , and U " A = - B2GC " A.

The lower level (D2 ) performs the choice ,
within transit , between rail and intermodal
trips and has the form :
1

( 2 ) m
in
L = z + E
u
( b ; – a ; x ) , x 20

A solution is obtained b
y

estimating the
derivatives o

f

the Lagrangian with respect to

th
e

decision variables , setting them equal to

zero and solving the resulting equations . In

mathematical terms , the Lagrangian multi
plier u ; represents the shadow price fo

r
con

straint i the value ofwhich indicates the mar
ginal change in the value o

f

the objective

function as a result o
f
a marginal change in

the right -hand -side o
f

constraint i . The
resulting solution must satisfy the following
three equilibrium conditions :

First , for each trip type , no traveler has

a
n incentive to unilaterally change routes for

h
e /she cannot reduce the travel cost . This

condition takes the mathematical form :

( 3 )

= 0 if foo
t

20
GC * -GCH

120 if fou
n
t

= 0 ]

Wk.in ]

This condition indicates that a type k path

p from origin i to destination j is utilized ( i.e. ,

h
a
s
a nonnegative flow , or f'pk 20 ) only if the

generalized cost o
n

this path GC'pk is equal

to the minimum generalized cost for type k

trips for that 0 - D pair GC " k .

Second , n
o

transit user has a
n

incentive

to change trip type within each mode ( i.e
.
, n
o

traveler has a
n

incentive to change access
type (walk o

r

drive ) to transit ) for he /she
cannot further reduce the travel cost . In this

case , for each O - D pair , the difference
between the generalized cost for intermodal
and rail trips is given as :

( 7 ) T = Ti
1 + e
x
p
( ul - u

Where the utilities for intermodal and rail

are given as : U " m = -B ,GC " m - Omr ) ,and UCR

= -B ,GC " R , respectively .

( 4 )

Rij

1
(In м. + OMR )

B
i

Supply Function

Based o
n previous discussion o
n

the shape

and form o
f Type I (Levinson e
t a
l
. , 1975 ;

and the U.S. Bureau o
f

Public Roads , 1964 )

and Type II (Morlok , 1978 and 1979 ) func
tions a typical Type I generalized cost func
tion o

f
a link z has the form :

where : T " m and T " r represent the number o
f

travelers between i and j using intermodal

( M ) o
r

rail ( R ) , respectively , and AMR , B , are
model parameters .

79
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(y ))dy

This mathematical construct will minimize
average user cost according to the user equi

librium principle and determine the optimal

transit headway , while satisfying traveler
preferences , as these are described by the
equilibrium conditions stated above . The

first two components are the mathematical
expression of the user equilibrium principle
(Sheffi, 1985 ) while the last two components
are the integrals of the inverted demand
functions , D1 and D2 , which account for

traveler preference between auto and tran
sit , and between rail and intermodal. The
total demand conservation constraint indi
cates that the total demand between each

origin -destination (O -D ) pair is equal to the
sum of the auto and transit trip rates for this
O-D pair :

(12) T
ij
= T
L
+ T
Ë Vij

The auto demand conservation constraint

indicates that the auto trip rate for an O - D
pair is equal to the sum o
f

flows o
n

a
ll

auto
paths o
f

this O - D pair :

( 1
3
) TELES Vij

PA

The same constraint is written for the rail

and intermodal trip rates .

( 1
4
) T = ENTRE Vij

PR

( 1
5
) T
X
= ESM Vij

PM

cap ,

c ( x , ) = OOP , + VOTT * * ( 1 + 0
.1
5
* ( 1
1
) m
in
z =

( 1
1
) m
in z = joudy +Eſchem )

- E
p
ı
( wyd
w

- $ { p2 , " pdowhere : c ( xz ) is the generalized cost , which is

function o
f

flow x
z o
n

link z , OOP , is the out

o
f pocket cost on link 2 , VOTT is the value

o
f

travel time , used to express time in mone
tary terms , ff

z

is the free flow travel time , x
z

is the flow , and cap , is capacity on link z . A

typical Type II generalized cost function o
f
a

link r has the form :

( 9 ) c ( x ,, h , ) = OOP , + VOTT * ( , + U , * h , )

where h , is rail headway . An average rail user
wait time is a fraction ( U ) o

f headway . To
ensure that the model counts the wait time
only once for each user , U , is se

t

to be equal

to zero for rail links other than the critical

rail link ( cr ) . Critical rail link is the most
heavily utilized rail link . On a commuter cor
ridor , critical rail link is typically the last rail
link before the trip destination .

According to Morlok ( 1978 ) , the rail
headway has the form :

min h , for x , 2m

2 s

for n sx , sm }( 1
0
) h , =

max h , for x , sn

where S is train capacity ( in seats ) and 2 is a

pre -specified load factor . For a small num
ber o

f

rail users ( xzsn ) at least a minimum
service (maximum headway ) must be pro

vided . As the number o
f

rail users increases

in s x , sm ) the service becomes more fr
e

quent , until , due to safety considerations , it

reaches a maximum frequency ( o
r

minimum
headway ) at x ,sm .

Model Statement

The objective function o
f

the mathematical
model is :

The demand for transit conservation con
straint indicates that the transit trip rate

80
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between each O -D pair is equal to the sum of
rail and intermodal trip rates between this
O - D pair.

conditions . Themathematical proof is avail
able from the author upon written request .

EVALUATION OF NETWORK EFFICIENCY
(16 ) T = Tf + TË Vij

The link flow conservation constraints are

written for every link on the network , high
way (LZ ), rail (LR ), walking (LW ), and
transfer (LT). A transfer link connects high
ways and rail. The flow on each link is equat
ed with the sum of flows on all paths using

the link . Paths are identified by the binary
parameter S' ipp ; this parameter is equal to

one when link l is included in path P
k , and

zero otherwise . The auto occupancy rate

(occ ) is used to convert person trips to vehi
cle trips . Thus for each highway and trans

fe
r

link ( i . e . ,le LZ , LT ) this constraint is :

( 17 ) * - lę
k . •S + & % •S + & % •f : ]( 17 ) x , = - 288OCCI J PA ID

P

For each rail and walk link ( i . e . , le LR , LW

) this constraint is :

Themathematical modelmay b
e used within

the framework shown in Figure 3 to analyze

potential improvements and evaluate their
effects o

n travelers ' costs and choice of

mode , on th
e

performance o
f

th
e

transporta

tion systems , and on the overall performance

o
f

the network .

As the figure indicates , the mathematical
model estimates the traffic volumes , travel
patterns , travel times , and costs . This infor
mation is used to determine the impacts to

users and operators o
f

the transportation sys

tems and to the overall network perform

ance . The user costs are estimated in terms

o
f

out o
f pocket

expenditures and

VIELZ . LT time per mode , for
a trip between a
n

origin and a desti
nation . Transit operator costs are based o

n

the frequency o
f

the service provided and the

number o
f

transit vehi
cles necessary to operate

VIELR , LW a
t this frequency ,while
operator revenues are
estimated based o

n

the

number o
f

transit users and the fare each user

is paying fo
r
a trip between a
n origin and a

destination .

The overall performance o
f

the network is

estimated based o
n total user time and cost .

Based o
n these estimated impacts and a set o
f

criteria , such a
s

reduced average traveler

time , o
r

increased number o
f

transit users ,

each alternative is evaluated and compared

to other competing options . A new alterna
tivemay be formulated b

y

changing one or

more o
f

the input parameters such a
s speed

limits , fares , and tolls . The alternative is eval
uated using the mathematical model . The
process is repeated for every alternative o

r
Sy

( 18 ) = [ « . • < + % * * % + E % •7 ) VIELR . LW at this frequenc( 18 ) + ' s *

O py Py
Pw

The parking capacity constraint ensures that

the number o
f

cars parked a
t
a parking lot

does not exceed the available number o
f

parking spaces .

( 19 ) X
1
S Space VIELT

The last constraint o
f

the formulation is the
nonnegativity constraint which ensures that

the model does not generate negative path
flow values :

( 20 ) 2
0 V
p
e P
A , PR , PM

It can be proved mathematically that a solu -

tion to this model satisfies the equilibrium potential improvement policy .
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Figure 3:Methodological Framework
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CASE STUDY

The Raritan Valley commuter corridor was
used as a case study for this application . The
top part of Figure 4 shows the overall net
work ,while the bottom part shows th

e

com
ponents o

f

the network used for the planning

application .

Thenetwork consists o
f

five origins : West
field , Garwood , Cranford , Kenilworth and
Roselle Park , and one destination : Newark .

The street network consists ofmajor high
ways , including Interstate 78 , U . S .Route 2

2 ,

and the Garden State Parkway , as well as a

number o
f

local state routes . The rail corri
dor , Raritan Valley line , is operated b

y

New
Jersey Transit . Peak hour travel demand from
the five origins to Newark was obtained
from Bureau o

f

Census information . The
network consists o

f

120 links and 141 paths .

Network characteristics such a
s

link length
and number o

f

lanes were obtained from the
National Transportation Atlas Database

(1998 ) . Other data such a
s highway tolls ,

transit fees , and commuter parking availabil

it
y

were obtained through the Internet and

from site visits . A detailed description o
f

net
work characteristics is presented in Boilé and
Spasovic (1999 ) . The objective of this section

o
f

th
e

paper is to present an example o
f

the
type o

f output files generated b
y

the model
and how this information can be used to

evaluate alternative policies . Si
x

cases were
analyzed to demonstrate model results . The
first one , base case , represents the current sit
uation o
n the network during peak period .
Policy 1 is increased parking fees in the
downtown area by 2

5
% . Policy 2 is

decreased parking fees a
t

suburban train sta
tions b

y

2
5
% . Policy 3 is doubled highway

tolls o
n theGarden State Parkway . Policy 4 is

a combination o
f policies 1 and 3 . Policy 5

is a combination o
f

policies 2 and 3 .

Figure 5 shows themodal shares b
y net

work origin and policy . Part ( a ) of the figure
shows the auto share , part ( b ) shows the rail
share , and part ( c ) the intermodal share . In

terms o
f increasing transit ridership and

reducing the number o
f

auto users , Policies

1 , 4 and 5 seem to b
e

the most promising
ones . The percent reduction in auto use is in

themagnitude o
f
0 . 9 % for Policy 1 , 1 % for
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Figure 4 : Raritan Valley Commuter Corrodor
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Figure 5 : Modal Shares by Origin and Policy
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Policy 4 and 1.2 % for Policy 5 compared to
the base case . These results are consistent

with nationwide surveys , which predict that

transit incentives may divert a maximum of
about 2% of the auto users to transit (Man
heim, 1978 ).
Table 1 reports the estimated average gen

eralized user cost by mode . Policy 1 in

Table 1 : Average Generalized User Costs

Policy O - D Pair

Base Case Westfield - Newark

Policy 1

Garwood - Newark
Cranford - Newark
Kenilworth - Newark
Roselle Park - Newark

Westfield - Newark

Garwood - Newark
Cranford - Newark
Kenilworth – Newark

Roselle Park - Newark

Westfield - Newark

Garwood - Newark
Cranford - Newark
Kenilworth – Newark

Policy 2

Roselle Park - Newark

Policy 3 Westfield - Newark

Garwood - Newark
Cranford - Newark
Kenilworth - Newark
Roselle Park - Newark

Westfield - Newark

Garwood - Newark
Cranford - Newark
Kenilworth - Newark

Policy 4

Roselle Park - Newark

Westfield - NewarkPolicy 5

Garwood - Newark
Cranford - Newark
Kenilworth - Newark
Roselle Park - Newark

creased the average cost for auto users , since

it increased the parking fe
e

in the downtown
area . A

s
a result o
f

the parking fee increase ,

this policy resulted in some travelers switch
ing from auto to transit , but it did not have
any major effect on the rail and intermodal

average user costs .

Policy 2 , which decreased parking fees at

Auto Rail Intermodal

( $ /passenger )( $ /passenger )

15.5

( $ /passenger )

16.916.5

14.2 14.9 15.8

13.0 14.4 14.6

12.2 16.5

12.4 13.5 13.9

16.7 16.5 16.8

15.5 14.9 15.8

14.3 14.4 14.6

13.4 16.5

13.7 13.5 13.9

15.5 16.5 16.5

14.2 14.9 15.5

13.1 14.4 14.3

12.2 16.1

12.5 13.6 13.5

15.8 16.6 16.9

14.6 14.9 15.8

13.4 14.4 14.6

12.6 16.5

12.8 13.5 13.9

16.7 16.5 16.5

15.5 14.9 15.5

14.3 14.4 14.3

13.4 16.1

13.7 13.5 13.5

17.1 16.5 16.8

15.8 14.9 15.8

14.7 14.4 14.6

13.8 16.5

14.0 13.5 13.9
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suburban train stations , resulted in reduced
average user cost fo

r

intermodal users ,while

it did not substantially affect auto and rail
costs . Policy 3 , which increased highway

tolls , resulted in a
n

increase in auto cost

without substantially affecting rail and inter
modal costs . Policy 4 increased auto and
decreased intermodal costs without affect
ing rail costs . Finally , Policy 5 substantially
increased auto costs but did not have amajor

effect o
n rail and intermodal costs .

Table 2 shows estimates o
f

network per

formance , in terms o
f

modal time and gen

eralized cost . The values in the table indicate
that , in general , the total auto travel time
decreased for each o

f

the policies compared

to the base case . This is due to the decrease in

the number o
f

auto users .

The increased number o
f

transit users
resulted in a

n increase in rail and intermodal
travel time for each o

f

the policies compared

to the base case . The second part o
f

the table

indicates that , in general , the total auto gen
eralized cost increased for each o

f

the poli

cies with th
e

exception o
f Policy 2 . This is

due to the increase in parking fees in the
downtown area (Policies 1 and 4 ) , or in

highway tolls (Policy 3 ) , o
r

both (Policy 5 ) .

Policy 2 , which decreased parking fees at

suburban rail stations , resulted in some auto

and rail users switching to intermodal paths

and reduced the generalized cost for all
modes .

Table 3 shows the operating characteris

tics estimated b
y

themodel for each of the
alternative policies . The operating schedule

is determined based o
n the optimal headway .

For each o
f

the policies , the estimated opti
mal headway is approximately equal to the
base case headway . The suggested headway

is equal to 17 minutes ,which is equivalent to

a frequency o
f approximately 3 . 5 trains per

peak hour . Based o
n the service frequency ,

the hourly operating expenses for transit
may b

e

estimated . The model estimates the
operator farebox revenue b

y multiplying the
appropriate fare price b

y
the number o
f tran

si
t

riders .

Total Intermodal Time

(minutes )

Table 2 :Network Performance in Minutes and Cost
Policy Total Auto Time Total Rail Time

(minutes ) (minutes )

Base Case 18638 16745

Policy 1 18303 17092

Policy 2 18599 16651

11319

11561

11472

Policy 3 18544 16842 11387

Policy 4 18265 16996 11716

Policy 5 18210 17190 11629

Policy Total Auto Cost Total Rail Cost

( S )

Total Intermodal Cost

( S )( $ )

14336 5833 4457Base Case

Policy 1

Policy 2

15407 5954 4553

14308 5800 4416

Policy 3 14640 5867 4484

4512Policy 4

Policy 5

15377

15700

5920

5988 4581

8
6
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Table 3:Operating Characteristics
Policy Operating Schedule

(headway in min .)

Base Case 17.3

Operator Revenues

($ /peak period )

1158

Policy 1 17. 1 1168

17 .22 1159Policy 2

Policy 3

Policy 4

17.22 1161

17 .1 1170

Policy 5 17. 1 1171

CONCLUSIONSThemodel results may be used to evaluate
the alternative policies based on selected cri
teria . For example , if the objective of the
analysis is to determine the most efficient
method (among a given set of alternative
policies ) to reduce highway congestion , the
suggestion would be to implement Policy 5,
since it resulted in the largest decrease in

auto share and increase in transit share, as
shown in Figure 5 . The same policy should
be implemented according to results in Table

3 if the objective is to increase the operator's
revenue or, according to Table 2, if the objec

tive is to decrease the total network time
spent by auto users .
A similar type of analysis was performed

to compare the performance of the network
during off peak, to that of the peak period .
Results of the analysis are shown in Table 4.
Due to reduced congestion on highways ,
over 65 % of the travelers use autos during
the o

ff peak period . As a result , the average
travel cost o

n rail and intermodal paths
increases substantially due to the larger rail
headway . The optimal headway is 61min
utes ,which is equivalent to a train frequen

cy o
f

about one train per hour . The reduced
frequency substantially increases the aver
age wait time at the train station . Themodal
network time and generalized cost aremuch

lower during the o
ff

peak compared to peak
period due to the substantial decrease in the

A mathematicalmodel which may be used

b
y

transportation planners to analyze and

evaluate alternative improvement policies o
n

intermodal commuter networks was devel
oped . In addition to estimating travel times ,

cost and flow patterns , themodel can b
e

used to determine the transit operating char
acteristics that better satisfy travel demand .

Themodel determines the choice o
f

mode ,

type o
f

access to a mode , and actual path ,

using a simultaneous approach , thus over
coming some o

f

the problems o
f

the widely

used sequential travel demand forecasting

models . Furthermore , themodel has the abil

it
y

to analyze intermodal networks and pre
dict the effects o
f operating and pricing

changes in one mode to the performance o
f

other , competing modes .

Having the ability to analyze intermodal

commuter networks is o
f great importance
due to the increasing number of commuters
living in transit poor suburbs and working in

congested urban areas , who are favoring
intermodal trips . Intermodal network plan
ning has the potential to further improve

transit attractiveness and increase the num
ber o

f

travelers using facilities such a
s park

and ride a
s
a
n intermediate point in their trip

to work .

number o
f

travelers .
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Table 4: Peak vs. Off Peak Period Travel Demand , Network a
n
d

Operating Characteristics

0 - D Pairs

Auto ( % )

peak o
ff peak

Modal Shares

Rail ( % )

peak o
ff peak

2
4
. 8 2
0 . 9

Intermodal ( % )

peak o
ff peak

1
5
. 5 1
3
. 4Westfield - Newark 5
9 . 6 6
5
. 7

5
9 . 5 6
5 . 3 2
1 . 5 1
5 . 3 1
3 . 22
5 . 3

2
4 . 75
9 . 8 6
5 . 6 2
1 . 1 1
5
. 5 1
3 . 3

Garwood - Newark

Cranford - Newark

Kenilworth - Newark

Roselle Park - Newark

7
6 . 9 2
7 . 8 2
3 . 17
2 . 2

5
9 . 6 6
5 . 5 2
4 . 9 21 . 3 1
5
. 5 1
3 . 3

0 - D Pairs

Westfield - Newark

Garwood - Newark 1
4 . 2

Cranford - Newark

Kenilworth - Newark

Average Generalized User Costs

Auto Rail Intermodal

( S /passenger ) ( S /passenger ) ( S /passenger )

peak o
ff peak peak o
ff peak peak o
ff peak

1
5 . 5 1 1
4 . 0 L 1
6 . 5 2
3 . 8 1
6 . 9 [ 2
3 . 8

1
5 . 6 1
4 . 9 2
2 . 2 1
5
. 8 2
2 . 8

1
3 . 0 1
2 . 0 1
4 . 4 2
1 . 7 1
4
. 6 2
1 . 9

1
2 . 2 1
1 . 2 1
6
. 5 2
3 . 7

1
2 . 4 1
1 . 4 1
3 . 5 2
0 . 8 1
3 . 9 2
1 . 2

Total Network Time (minutes )

Auto Rail Intermodal

peak o
ff peak peak o
ff peak | peak o
ff peak

1
8 .638 4 ,975 1
6 ,745L 6 ,469 1
1 ,319 4 ,503

Roselle Park - Newark

Auto Intermodal

TotalNetwork Cost ( S )

Rail

peak o
ff peak

2 ,219

off peakpeak

1
4 ,336

off peak

1 ,6754 ,308

peak

4 ,457

off peak

5 ,833

peak

1
7 . 3 61Operating Schedule

(headway in minutes )

Operator Revenues

( $ /peak period )

1158 328
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