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a b s t r a c t

The paper develops analytical formulations to gain insight into the optimal location, i.e.,
the one that maximizes the potential market, and to estimate the potential catchment area
of Park and Ride (P&R) facilities. The formulations are based on the assumption that a trav-
eler would use a P&R facility if and only if the corresponding generalized cost is lower than
the drive only alternative. The paper considers two different scenarios: a linear city (or a
travel corridor), and a two-dimensional city with Euclidean travel. Analytical derivations
were obtained for both cases using, as starting point, the necessary condition for P&R use.

In the case of the linear city, the paper identifies two breakeven distances (BEDs) of great
import to the estimation of the potential P&R market: the (trip) origin BED, i.e., the distance
below which a traveler could drive upstream to use the P&R facility to access its down-
stream destination, and still be better off; and the (trip) destination BED, i.e., the travel dis-
tance using transit below which it does not make sense to use P&R. The paper proves that
the optimal location of P&R sites is shifted upstream of what seems to be an intuitive solu-
tion, i.e., the edge of the congested region, by a distance that depends on the relative values
of the origin and destination BEDs.

In the two-dimensional city case, the analytical derivations prove that, for a given trip from
i to j, the set of feasible locations follows an ellipse-like figure with the trip origin as a focus.
These shapes—referred to as limiting functions—depend on variables such as trip distance,
transit level of service (LOS), and the like. The analyses indicate that the area enclosed by
the limiting functions increases with the transit LOS and trip distance, and so do the corre-
sponding catchment areas. This is because the catchment area is determined by the marginal
trip origins, i.e., those for which the P&R facility is just inside the limiting function.

In its final section, the paper develops a parabolic approximation to the catchment area for
a given P&R site. The approximating parabola is defined by three critical points: the origin
BED, and two points that identify the marginal trip origins at the chord of parabola evaluated
at the P&R. The numerical experiments indicate that the parabolic approximation provides a
fairly good estimate of the catchment area that is easy to produce, conceptually valid, and
overcomes the limitations of alternative approaches and rules of thumb used by practitio-
ners and researchers.
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1. Introduction

In recent years, concerns about the sustainability of transportation operations and rising urban congestion have
translated into increased interest in fostering the use of more sustainable transportation alternatives such as mass tran-
sit. One of the options considered entails the use of Park and Ride (P&R) systems in which users drive to a transit station
where they park their vehicles and ride in transit to their destinations. P&R systems are well suited for suburban com-
muting travel in sprawling metropolitan areas because the auto portion of the trip provides connectivity to the P&R site,
while the transit portion enables the transportation of the users to their destinations at a minimal social cost. In doing
so, the P&R system provides to potential users the opportunity to use transit to avoid the most congested part of the
trip, and enables transit agencies to focus their operations on the segments of the network that have sufficient demand
to justify transit service. Not surprisingly, this is not the first time P&R are being considered as in the 1970s—in the
midst of a sequence of oil crises—a number of P&R sites were studied and implemented (Allen, 1979; Christiansen
et al., 1981).

Planning and locating P&R facilities is a complex activity that must take into account multiple factors, including: mar-
ket potential, expected demand, characteristics of potential users, performance and level of service of the supporting tran-
sit service, impacts on the surrounding neighborhoods, and the overall economic performance in terms of benefits and
costs. In urban areas—where there are limited location alternatives—the decision where to locate P&R sites must be made
very carefully because some sites are preferable to others in terms of their utility to potential users. However, in spite of
its potential role as a transit alternative, the analytical treatment and the economics of P&R systems are still in their
infancy.

The research reported in this paper is intended to develop a deeper understanding of the factors that determine optimal
location of P&R facilities to maximize the potential market attracted by the P&R; and the relation between catchment area,
basic principles of rationality, and service characteristics. To this effect, the paper introduces analytical formulations that
provide insight into the factors that would contribute to the success of P&R, investigates where such facilities should be lo-
cated to maximize their usefulness to the intended market, and identifies the catchment area for a given P&R location. In
doing so, the paper explicitly considers the conditions under which a rational user would find it beneficial to use P&R;
and weaves these findings into a set of policy recommendations. Two main cases are considered: a continuous two-dimen-
sional city, and a linear city.

This paper is organized as follows. Section 2 discusses the literature on P&R. Section 3 discusses the necessary condition
for P&R use. Using the findings of Section 3 as a starting point, Section 4 derives the formulations corresponding to a linear
city (corridor) with continuously distributed origins and destinations. Section 5 presents similar derivations for a two dimen-
sional city with trip origins that have been aggregated in transportation analysis zones, and introduces an analytical approx-
imation to estimate the catchment area for a P&R site. Section 6 presents a set of numerical experiments that use the
formulations developed in Sections 4 and 5. The final Section, i.e., Conclusions, provides a summary of the chief findings
and discusses policy implications.
2. Literature review

There are a number of publications that deal with P&R systems, which includes a handful of policy and design guidelines
(AASHTO, 1992; Spillar, 1997; Horner and Grubesic, 2001; AASHTO, 2004). AASHTO (1992) discusses traffic considerations,
physical design, maintenance and environmental concerns. Bolger et al. (1992) provides a set of general guidelines regarding
the location, the recommended transit level of service (LOS) and accessibility. Spillar (1997) focuses on P&R planning and
proposes a method to identify the ‘‘market shed’’ associated with a specific facility in suburban areas. AASHTO (2004) pro-
vides a detailed guide for design and planning of P&R facilities which updates AASHTO (1992), and extends the coverage to
issues such as architectural design.

A number of researchers have studied P&R location with the assistance of computational techniques. Horner and Grubesic
(2001) used a Geographic Information System (GIS) to delineate the P&R locations and commuter sheds based on accessibil-
ity measures. Faghri et al. (2002) proposed an expert system to aid planners identify the optimal location. Horner and Groves
(2007) proposed network flow-based models for location analyses of rail P&R. Farhan and Murray (2008) developed a multi-
objective spatial optimization taking into account demand, proximity to major highways, and the context of an existing
system. From a more theoretical stand point, Wang et al. (2004) investigated optimal location and pricing of a P&R facility
in a linear city, derived necessary conditions under which users select each mode, and developed formulations to determine
optimal parking charges at the P&R locations. Liu et al. (2009) developed a competitive railway/highway system with P&R
service in a corridor in which commuters choose between the drive only alternative and the P&Rs located continuously along
the corridor to characterize the equilibrium mode choice. However, none of these analytical models have considered the
maximization of the potential market in their modeling objectives.

There is also a sizable literature that has produced P&R location guidelines using experiential evidence elicited from
case studies. Unfortunately, this has translated into a set of rather confusing (sometimes contradictory) suggestions for
P&R location. To make the point, it suffices to list the various suggestions made in the literature about where P&R sites
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should be located: on the perimeter of major congestion but not less than four miles from the Central Business District
(CBD) (Cox, 1982); within 10 miles of the potential users as it was found that 90% of the P&R users drive less than that
distance to the site (Burns, 1979); no closer than 5–6 km (3.1–3.7 miles) to the downtown with exceptions when there
are geographic barriers (Bolger et al., 1992); upstream of congestion to reduce traffic in the most congested area (Spillar,
1997); no closer than 3 miles, and preferably 10 miles, from the primary activity center to reduce the potential for P&R
facilities to add to the congestion problem and create a manageable transit ride for commuters (Fradd and Duff, 1989);
and, as close as possible to potential users as it has been shown that 50% of the demand for P&R comes from population
densities that are within a 2.5 mile radius, with an extra 35% of the users are located within a parabola that extends 10
miles upstream from the lot with a long chord measuring 10–12 miles (Spillar, 1997). Other researchers suggest that
P&R facilities should: be within a walking distance of less than a fourth of a mile of transit (Burns, 1979); be within a vis-
ible distance of major regional or high speed arterials that provide access to the activity center being served to allow the
facility to self-advertise (Spillar, 1997); be easily accessible to drivers and should allow for an entrance on the right side of
inbound CBD traffic; offer frequent, quick and reliable service in both the inward (to the central area) and outward direc-
tions, i.e., not exceeding 15 min, or 5–10 min during the peak hours (O’Flaherty et al., 1997); and, be designed so that prices
are less than the cost of driving to work and parking to attract customers (O’Flaherty et al., 1997; Faghri et al., 2002). Not
surprisingly, Dickins (1991) points out that despite of the importance of location, most of P&R facilities he studied are not
in the right location.

In terms of the potential catchment areas that a specific P&R could draw users from, no analytical models have been found
in the literature as the bulk of this literature research is empirical. However, there is also confusion and disagreement.
According to Dickins (1991) the most common practice used in delineating catchment areas is the use of a parabolic shape
whose dimensions vary according to geographical factors and accessibility though no guidance is provided on how to ana-
lytically consider these factors. Spillar (1997) used data from Seattle and Texas to estimate the catchment areas, concluding
that it could be represented with a parabolic curve with a focus at the P&R facility. Christiansen et al. (1981) delineated the
catchment area using surveys. They fitted a parabolic shape describing the catchment area with the vertex 0.5–1.0 mile
downstream the facility, an axis seven miles in length following the major artery to the parking lot, and a chord of 8 miles
in length. Keck and Liou (1976) proposed a cone as the service area for a peripheral P&R based on empirical data analysis
from Albany, NY. Allen (1979) used license plate surveys to determine the catchment area, graphically showing that 50%
of the catchment area is within an elliptical shape with the P&R facility in the focus close to the Central Business District.
Sacramento Regional Transit (1987) proposed an ellipsis based on a demand study of P&R users. Cox (1982) proposed a pear
shape with the P&R located such that most of user attracted are further from the Central Business District. Horner and
Grubesic (2001) proposed a GIS methodology that uses certain accessibility rules to decide the catchment area, and an index
measure to estimate the potential demand. Farhan and Murray (2005) used two common approaches to delineate catchment
areas: assuming a parabolic shape and using travel costs. Then, they developed a GIS that incorporates considerations of
accessibility and travel direction. Abdul Hamid et al. (2007) used GIS to delineate the catchment area after analyzing
different features of P&R users. Similar to Spillar (1997), Abdul Hamid et al. (2007) analyzed a number of P&R sites in Kuala
Lumpur, Malaysia, and described the catchment areas found as ‘‘. . .parabolic-shaped. . .’’ and ‘‘. . .of varying dimensions with
the P&R facility located at its focus.’’ However, they did not put forward any conjectures that could explain these findings.
Note: In most cases, the authors that propose parabolas do not define them in the same way.  

Keck and Liu (1976)

Christiansen et al. (1981), Bolger et al. (1992), Spillar (1997),
and Abdul Hamid et al. (2007)

Allen (1979), Sacramento Regional Transit (1987)

P&R
Central Business 

District

Cox (1982)

Fig. 1. Competing definitions of catchment area for a P&R site.
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Fig. 1 shows the competing definitions of catchment areas listed in the literature. As shown in the figure, these differences
are significant.

The picture that emerges from the literature is one of lack of consensus about both where to locate P&R sites, and how to
estimate their catchment areas. As shown, this lack of consensus is the result of the fact that the current practice is based on
the use of ad-hoc methodologies instead of a technically solid evaluation of the feasibility of the P&R. This paper clarifies the
matter with the assistance of a set of postulates of economic rationality, which are used to obtain analytical expressions that
help define the catchment areas and decide on P&R location. Two major cases are considered: a linear city (corridor), and a
two dimensional city.

3. Necessary conditions for Park and Ride use

In order to gain insight into optimal location of P&R sites, it is important to identify the basic principle(s) that guide
the decision to use (or not) P&R. In this context, knowledge of user behavior helps estimate P&R demand, and identify
the optimal P&R location. However, this is a challenging undertaking for the simple reason that the decision to use P&R
is part of mode choice, which is one of the most complex decision process in demand modeling as it depends on the
attributes of the traveler, trip characteristics, and the performance of the competing modes (Ortúzar and Willumsen,
2001). After pondering the alternatives, the authors decided to assume that P&R choice is a function of the generalized
costs, i.e., a composite measure that collapses a set of measurable components of travel into a cost metric. Thus, a ra-
tional individual would use P&R if and only if its generalized cost is lower than the one for the drive only trip. The latter
is assumed to be the necessary condition for P&R use, and the foundation for the analytical formulations developed in
the paper.

It should be mentioned that although the focus on generalized costs disregards other important factors, it is appropriate
to the purposes of this paper for at least two reasons. The first one is practicality. P&R facilities are in most cases small invest-
ment projects, e.g., shared used sites that could be very numerous. For instance, a P&R study in New York City initially con-
sidered more than 100 potential sites (Holguin-Veras et al., 2011; Holguı́n Veras et al., in press). The combination of a
potentially large number of alternatives and a relatively small public sector investment suggest the use of practical rules
to make location decisions, because it is hard to justify the use of large data collection and modeling efforts. An equally
important second reason is that considering other variables requires the use of discrete choice models estimated with a
P&R alternative, which are not generally available. As way of illustration, at the moment of writing this paper, the metropol-
itan planning organization in the New York City area—which maintains a sophisticated travel demand model—does not have
such choice model. The implication is that developing methodologies that rely on a mode choice model that is not likely to be
available constrains the applicability of the work. To avoid this problem, the methodologies developed here are based on
rather simple inputs that, nevertheless, provide insight into the P&R locations that maximize potential market share. As a
result of these considerations, the paper’s main emphasis is on the potential market share (as opposed to the expected mode
share) that the P&R facility could tap.

The paper considers both a linear, and a two-dimensional city. In both cases, the origins are denoted by the letter i, the
destinations with j, and the P&R facility by the letter p. In the two-dimensional case, the demand is assumed to be discretized
by a set of transportation analysis zones (TAZs); while in the linear city case it is assumed to be continuous. A schematic of
these cases is shown in Fig. 2.

3.1. Notation

In general terms, the superscripts are used to denote the mode (i.e., A = auto, PR = Park and Ride, T = transit), and the var-
ious components of the generalized costs (i.e., IV = in vehicle travel time, S = scheduled delay, W = waiting time); while sub-
scripts denote the trip ends (i.e., i = origin, p = Park and Ride facility, j = destination). The notation used throughout the paper
is defined below:
i1
i2

i3

i4

j1

j2

j3

j4

p 

(b) Two dimensional city 

i1 i2 i3 i4 j1 j2 j3 j4p 

(a) Corridor (or linear city) 

Fig. 2. Schematic of cases considered.
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tA;IV
ij
in-vehicle travel time by auto from i to j
tA;IV
ip
in-vehicle travel time by auto from i to p
tT;IV
pj
in-vehicle travel time by transit from p to j
tT;W
pj
waiting time for transit ride from p to j
tT;S
pj
schedule delay by transit from p to j
cA
 auto operating cost ($/mile)

t1
 value of time for travel time

t2
 value of time for waiting time

t3
 value of time for schedule delay
dA
ij
distance from i to j using auto
dT
pj
distance from p to j using transit
sA
S

space mean speed for auto in the suburbs
sT
S

space mean speed for transit in the suburbs
sA
D

space mean speed for auto in downtown
sT
D

space mean speed for transit in downtown
sA
ij
space mean speed for auto from i to j
sA
ip
space mean speed for auto from i to p
sT
pj
space mean speed for transit from p to j
qD
 trip destination density in downtown

qS
 trip origins density in the suburbs

lC
 location of the start of congested area

lE
 location of the end of the corridor

f T
pj
transit out-of-pocket expenses (e.g., fares)
f PR
P

P&R out-of-pocket expenses
f A
ij
auto out-of-pocket expenses from i to j
f A;PR
ip
auto out-of-pocket expenses from i to p
As shown above, the variables considered in the formulations represent the key components of the level of service (LOS)
provided by the competing alternatives, though there are other factors that for simplicity sake have been left out (e.g., reli-
ability, comfort). Throughout the paper, the term LOS is used to collectively refer to all the attributes for a given alternative
that determines the quality of the service provided (e.g., cost, waiting times, scheduled delays).

3.2. Basic problem

Consider a passenger car user that travels from an origin i to a destination j with an in-vehicle travel time tA;IV
ij . If the user

has access to P&R facility p, the associated travel time would be tPR
ij ¼ tA;IV

ip þ tT;IV
pj þ tT;W

pj þ tT;S
pj . The generalized cost of travel by

auto gA
ij

� �
and by the P&R gPR

ipj

� �
is:
gA
ij ¼ t1tA;IV

ij þ f A
ij þ cAdA

ij ðautoÞ ð1Þ

gPR
ipj ¼ t1tA;IV

ip þ t1tT;IV
pj þ t2tT;W

pj þ t3tT;S
pj

� �
þ f A

ip þ f T
pj þ f PR

P þ cAdA
ip ðP&R facility pÞ ð2Þ
Assuming that the mode shares are a function of generalized costs, the percent of users that select P&R facility p could be
estimated with a Multinomial Logit (MNL) with a parameter u. This simplified choice model illustrates how generalized
costs could be used to estimate the expected demand (X).
Xipjð�Þ ¼
e�ugPR

ipj

e�ugA
ij þ

P
8pe�ugPR

ipj

ð3Þ
3.3. Necessary conditions for use of P&R facility p

For a specific P&R facility p to benefit the users, the generalized cost that it provides must be lower than the one for the
drive only (auto) alternative:
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gA
ij > gPR

ipj ð4Þ
Eq. (4) provides insight into the conditions under which a P&R facility would be beneficial, i.e., a feasible choice for the
user (‘‘beneficial’’ and ‘‘feasible’’ are used interchangeably in the paper). In order to achieve this, it is best to express it as a
function of its components, as shown below:
t1tA;IV
ij þ f A

ij þ cAdA
ij > t1 tA;IV

ip þ tT;IV
pj

� �
þ t2tT;W

pj þ t3tT;S
pj þ f A;PR

ip þ f T
pj þ f PR

P þ cAdA
ip ð5Þ
Expressing the time of travel as a function of the travel distances and average speeds:
t1
dA

ij

sA
ij

þ f A
ij þ cAdA

ij > t1
dA

ip

sA
ip

þ
dT

pj

sT
pj

 !
þ t2tT;W

pj þ t3tT;S
pj þ f A;PR

ip þ f T
pj þ f PR

P þ cAdA
ip ð6Þ
Grouping terms, one can obtain:
t1
dA

ij

sA
ij

�
dA

ip

sA
ip

þ
dT

pj

sT
pj

 !" #
þ f A

ij � f A;PR
ip þ f T

pj þ f PR
P

� �h i
þ cAdA

ij � cAdA
ip

h i
> t2tT;W

pj þ t3tT;S
pj ð7Þ
The three terms in the left hand side represent the incremental costs (or savings) in terms of travel time, out of pocket
expenses, and distance traveled by auto (by convention, savings are positive and costs are negative). Eq. (7) implies that—
in order for a P&R facility to make sense for a user traveling from i to j—the value of the total savings in travel time, out
of pocket expenses, and distance traveled must be larger than the incremental costs associated with scheduled delays
and the walk time from transit to the ultimate destination. The analyses of Eq. (7) lead to these observations:

� The lower the scheduled delays and waiting time, the more feasible the P&R facility would be as they would lead to a
lower value of the right hand side. This implies that P&R facilities located near transit hubs with high frequency service
work better than those located near poorly served ones.
� A P&R facility would work better when it replaces a slow auto trip (sA

ij low) with a faster and shorter auto trip dA
ij � dA

ip,
sA

ip � sA
ij; plus a faster transit trip sT

pj � sA
ij . These conditions happen when the P&R facility is located at the outside edge of a

severely congested area, where it connects to an efficient transit service.
� As a corollary of the previous item, it follows that in the absence of high auto operational costs or tolls, it is hard to make a

case for P&R use if the transit speeds are not much faster than auto’s.
� If the transit system is unable to provide significantly higher travel speeds than auto, the only way a P&R system could

succeed is if the operational costs of using the automobile (e.g., direct costs, tolls) are relatively high.
� The lower the out of pocket expenses of P&R are, in comparison with auto, the more attractive a P&R becomes. Efforts

must be made to ensure that using P&R is as inexpensive as possible.
� The longer the auto trip replaced by the transit trip, the better as this would increase the savings in distance traveled

costs.

The role of auto’s operating costs and tolls could be studied using a particular case of Eq. (7). Assuming that the transit
speeds are equal to auto’s, i.e., s ¼ sA

ip ¼ sA
ij ¼ sT

pj, (which is better than the situation in most urban areas where transit vehicles
share road space with autos and have effective speeds that are lower than autos’) one could obtain Eq. (8):
cA dA
ij � dA

ip

h i
þ f A

ij � f A;PR
ip

h i
> t2tT;W

pj þ t3tT;S
pj

� �
þ f T

pj þ f PR
P

� �
þ t1

dA
ip

s
þ

dT
pj

s

 !
�

dA
ij

s

" #
ð8Þ
Eq. (8) implies that, in order for P&R to be feasible to the ij user, the savings in the cost of using the automobile (left hand
side) must be larger than the summation of the monetized value of the schedule and waiting time, the out of pocket ex-
penses, and the incremental distance traveled associated with the P&R alternative. In a context in which travel time value
is the dominant cost component, e.g., United States, it seems clear that significant increases in the operating cost of the auto
alternative would be needed.

These results are in general agreement with the literature on P&R. However, Eqs. (7) and (8) go one step forward because
they provide specific mechanisms to assess the relative importance of the various components of generalized costs. In doing
so they provide the foundations for the analytical study of P&R’s catchment areas, which is the main focus of the next two
sections of the paper.

4. General results for a linear city

This section considers a linear city in which the travel takes places along a single spatial dimension. In addition to rep-
resenting important cases such as a travel corridor, the analyses enable to gain insight into the aspects that determine how
beneficial a P&R site would be to the users. Another significant benefit is that the findings produced in this section shed light
into the more complex two-dimensional case.
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A schematic of the case considered is shown in Fig. 3. The corridor has a start (S) and end (E) at the leftmost and rightmost
ends. The travelers’ origins are in the (relatively uncongested) suburbs, while the destinations are in the (congested) down-
town area. Only trips traveling downstream to the downtown area (i.e., left to right) are considered as the downtown area is
assumed to be the destination of the trips. The start of the congested region is denoted by C. As before, origins and destina-
tions are denoted by the letters i and j, respectively. The locations of the different positions in the axis are denoted by the
letter l (by definition lS = 0).

The derivations assume that trip origins and destinations are uniformly distributed within the suburb and downtown
with densities equal to qS and qD, respectively. (Obviously, this assumption could be relaxed with the addition of segments
with different densities.) Thus:
qD ¼ qS
lC

lE � lC
ð9Þ
For trips spanning over suburbs and downtown, the space mean speed is the harmonic speed:
sA
ij ¼

dA
ij

dA
iC=sA

C þ dA
Cj=sA

D

ð10Þ
To define the potential market, it is necessary to first identify the feasible origins as well as the feasible trip destinations
attracted by a P&R.
4.1. Feasible origins for P&R use (corridor)

In terms of trip origins, the potential demand for a P&R is comprised of two major segments of users. The first one in-
cludes all trip origins upstream of the facility. The second one, and the least obvious, are those users located downstream
of the P&R site that could find it worthwhile traveling upstream to the P&R site to board a transit service traveling down-
stream to their destinations (Vuchic and Newell, 1968; Sargious and Janarthanan, 1983). This latter distance has been re-
ferred to in the literature by different names, including: ‘‘shed line’’ (Vuchic and Newell, 1968; Sargious and Janarthanan,
1983), and ‘‘backtrack distance’’ (Farhan and Murray, 2005). In this paper, the term Break-Even Distance (BED) is used to
refer this distance because it conveys more precisely its economic meaning. The term ‘‘origin BED’’ is used to refer to that
variable.

To identify these users it is important to reexamine Eq. (7) by decomposing the travel distance in two parts: i–p (access to
the P&R), and p–j (transit line-haul to the destination), as follows:
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This could be simplified as:
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As shown, the attributes of the trip i–p do not play a role in the decision to use P&R. This is a natural consequence of the
fact that, since that trip is common to both modes, it does not influence the decision. (The only leftover of i–p are the out of
pocket expenses that in most cases play a relatively small role.) In essence, what really matters is the performance of the
transit line haul portion of the trip p–j.

To compute the magnitude of the segment of users that would travel upstream to use the P&R, one must estimate the
breakeven distance (origin BED), d�bp, for which a user could travel to p, board transit, and accrue a generalized cost that
is equal to the one for the drive only alternative. (Obviously, for travel distances smaller than d�bp, P&R is the best choice.)
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Fig. 3. Schematic of linear corridor.
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This parameter is referred to here as (trip) origin breakeven distance (origin BED). In this context, the corresponding general-
ized costs are:
gA
bj ¼ t1tA:IV

bj þ f A
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Thus:
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These results imply that the potential market of a P&R facility includes all origins upstream of the facility, plus those users
that could find it beneficial to travel upstream to use the P&R system. Worthy of mention is that the value of the origin BED,
d�bp, depends on the location of p, and the actual origins and destinations. Far from being a theoretical curiosity, the origin
BED has been measured in real life, e.g., Christiansen et al. (1981) found origin BEDs in the range of 0.5–1 mile.

4.2. Feasible destinations for P&R use

In terms of the destinations that could be attracted by the P&R, an important, and not obvious, implication of Eq. (7) is
that a faster trip by transit in the p–j component of the journey (or significant savings in operational costs and/or tolls
with respect to the drive only alternative) is required to compensate for the additional transfer-related expenses. How-
ever, in order for the savings in in-vehicle travel time by transit to be larger than the transfer related costs, they must
be accrued over a meaningful travel distance by transit; otherwise the cumulative savings in in-vehicle travel time will
not be large enough. This implies that there is a minimum travel distance in transit d�pj

� �
below which using a P&R system

is more costly than traveling by auto. This, as in the previous case, could be studied with the assistance of another break-
even distance (BED), that in this case is referred to as the ‘‘destination BED,’’ as it is related to the end of the trip. (Note
that this distance is different from the origin BED as it deals with destinations that might be feasible to be reached from
the P&R and not with the origins that find the P&R feasible.) One must distinguish two sub-cases. In the first one, the P&R
facility is inside, or at, the border of the congested region; while in the second case, it is somewhere inside the uncongest-
ed part of the corridor.

4.2.1. Case I: P&R facility inside or at the border of the congested part of the corridor
The destination BED could be obtained from Eq. (11) by grouping all terms that depend on d�pj. In doing that, it is impor-

tant to note that:
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Under these conditions, Eq. (11) becomes into:
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Now, assuming that sA
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ip (for simplification purposes) :
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And, finally:
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Eq. (23) indicates that the destination BED depends on both origin i and destination j, and that for a destination j to be a
feasible destination for P&R use, it must be within the region defined by the result above. If one were to use Eq. (23) to find
out the feasible destination markets for a given origin, the equation would have to be solved for various destinations to find
out if they are in the feasible region.

Eq. (23) also has other implications:

� Schedule delays and waiting time, fares and parking costs increase the destination BED beyond which P&R is a feasible
alternative. The larger the values of these variables, the smaller the destination market.
� The larger the cost of using the automobile, the smaller the destination BED and the larger the potential market.
� The faster the auto speed of the i-j trip, the smaller the market for P&R. In contrast, the faster the transit service, the larger

the potential destination market.

In essence, the operational characteristics of the competing modes determine their destination markets. The more com-
petitive the transit service is, the larger the potential market it could try to capture.

4.2.2. Case II: P&R facility inside the uncongested part of the corridor
The main difference with the previous case is that here one must account for transit travel in uncongested conditions (up-

stream of C). As a result:
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Under these conditions:
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In this case, the destination BED has to be obtained iteratively using Eq. (28). However, though more involved than the
one for Case I, it is conceptually similar. As before, d�pj depends on the location of the P&R facility, and the actual origins and
destinations.

4.3. Optimal location in terms of potential market

The results in the preceding sections indicate that the potential origin market of P&R is much less constrained than the
destination market. This is because the origin market includes all users that live beyond the P&R facility plus the users that
could travel upstream up to a distance d�bp to use transit. In contrast, the destination market is constrained by the destination
BED d�pj

� �
below which the generalized cost savings from using transit do not compensate the (mode) transfer costs. Since

from the standpoint of the transit provider, what matters is to maximize its potential market share, an optimal balance must
be achieved so that the facility attracts the maximum number of customers. This is a MAX MIN problem in which the transit
agency maximizes the minimum potential demand P of feasible trips Tij 2 D (D denotes the feasible set) going from i to j for
facility p. In this context, the optimization problem becomes:
PðTij 2 DÞ ¼MAX MIN PO lp; d
�
bp

� �
;PD lp;d

�
pj

� �� �
ð29Þ
Where PO lp; d
�
bp

� �
and PD lp; d

�
pj

� �
represent the potential origin and destination markets for a facility p, located at lp. These

functions could take different forms depending on the location of the facility and the value of the parameters d�bp and d�pj mak-
ing the problem is a fixed point problem. However, for the linear city the cases could be simply enumerated. These cases are
shown below.



958 J. Holguı́n-Veras et al. / Transportation Research Part B 46 (2012) 949–970
Origin market:
For lp þ d�bp 6 lC

PO lp;d
�
bp

� �
¼ qS lp þ d�bp

� �
ð30Þ

For lp 6 lC and lp þ d�bp > lC
PO lp;d
�
bp

� �
¼ qSðlCÞ ð31Þ

Destination market:
For lp þ d�pj 6 lC

PD lp;d
�
pj

� �
¼ qDðlE � lCÞ ð32Þ

For lC < lp þ d�pj

� �
6 lE
PD lp;d
�
pj

� �
¼ qD lE � lp þ d�pj

� �� �
ð33Þ
For lp þ d�pj

� �
> lE
PD lp;d
�
pj

� �
¼ 0 ð34Þ
This leads to a situation in which the MAX MIN problems must be solved independently for each case, which is done next
by using the expressions for PO lp; d

�
bp

� �
and PD lp; d

�
pj

� �
developed before corresponding to the different cases.

Case I: lp þ d�pj 6 lC
PðTij 2 DÞ ¼MAX MIN qS lp þ d�bp

� �
;qD

�
lE � lC

�� �
ð35Þ
Subject to: lp þ d�bp 6 lC

Two subcases are relevant:

(a) d�bp P d�pj : In this case, the facility could be located in such a way that both origins and destinations are max-

imized because any location in the interval lp 2 lC � d�bp; lC � d�pj

h i
would lead to the maximum demand of

P(Tij 2 D) = qSlC = qD(lE � lC).
(b) d�bp < d�pj : In this case, though the destinations are not impacted (because lp þ d�pj 6 lC , by definition), the ori-

gins are. As a result, p would be located at lp ¼ lC � d�pj and its maximum demand would be constrained by the
origin market, leading to PðTij 2 DÞ ¼ qS lC � d�pj þ d�bp

� �
.

�
� �
Case II: lC < lp þ dpj 6 lE
PðTij 2 DÞ ¼MAX MIN qS lp þ d�bp

� �
;qD lE � lp þ d�pj

� �� �� �
ð36Þ
Subject to: lp þ d�bp 6 lC

The solution to Case II can be obtained by PO lp; d
�
bp

� �
¼ PD lp; d

�
pj

� �
and solving for lp:
qS lp þ d�bp

� �
¼ qD lE � lp þ d�pj

� �� �
ð37Þ

lp ¼
qDlE � qDd�pj � qSd�bp

ðqS þ qDÞ
ð38Þ
In order to gain insight into the meaning of these results, it is important to highlight that the term qDlE/(qS + qD) is equal
to lC, which enables to re-write this result as:
lp ¼ lC �
qDd�pj

ðqS þ qDÞ
�

qSd�bp

ðqS þ qDÞ
ð39Þ
As shown, the optimal location of p is upstream of the start of congestion with a shift that depends on the population and
employment densities and the magnitude of the parameters d�pj and d�bp. The larger these parameters are, the larger the up-
stream shift. The densities act as weighing factors that increase or decrease the importance of d�pj and d�bp so that the potential
market is maximized.

For computational purposes, however, Eq. (39) has substantial implications because d�pj and d�bp are intrinsic functions of lp
. This means that obtaining the optimal location requires solving a fixed point problem on lp, d�pj, and d�bp with the added com-
plication that its solution would be different for each origin-destination pair. It follows that:
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Case III: lp þ d�pj

� �
> lE
PðTij 2 DÞ ¼MAX MIN qS lp þ d�bp

� �
;0

� �
ð42Þ
Subject to: lp þ d�bp 6 lC

Thus:
PðTij 2 DÞ ¼ 0 ð43Þ
In this case, the destination market share is zero because there are no destinations for which it makes sense to use P&R.
Obviously this is an inferior solution that could be discarded.

As shown, the optimal location depends on the relation between d�bp and d�pj. Cases where d�bp > d�pj, lead to the largest mar-

ket potential possible because any location in the interval lp 2 lC � d�bp; lC � d�bp þ d�pj

h i
yield the maximum demand possible at

P(Tij 2D) = qSlC = qD(lE � lC). Although theoretically possible, given the typical range of values of travel time, this is not ex-
pected to be a common occurrence.

A more likely scenario is the one with d�pj > d�bp. In this case, the optimal solution could be either the one for Case I-b or the
one for Case II. Close examination of the solution for Case I-b suggests that it is dominated by the one from Case II. The reason
is that in Case I-b the origin market is constrained to the fullest by an amount qS d�pj � d�bp

� �
while the destination market is

not constrained at all. In contrast, the optimal solution for Case II constraints both markets taking into account their densities
and the values of the parameters d�bp and d�pj. As a result, they lead to larger values of the MIN function and thus to a larger
market. It could be reasonably concluded that if d�pj > d�bp the optimal solution is given by Case II.

The analyses in this section have provided insight into the optimal location of P&R facilities in the linear corridor case. In
addition, they have identified two key parameters that influence the potential catchment areas, i.e., the origin and the des-
tination BEDs. In the following section, these analyses are expanded to the two-dimensional city.

5. General results for a two-dimensional city

This section considers the case of a two-dimensional city with Euclidean travel, in which an arbitrary number of origins
generate demand that travels to a single destination, e.g., a downtown area. The trip origins have been aggregated at a num-
ber of transportation analysis zones (TAZs). As a result, the potential market that facility p could attract is the summation of
the flows for all the OD pairs for which the generalized cost using P&R is lower than the one for the car-only trip. Although an
approximation to the real life case, these assumptions enable the development of closed form solutions that provide great
insight into both user behavior and catchment areas. Equally important is that suitable selections of the value of parameters
(e.g., measuring distance and speeds along network paths) could reduce the discrepancies between model and reality. This is
particularly the case in closely spaced grid networks where the closer the spacing, the closer travel becomes to the Euclidean
pattern of shortest paths.

It follows that, under these assumptions, the farther a P&R facility is from the main axis linking an origin i to destination j,
the less likely users located at i will find it beneficial as a point will be reached beyond which using the P&R will be more
costly than the drive only alternative. In this context, this region, which encloses the potential demand for the P&R site is
defined by Eq. (7) as:
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Eq. (44) represents the maximum value of the total in-vehicle travel using the P&R (i.e., from origin i, to p, and then to j) that
makes the P&R a feasible alternative for the typical user. In doing so, it defines the region within which the optimal location
for a P&R site serving the users traveling from i to j is. As shown, the larger the out of pocket expenses and the scheduled plus
waiting delays associated with P&R are, the smaller the feasible region becomes (which could eventually disappear if the
right hand side yields negative values). The equation implies that under rather general conditions, P&R locations close to
the main axis linking i and j are more likely to be feasible than locations farther away.

Eq. (44) is also the foundation of the process to estimate the catchment area for a P&R, which requires a number of steps.
The first one entails finding out, which origin-destination pairs would benefit from using a given P&R site. Once this is done,
the catchment area for a given location can be found as the envelope of all the OD pairs that could benefit from the P&R. In
analytical terms, one must first solve Eq. (44) for the equality condition (referred to here as the limiting function). See Eq. (45):
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By satisfying the equality condition, Eq. (45) limits the origins and destinations that find beneficial the P&R. The equation
also indicates that the set of feasible P&R locations for a given origin-destination pair ij is bounded by an ellipse-like function
with the origin as one of the foci. Since beyond the limiting function, the generalized costs associated with the P&R option are
larger than the ones for the drive-only trip, the bulk of the demand that could be captured by p is enclosed by Eq. (45).

Eq. (45) provides a solid platform to analyze the impacts of transit LOS on both the limiting functions, and the catchment
area. As shown, its right hand side (the transverse diameter of the ellipse) increases with the length of the trip and with LOS
provided by transit. As a result, increases in these variables will increase the overall area enclosed by the limiting function. A
similar effect is produced by increases in transit speeds as they will reduce the contribution of transit travel time to the left
hand side of Eq. (44), leading to increases in the amount of distance that the typical user could travel away from the i-j cor-
ridor and still find P&R an attractive alternative.

An important insight is that the limiting functions, hPR
ij , define the potential market demand for facility p. This is because

the total demand that p could attract is the summation of the demands for the OD pairs for which facility p belongs to the
corresponding limiting functions. Obviously, the total potential demand for facility p is maximized when it site serves the
needs of the largest number of potential users. Mathematically:
Pp ¼
P

ij
dipjpij ð46Þ
where pij is the demand for trips going from i to j and dipj is a binary variable equal to 1 if p is within ij’s limiting function; and
to zero, otherwise.

All of this implies that the limiting functions determine the catchment areas. This reflects the fact that, by construction,
the catchment area is defined by the trip origins that—at the margin—find use of facility p beneficial, i.e., the trip origins with
limiting functions that barely include the P&R, as shown in Fig. 4. For that reason, the better the LOS provided by transit, the
larger the area enclosed by the limiting functions and consequently the larger the catchment area would be. This stands in
contrast with the literature (Allen, 1979; Christiansen et al., 1981; Sargious and Janarthanan, 1983; Spillar, 1997; Abdul
Hamid et al., 2007) that considers the catchment areas as a static geographic definition that does not depend on anything
else.

The research also reveals that—contrary to what is frequently assumed, e.g., Dickins (1991)—the catchment area is not
defined by a parabola for the simple reason that it is determined by the ellipsis-like areas that define the limiting functions.
However, the parabola could provide a useful approximation to the catchment area for a P&R. In this context, developing a
conceptually valid and reasonably accurate parabolic approximation could indeed enable practitioners and researchers to
estimate the potential market that a P&R site could compete for. The process follows to accomplish this is discussed next.
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Fig. 4. Catchment area, limiting functions, and critical points.
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The approximation developed here is based on the estimation of a parabola using three critical points (i.e., a, a’, and b)
shown in Fig. 4. A unique feature of these critical points is that they depend on the LOS provided by the competing modes.
For that reason, the shape of the parabola is determined by the quality of service provided. Since, by definition, the three
critical points belong to the function that defines the catchment area, one could use them to estimate the parameters of
the parabola. The distance a-a’, which is the chord evaluated at the P&R, is referred to as the P&R chord. As illustrated in
the figure, the parabola is based on a coordinate system with the P&R at the origin, the y axis running along the travel direc-
tion, the x axis at its perpendicular.

Central to the development of the approximation are two important observations related to the critical points. Point b is,
by definition, the origin BED d�bp

� �
that could be computed with Eq. (17). Points a and a’, also by definition, are the distances

at which a user could travel along the x-axis to board transit and accrue a generalized cost equal to the drive only alternative.
This travel distance co1uld be obtained from Eq. (44) for the equality condition, for i = a, as:
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Eq. (47) shows that the higher the LOS provided by transit, the larger dA
ap would be. This is conceptually correct and expected

in light of the findings from the previous section. It follows that the coordinates for the critical points are:
a ¼ dA
ap;0

� �
ð48Þ

a0 ¼ �dA
ap;0

� �
ð49Þ

b ¼ 0;�d�bp

� �
ð50Þ
In this context, solving for the parameters of the approximating parabola:
y ¼ a0 þ a1xþ a2x2 ð51Þ
One could obtain:
a0 ¼ �d�bp ð52Þ
a1 ¼ 0 ð53Þ

a2 ¼
d�bp

dA
ap

� �2 ð54Þ
Using Eqs. (49)–(51) provides an easy to use mechanism to estimate the potential catchment areas of P&R sites that is con-
ceptually valid and takes into account the role played by the LOS provided by the competing modes. The accuracy of the
approximation is assessed in the next section, together with alternative ways to estimate the catchment area.

In this context, the expected demand that a P&R site would attract becomes a function of is the demand for trips going
from i to j (pij) within the limiting function (dipj = 1) and the probability of choosing the P&R defined by the mode choice func-
tion (X) already described in Eq. (3):
Dp ¼
P

ij
dipjpijXð�Þipj ð55Þ
This explicit consideration of user choice behavior captured by Eq. (55) is bound to translate into better and more accurate
estimates of the worthiness of a given P&R site, as it would provide an idea about the number of users that it could poten-
tially attract. In the absence of a mode choice model (which is the most typical case) the best alternative is to use the insight
gained by the formulations developed in this paper to support P&R location decisions. The next section discusses the chief
results of the numerical experiments conducted by the authors using the formulations developed in the paper.
6. Numerical examples

This section discusses the results of numerical experiments conducted to assess the soundness of the formulations devel-
oped. The first sub-section discusses the linear corridor, while the second focuses on the two-dimensional city. To the extent
possible, the parameter values have been selected so that they resemble those expected in real life.

6.1. Case I: linear city

The experiments are based on a hypothetical corridor twenty miles long that is assumed to have a suburban section in the
distance interval (0,15) and a downtown in the remaining interval (15,20). The parameter values used in the experiments —
that are representative of what may be observed in the corridors leading to Manhattan—are shown in Table 1 below.



Table 1
Parameter values used in numerical examples.

sA
S ¼ 20 (mph) sT

S ¼20 (mph) sA
D ¼10 (mph) sT

D ¼15 (mph) f A
ij ¼$0, $8

f T
pj ¼$2.5 cA = $0.40/mile f PR

P ¼$0, $3 t1 = t2 = t3 = $25/h

tT;W
pj þ tT;S

pj ¼ 5;15 min

qS = 3333 trips/mile qD = 10,000–40,000 trips/mile sA
ij ¼

dA
ij

dA
iC=sA

CþdA
Cj=sA

D

(Computed)

Fig. 5. Breakeven auto cost.
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(i,j) = (9,16)
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Fig. 6. Origin breakeven distances (dbp) for origin i = 9, and P&R p = 8.
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The first experiment focused on the auto’s operating cost required to make P&R competitive with the drive only alterna-
tive in terms of generalized costs. The breakeven auto costs were obtained using Eq. (8) for the various destinations. Fig. 5
shows the breakeven values of auto operational costs for a linear city with origin at position 0, and destinations between
positions 10 and 20, and a P&R facility located at position 8.

The results show that, in the absence of an efficient transit service, for P&R be a feasible alternative the auto’s operating
costs must be substantially larger than they are in the United States (US), particularly if there are no tolls. As shown, in the no
toll scenario, the auto costs would need to be between 2.5 and 15 times larger than the current values in the US, for users
traveling to destinations 10–20 to consider P&R a worthy alternative. The figure also indicates that trip distance is an impor-
tant factor because the longer the trip the smaller the breakeven auto cost is. This reflects the fact that total operational cost
of the drive only alternative is a function of both the unit cost and the distance traveled. These results illustrate the impor-
tance of ensuring P&R systems are supported by highly efficient transit service.
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(P&R) (Trip destinations) 
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Direction of travel 
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(i,j) = (0,16)

Fig. 7. Destination breakeven distances (dpj) for origin i = 0, and P&R p = 8.

Table 2
Optimal locations.

Breakeven distance dbp Breakeven distance dpj

2 5 8 12 15

Case A: qS = 3333; qD = 10,000 (trips/mile); lC = 15.00
1 13.25 11.00 8.75 5.75 3.50
1.5 13.13 10.88 8.63 5.63 3.38
2 MS 10.75 8.50 5.50 3.25
3.5 MS 10.38 8.13 5.13 2.88
4 MS 10.25 8.00 5.00 2.75
4.5 MS 10.13 7.88 4.88 2.63
5 MS MS 7.75 4.75 2.50

Case B: qS = 3333; qD = 20,000 (trips/mile); lC = 17.14
1 15.29 12.71 10.14 6.71 4.14
1.5 15.21 12.64 10.07 6.64 4.07
2 MS 12.57 10.00 6.57 4.00
2 MS 12.57 10.00 6.57 4.00
3.5 MS 12.36 9.79 6.36 3.79
4 MS 12.29 9.71 6.29 3.71
4.5 MS 12.21 9.64 6.21 3.64
5 MS MS 9.57 6.14 3.57

Case C: qS = 3333; qD = 30,000 (trips/mile); lC = 18.00
1 16.10 13.40 10.70 7.10 4.40
1.5 16.05 13.35 10.65 7.05 4.35
2 MS 13.30 10.60 7.00 4.30
3.5 MS 13.15 10.45 6.85 4.15
4 MS 13.10 10.40 6.80 4.10
4.5 MS 13.05 10.35 6.75 4.05
5 MS MS 10.30 6.70 4.00

Case D: qS = 3333; qD = 40,000 (trips/mile); lC = 18.46
1 16.54 13.77 11.00 7.31 4.54
1.5 16.50 13.73 10.96 7.27 4.50
2 MS 13.69 10.92 7.23 4.46
3.5 MS 13.58 10.81 7.12 4.35
4 MS 13.54 10.77 7.08 4.31
4.5 MS 13.50 10.73 7.04 4.27
5 MS MS 10.69 7.00 4.23

Note: ‘‘MS’’ means multiple solutions.

J. Holguı́n-Veras et al. / Transportation Research Part B 46 (2012) 949–970 963
The second set of analysis consisted of the estimation of the origin and destination breakeven distances (BEDs) for various
destinations. Fig. 6 shows an example for trips with origin at 9, a P&R facility at 8, and an intermodal transfer time of 5 min.
The origin BED was computed for destinations 15–19 using Eq. (17). The results show that trips with destination before po-
sition 16, there is no BED larger than zero that satisfies Eq. (17). This indicates that these users would not find it attractive to
use the P&R, thus preferring drive-only trips. A similar situation occurs with the trips with destination at position 17 because,
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although for the origin-destination pair (9,17) the origin BED is 0.89 miles, it is not long enough to reach the P&R facility
located at position 8.

The results also show that the origin BED increases with trip length, though only trips with destinations beyond position
17 find it feasible to drive upstream to the P&R facility. The estimates are in general agreement with the estimates found in
the literature (Christiansen et al., 1981). Reflecting the importance of efficient auto-transit connections, if the transfer time
increases to 15 min, traveling upstream to the P&R ceases to be an attractive option as none of the destination would have
BED larger than zero.

Fig. 7 shows the destination BED for a trip with origin at the start of the corridor (l= 0), a P&R at position 8, and destina-
tions at positions 16, 17, 18 and 19. In contrast with the origin BED case, the destination BED decreases with trip length,
implying that longer trips find the P&R facility more attractive. As shown, the destination BED for the origin–destination pair
(0, 16) is 5.73 miles. This implies that the P&R facility would attract trips with destination at 16 and beyond as these des-
tinations are in the feasible region. Thus all trips with origin at 0 with destination 16 become part of the market attracted by
this facility.

Table 2 shows the optimal locations as a function of the BEDs and the densities of the downtown area for different loca-
tion of the downtown area along the corridor (lC). As shown, the net effect of increasing the values of the BEDs is to increase
the upstream shift of the optimal location of the P&R facility. In other words, as the BEDs increase, the optimal location is
pushed closer to the origin of the corridor, while as the BED decreases, the optimal location approaches to the start of the
congestion (downtown).

Figs. 8 and 9 show the potential market for alternative P&R locations. There are important tradeoffs as at the start of the
corridor, the constraining factor is the origin market because the destination market is at its maximum. As the P&R moves
deeper into the corridor, the number of feasible trip origins goes up (the number of trips upstream of the P&R increases). At
first, moving the P&R facility downstream increases trip origins without impacting the feasible trip destinations. At the vicin-
ity of the optimal solution, the feasible trip destinations decrease slightly to allow for a concomitant increase of the feasible
trip origins. The optimal location is reached where trip origins equal trip destinations. Past the optimal, the feasible trip des-
tinations rapidly decrease until there is no potential market to speak off.



Table 3
Parameter values used (two-dimensional city).

Parameter Constant auto speeds Auto speeds as function of distance

Case 1: Efficient Transit Case 2: Less Efficient Transit Case 3: Efficient Transit Case 4: Less Efficient Transit

Transit speeds (mph) spj
T = 20 mph spj

T = 10 mph spj
T = 20 mph spj

T = 11 mph
Waiting/schedule delay (min) tPR

w þ tPR
S ¼ 5 min tPR

W þ tPR
S ¼ 10 min tPR

W þ tPR
S ¼ 5 min tPR

W þ tPR
S ¼ 10 min

Auto speeds (mph) sij
A = 10 mph sA = 25 � 1.25 (d)

sip
A = 10 mph

Out-of-pocket expenses ($) fij
A = $10 fij

A = $10
fip

A = $3 fip
A = $3

fpj
T = $2.5 fpj

T = $2.5
f PR
p ¼ $4 f PR

p ¼ $4
Auto costs ($/mile) cA = $0.50/mile cA = $0.50/mile
Value of time ($/h) m1 = m2 = m3 = $20/h m1 = m2 = m3 = $20/h

Fig. 10. Impacts of transit LOS on the limiting functions (constant auto speeds).
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6.2. Case II: two-dimensional city

This section illustrates the most salient numerical results for the two dimensional case. The analyses consider a hypothet-
ical city (20 miles � 20 miles), with an origin i located at (6, 10); and destination j at (20, 10), unless otherwise specified. The
parameter values used in the experiments are listed in Table 3. As shown, the experiments consider two different scenarios
of auto speeds (i.e., constant, and variable as a function of the distance to j); and two different scenarios of transit LOS (i.e.,
‘‘efficient’’ and ‘‘less efficient’’ transit). Only ‘‘efficient’’ cases are considered, as it does not make sense to consider ‘‘ineffi-
cient’’ transit because in this condition P&R is not likely to be an attractive alternative. The corresponding limiting functions
were solved using commercial software.

The first of the experiments focused on the impact of LOS on the limiting functions. Figs. 10 and 11 shows the results for
Cases 1 and 2, and Cases 3 and 4, respectively. As established before, the limiting function has the shape of an ellipse-like
figure, with a transverse diameter (along the ij axis) that is generally larger than the conjugate diameter (perpendicular
to the ij axis). This makes sense because it reflects the fact that P&R locations away from the ij axis will result in additional
travel, and thus in a reduction of the area within which the P&R makes sense to the user. Fig. 11 shows that the consideration
of a variable speed (in this case a function of the distance to the destination j) impacts the shapes of the ellipses though not
its general features.

As demonstrated in Section 5, the results show that the feasible area for a P&R location extends both upstream and down-
stream of the origin i, and that these distances increase with transit LOS. The results do confirm that the values of the trans-
verse and conjugate diameters increase with the transit LOS leading to an increase in the area enclosed by the limiting
function is more than proportional to the increase in transit LOS. For instance, the area inside the limiting functions in



Fig. 11. Impacts of transit LOS on the limiting functions (variable auto speeds).

Fig. 12. Catchment area for P&R with less efficient transit (tPR
W þ tPR

S ¼10 min, sT
ipj ¼10 miles/h).
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Fig. 10 for the ‘‘efficient’’ transit case are about 6.71 larger than the ones for the ‘‘less efficient’’ condition; though the dif-
ference in travel plus waiting/schedule delays in transit is only 50%.

Three experiments estimated the catchment areas assuming a constant auto speed. In these experiments 500 random ori-
gins were generated in a square area of 20 miles by 20 miles in size; the destination at coordinates (20, 10), and a P&R located
at coordinates (10, 10). For each origin, the generalized cost of traveling to the destination using the P&R was compared with
the one for the drive only alternative. If traveling via P&R has lower generalized cots, the origin is identified as feasible for
P&R use. The experiments considered three different set of values for the parameters that determine transit LOS.

The figures show the actual catchment area identified as the envelope of all trip origins that, at the margin, find it ben-
eficial to use the P&R site. In order to smooth the curves, regression analyses were conducted and plotted in the figures under
the label ‘‘catchment area.’’ The figures also show three alternative estimates to the catchment area: (1) the parabolic
approximation defined by Eqs. (51)–(54); (2) the cone defined by the critical points defined in Eqs. (48)–(50); and (3) the
average of the parabolic and conical approximation.



Fig. 13. Catchment area for P&R (tPR
W þ tPR

S ¼7.5 min, sT
ipj ¼15 miles/h).

Fig. 14. Catchment area for P&R with efficient transit (tPR
W þ tPR

S ¼5 min, sT
ipj ¼20 miles/h).
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These results indicate that the catchment area: (1) depends on the transit LOS, and (2) attracts origins both upstream and
downstream the P&R. As shown, the catchment area for the less efficient case (Fig. 12) is significantly narrower than the ones
for more efficient cases (Figs. 14 and 13). For comparison purposes, the figures include the P&R chords (lines a–a’). As shown,
in Fig. 12 the P&R chord is about 2.25 miles, in the efficient transit cases (Figs. 14 and 13) it is about 4 to 7.5 times longer, i.e.,
9 and 17 miles.

The figures also show three different estimates of the catchment areas based on the critical point defined in Fig. 4. The
first one is the parabolic approximation defined in Eqs. (51)–(54). The second one is a conical approximation, i.e., the cone
defined by the critical points. The third one is the average of the estimates produced by the parabolic and conical approx-
imations. The results show that the parabolic approximation works remarkably well for such a simple procedure. However,
as shown in the figures, it tends to underestimate the catchment area in an amount that increases with the upstream dis-
tance to the P&R. The results also show that the higher the transit LOS, the better the parabolic approximation works. In con-
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trast, both the conical and the average of the conical and parabolic approximations overestimate the catchment area, quite
frequently, by relatively large margins. In all cases, the higher the transit LOS, the better the parabolic approximation
becomes.

The figures clearly reveal that the higher the transit LOS, the wider the catchment area becomes. At the limit, i.e., in case
of a supremely fast transit service, the curve that defines the catchment area becomes perpendicular to the travel direction.
However, under normal conditions, the catchment area will have a slight curvature.

The numerical experiments, together with the analytical derivations produced in Sections 3 and 4, indicate that the catch-
ment areas cannot be defined exclusively on geographic terms, as commonly done in the literature, because they are heavily
influenced by transit LOS. In other words, the better the transit LOS provided, the larger the catchment area the P&R site will
be able to draw users from.

These results also suggest that the parabolic approximation based on the critical points identified in the paper is a rea-
sonable and conservative estimate of the catchment area that could be expected for a given P&R facility. Taking into account
the ease of computation, and its solid conceptual foundations, the authors are confident that it could be of great benefit to
planners and researchers interested in planning and location of P&R sites.
7. Conclusions

The paper develops analytical formulations to gain insight into the optimal location, i.e., the one that maximizes the po-
tential market, of Park and Ride (P&R) facilities. The formulations assume that a traveler would use a P&R facility if and only
if the corresponding generalized cost is lower than the auto only alternative, which is assumed to be a necessary economic
condition for P&R use. This implies that the P&R system must provide a service that is fast, inexpensive, and frequent enough
to overcome the transfer costs (e.g., waiting to the P&R, and waiting for the transit vehicle). As a result, if the operational
(including tolls) of using automobile is small compared to travel time value, it is not possible to make an economic case
for P&R use when the transit system does not travel faster than the general traffic. Conversely, if auto’s operating costs
are large compared to value of time, P&R could be an attractive alternative if it provides a relatively inexpensive and fast
service.

The paper considers two different scenarios: a linear city (that could also represent a travel corridor), and a two-dimen-
sional city with Euclidean travel. Analytical derivations were obtained for both cases using, as starting point, the economic
necessary condition for P&R use, i.e., that the generalized cost of travel using P&R be lower than one for the car only
alternative.

In the case of the linear city, the paper identified two breakeven distances (BED) of great import to the estimation of the
potential P&R market. The first one is (trip) origin BED, i.e., the distance below which a traveler could drive upstream to use
the P&R facility to access its downstream destination, and still be better off. The second one is the (trip) destination BED,
which is the travel distance from the origin below which it does not make sense to use P&R. The analyses reveal that these
parameters play a key role in P&R potential market because, for a given origin-destination trip to consider P&R as a legiti-
mate alternative, both its origin and its destination must be in the feasible set. In the case of the origin BED, its main effect is
to increase the potential (trip) origin market. In contrast, the destination BED reduces the trip destination market of the facil-
ity. Because of these joint effects, the potential market of a P&R facility is maximized when the largest possible number of
trip origins and trip destinations find it beneficial. Since this is a MAX MIN problem, the optimal potential market is the one
at which the trip origin market is equal to the trip destination market. These interactions lead to a situation in which the
optimal location is determined by the origin and destination BEDs which, in turn, are a function of the location of the facility.
If the effects of the BEDs do not exist or are disregarded (which would not be conceptually correct because they are always
present), the best decision would be to locate the P&R at the edge of the congested region. In this location, a transit service
that is significantly faster than the auto only alternative could benefit the users reaching all downstream destinations. The
consideration of the destination BED introduces a constraint in the destination market that forces the optimal solution up-
stream, to the point at which the trip origins equal to trip destinations for which P&R is a feasible alternative.

In the two-dimensional city case, the analytical derivations prove that—for a given trip interchange ij the set of feasible
locations follows an ellipse-like figure with the trip origin as one of the foci. These functions—referred to as limiting func-
tions—depend on parameters such as trip distance, transit level of service (LOS), and the like. In essence, the area enclosed
by the limiting functions increases with the transit LOS and trip distance, and so do the corresponding catchment areas. This
is because the catchment area is determined by the marginal trip origins, i.e., those for which the P&R facility is just inside
the limiting function, which leads to a situation in which an increase in the area enclosed by the limiting function will pro-
duce a concomitant increase in the catchment area.

The research reveals that, although the catchment area for a given P&R is not technically a parabola, that this geometric
function could be a reasonable approximation of the actual shape. However, in order for this to happen, the chord of the
parabola at the P&R must be consistent with the LOS provided by the transit service. As illustrated in the paper with numer-
ical examples an efficient transit service would lead to focal chords that may be several times longer than other less efficient
cases.

Based on the insight described above, the paper develops an approximate procedure to estimate the catchment area for a
P&R site, given the LOS provided by the competing modes. The approximation is based on the assumption that the catchment
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area is a parabola that could be estimated with three critical points: the origin BED, and the distances that define the chord
evaluated at the P&R site. The results indicate that this procedure can deliver a solid conservative estimate of the catchment
area for a given P&R site. The numerical experiments clearly indicate that the parabolic approximation performs better than
other alternative procedures (i.e., a conical approximation, average of conical and parabolic approximations). The ease with
which the catchment areas could be estimated with this procedure indicates that it is bound to benefit practitioners and
researchers interested in planning and location of P&R facilities.

Taken together, the analytical model developed and its findings have shed light into the optimality of P&R suggested prac-
tices. However, in spite of the paper’s contributions, the need remains to do further research in this complex subject.
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Appendix A. A complementary view

A complementary view is obtained using probability concepts to estimate the potential market share. This is based on the
observation that for a random traveler going from i to j, considering a P&R alternative makes sense if and only if, both origin
and destination are in the feasible sets for facility p. Assuming independence between the locations of origins and destina-
tions for an individual along the corridor, one could use probability concepts to estimate the potential market share of P&R.
Denoting with the symbol D the set of feasible solutions, i.e., the ones that meet the necessary conditions for use:
PðTij 2 DÞ ¼ PðOi 2 DÞPðDj 2 DÞ ð56Þ
Since the population and jobs are assumed to be uniformly located along the corridor, one could estimate the probability of
feasible origins and feasible destinations at optimality as the results of the optimization process described before:
PðOi 2 DÞ ¼
POpt

O lOpt
p ;d�bp

� �
qSlC

ð57Þ

PðDj 2 DÞ ¼
POpt

D lOpt
p ;d�pj

� �
qDðlE � lCÞ

ð58Þ
Thus, the potential market share becomes:
POptðTij 2 DÞ ¼
POpt

O lOpt
p ; d�bp

� �
qSlC

POpt
D lOpt

p ;d�pj

� �
qDðlE � lCÞ

ð59Þ
Eq. (59) implies that, in order to maximize the potential market share of a P&R facility, the key is to ensure that joint prob-
ability of attracting both origins and destinations is at its maximum. This is obviously different than maximizing either the
trip origins or the trip destinations independently.
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