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This paper is concerned with choice set formation in the intraurban context where choice
alternatives explicitly involve the spatial dimension. Its purpose is to develop an opera-
tional method using GIS for generating more restrictive spatial choice sets through
incorporating the spatio-temporal constraints and cognitive constraints of an individual
into the framework. The main construct proposed, which was formulated in set-theoret-
ical terms, is the cognitive feasible opportunity set (CFOS). A set of network-based GIS
procedures were developed using ARC/INFO GIS to operationalize the formulation. An
example drawn from a travel diary data set collected in Columbus, Ohio, is used to
examine implementation issues. The paper concludes that, without a realistic representa-
tion of the travel environment, the spatial configuration of choice sets and the alter-
natives they contain could be very different from what individuals actually experienced
in their daily lives.
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1. INTRODUCTION

As the geoprocessing capabilities of GIS become more powerful and
detailed data of the urban environment in digital form become more
available, methods for tackling problems in disaggregate travel model-
ing not possible in the past have become feasible today. This paper
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focuses on one particular aspect of disaggregate travel modeling which
will benefit substantially from the use of GIS. This is the problem of
choice set formation in the intraurban context where choice alternatives
explicitly involve the spatial dimension (for example, destination choice).

Difficulties in delimiting spatial choice sets have long been recog-
nized (Burnett, 1980; Hanson, 1980; Landau et al., 1982; Thill, 1992;
Timmermans and Golledge, 1990). A major difficulty concerns the
proper size and scope of choice sets. In some studies choice sets are so
broadly defined that many alternatives they contain are not feasible
due to the spatio-temporal constraints an individual faces (e.g. Adler
and Ben-Akiva, 1976; Southworth, 1981). Choice sets may also
contain alternatives unknown to an individual because of the limited
knowledge about the opportunities in the urban environment. An
individual may not have the mental capacity to evaluate the large
number of alternatives often contained in choice sets (Golledge et al.,
1994; Bovy and Stern, 1990; Fotheringham, 1988a; Gérling and
Golledge, 1989; Halperin, 1985). Further, there was no effective means
for representing elements of a realistic urban environment in the choice
set formation process. These include the uneven spatial distribution of
alternatives, differences in the speed of movement, and effect of the
network geometry of the transportation system. Since mis-specifica-
tion of choice sets introduces biases in parameter estimates and errors
in predicted choice probabilities, many have emphasized the impor-
tance and need to develop better methods for choice set formation
(Horowitz, 1985; Pellegrini et al., 1997; Thill, 1992; Thill and Horowitz,
1997a,b; Williams and Ortuzar, 1982).

The purpose of this paper is to develop a method for generating
more restrictive and relevant spatial choice sets for non-routine discre-
tionary activities through incorporating the spatio-temporal con-
straints and cognitive constraints of an individual into the framework.
The main construct proposed is the cognitive feasible opportunity set
(CFOS), which contains spatial alternatives familiar to the traveler
and can be reached within given spatio-temporal constraints. The for-
mulation is based on the time-geographic construct of the space—time
prism and the cognitive map of individuals about the urban environ-
ment (Burns, 1979; Giirling et al., 1994; Golledge and Stimson, 1997;
Higerstrand, 1970; Landau er al., 1982; Lenntorp, 1976; 1978; Parkes
and Thrift, 1975). A set of GIS procedures were developed using the
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ARC Macro Language (AML) in ARC/INFO GIS to implement the
formulation. An example drawn from a travel diary data set collected
in Columbus, Ohio, is used to illustrate how the formulation is
operationalized in a GIS. Discussion of this example reveals many
important implementation issues. While the value of formulating
probabilistic choice-set generation models is acknowledged, as
asserted by Thill and Horowitz (1997a,b), the concern of this paper is
largely on developing an operational method. This work is therefore a
first step towards the long-term goal of integrating mathematical
modeling and GIS methods in spatial choice modeling. Further, the
formulation discussed here represents a restrictive specification in
which only the constraints are included. A full formulation of a choice
set generation model would include other elements such as a random
utility function incorporating attributes of alternatives and a choice
probability distribution.

2. PAST IMPLEMENTATION OF PRISM CONSTRAINTS

While there are some previous attempts to operationalize the space—
time prism (e.g. Kitamura ez al., 1981; Kondo and Kitamura, 1987;
Landau et al., 1982; Lenntorp, 1976; 1978; Nishii and Kondo, 1992;
Villoria, 1989), they largely use mathematical and geometrical meth-
ods which have a number of limitations. First, the complex travel
environment was not represented realistically when using these
methods. Mobility and travel speed were assumed to be uniform
throughout the urban environment. In the real world context,
however, travel can only take place along channels of movement and
is therefore confined by the geometry of the transport network. Legal
speed limit and variations in traffic condition also affect travel speed
throughout the network (Burns, 1979; Miller, 1991; 1994). Means for
better approximating travel speed and conditions as they are experi-
enced by individuals in real life situations are needed. Since elements
of a real travel environment like segment-specific travel speed, the
effect of one-way streets and delays at intersections can be represented
in a GIS network data model, the application of a network-based
method enables more realistic approximation of prism constraints.
This paper therefore adopts a network-based approach to prism
constraints and choice set formation in which travel is physically
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confined by the geometry of the transport network. Segment-specific
travel speed is implemented through specifying the appropriate arc
attributes in a detailed street network database using GIS.

The difficulty is similar in the case of realistically representing the
location and spatial distribution of destination alternatives. The num-
ber of alternatives in the urban environment is so large that many past
attempts to operationalize prism constraints had to reduce the dimen-
sionality of the problem by dividing the study area into a limited num-
ber of traffic analysis zones (TAZs) (e.g. 35 zones in Landau et al.,
1982). Spatial structure of the alternatives in this situation is
therefore qualitatively very different from the real choice environment
as experienced by individuals, since individuals do not normally
perceive spatial alternatives as areal aggregates (instead, a node-based
perceptual structure was observed in Golledge, 1978; Hirtle and
Jonides, 1985). The problem may be serious when the spatial
boundary of the perceived choice set of an individual does not
correspond to the boundaries of traffic analysis zones (e.g. a choice set
may span several different TAZs). Choice alternatives specified in
terms of TAZs delimited a priori may not be able to reflect some
critical choice factors present in the decision-making process of an
individual. Since spatial alternatives are largely perceived in terms of
point locations, a punctiform representation of activity locations is a
more realistic portrayal of the spatial distribution of alternatives
(Miller, 1991). In this study, a punctiform representation of urban
opportunities is implemented in which spatial alternatives are repre-
sented by point locations specified in terms of geographic coordinates.
Distance and travel time between any two locations are calculated on
a point-to-point basis using the intervening network nodes and arcs.
These are more precise distance measures than distance between
centroids of traffic zones. The punctiform representation also enables
the direct enumeration of the number of opportunities contained in
choice sets, and the visualization of their spatial distribution in relation
to the locations actually chosen by an individual.

Further, there are several difficulties associated with the geometric
method used to implement the space—time prism in the past. When the
area an individual can reach within the spatio-temporal constraints
(called the potential path area (PPA) in time-geographic literature)
was derived geometrically, only the home and the workplace were used
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as the focal points. The PPA derived by this method thus takes the
shape of a spatial ellipse whose geometric properties are determined by
the two constraining locations and a given amount of travel time (e.g.
Kondo and Kitamura, 1987; Nishii and Kondo, 1992; Stopher ez al.,
1996). While the ellipse may be a good approximation of the PPA in
metropolitan areas where mobility is relatively uniform, it is highly
unrealistic in other urban contexts. Using a network-based method
will ensure that the PPA generated will be shaped by the geometry of
the transportation network instead of producing an unrealistic spatial
ellipse. Another concern is that besides the home and workplace
locations, many other activities have some degree of spatio-temporal
fixity which imposes additional constraints on the feasible alternatives
of an individual (Cullen ez al., 1972; Stephens, 1975). Interdependen-
cies and linkages among activities may also render some locations
which are highly inaccessible from the home base very accessible from
other activity locations (Golledge and Stimson, 1997; Hanson, 1980;
Kitamura et al., 1990). The PPA for a particular activity is therefore
context-specific. It has to be identified in relation to other activities the
individual has to perform on the day. This study extends the conven-
tional framework to allow for the constraining effect of fixed locations
other than the home and workplace through activity linkages.

Another limitation of past attempts is their failure to move beyond
objective spatio-temporal constraints to incorporate the constraining
effect of individual cognitive factors into the framework. These factors
include an individual’s knowledge of various areas of a city, familiarity
with potential activity locations, and tendency in locational preference
or aversion. In normal circumstances, for instance, an individual will
not consider unknown destinations as alternatives even if these oppor-
tunities can be reached within specified spatio-temporal constraints
(Fotheringham, 1988a; Golledge et al., 1994). In this paper a
constraints-oriented approach to choice set formation is proposed
which also incorporates a cognitive component.

3. A CONSTRAINTS-ORIENTED FORMULATION OF
THE COGNITIVE FEASIBLE OPPORTUNITY SET

In this section, a formulation of a spatial choice set called the cognitive
feasible opportunity set (CFOS) is described. Derivation of the set is



144 M.-P. KWAN AND X.-D. HONG

not only based on consideration of spatio-temporal constraints, but
also takes the restricting effect of cognitive factors into account. The
framework extends the work of Miller (1991) and Golledge et al.
(1994) who identify the subset of all alternatives that the traveler can
reach within given spatio-temporal constraints using a GIS method.
Whereas Miller refers to it in terms of its spatial expression as the
potential path area (PPA), Golledge et al. (1994) called it the feasible
opportunity set (FOS).

Consider an individual s who has a daily activity program consisting
of a set of n out-of-home activities. Among these activities, some need
to be performed at locations fixed to the individual (e.g. workplace,
child’s school or family doctor), while others can be undertaken at
locations which the individual can choose (e.g. gas stations or grocery
stores). These latter activities are referred to as “flexible activities”. As
individual s considers the location for pursuing a flexible activity a,
many locations in the universal choice set U will not be relevant in the
decision-making process. Among all activity locations in U, only those
at which activity a can be performed will be considered. Let U, denote
this activity-specific subset of the universal choice set U. We use
spatio-temporal constraints and cognitive variables to further restrict
U, for the derivation of the cognitive feasible opportunity set CFOS;,.
The CFOS,, is defined as the subset of U, for individual s for activity a
which contains the locations that can be reached within the individ-
ual’s spatio-temporal constraints and are present in that person’s
cognitive map of the environment. Each element in the set has a non-
zero probability of being evaluated and chosen by the individual.

A formulation of the CFOS,, in the case where only one flexible
activity a is to be pursued between two fixed activities f; at location i
and f; at location j is first provided as follows. Feasible location k for
activity a can be identified by specifying the following constraining
variables: ;= the latest ending time of the activity at location i, which
is the origin of the trip; #;= the earliest starting time of the activity at
location j, which is the fixed activity location after k; v =the average
travel speed on the transport network (this will be modified later to
accommodate segment-specific travel speed); dy = distance from the
first fixed location i to location k; and dj =distance from the next
fixed location j to location k. Possible activity locations (k, ) in space—
time for activity a which lie within the three-dimensional space—time
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prism or potential path space (PPS) can be defined as:

ik di
PPSsa:{(k,l)|li+d—v]‘§[§[j_%} (1)

To incorporate the effect of store hours, minimum threshold activity
duration required for activity a, R,,, and delay times at location /, D,
into this simplistic definition of the space-time prism or potential path
space, the maximum activity duration for activity a at location k is
first identified as:

dix + dji
ka: <lj_ti_ijZDl>’ (2)

where #;—¢; is the total time available for activity participation and
travel between fixed activities f; and f;, (di+djx)/v is the total travel
time needed to travel from location i to k and from k to j, and the
term Y D, represents the total delay time incurred at various loca-
tions /=1, j, k (for the case with many flexible activities, k becomes
ki, ko, ..., k,). The total delay time represents the total amount of
time spent on changing transport mode, waiting, parking, and other
non-travel times consumed in transit (see Villoria’s, 1989 discussion
on stochastic delays). The effect of store hours and minimum
threshold activity duration can further be represented by another
constraint:

ty <t + Ra <t., (3)

where 1, is the time the facility at location k opens, ¢. is the time the
facility at location k closes, f; is the time individual s arrives at k,
and R, is the minimum threshold activity duration for activity a.
This means that, given the time available for activity participation
and travel, location k allows for activity a to be conducted for a
duration equal or greater than the minimum threshold duration
within the opening hours of its facility or store. The three-
dimensional space—time prism can now be specified as:

PPSsa = {(kyl)I(Tvak > Ra) and ([0 < te + Ru < t(')} (4)
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The potential path area (PPA) is the two-dimensional representa-
tion of this potential path space PPS,, in planar geographic space.
Graphically, PPA is the area delimited by projecting the space—time
prism onto the earth’s surface (Burns, 1979; Lenntorp, 1976; Miller,
1991). It contains all locations within reach by the individual who
faces constraints as expressed in equation (4) and wants to pursue
flexible activity a between two fixed activities. The feasible opportunity
set (FOS), which is the set of feasible alternatives delimited by the
potential path area (PPA), is therefore:

FOS,, = {k| (k. 1) € PPS,,}. (5)

To incorporate the effect of cognitive constraints into the specifica-
tion of the feasible opportunity set FOS;,,, the cognitive opportunity
set COS,, for individual s pursuing flexible activity a must be speci-
fied. Two important aspects of the cognitive environment of an individ-
ual are: (a) spatial knowledge or.'familiarity with various areas of the
city, and (b) locational preference or aversion which indicates the ten-
dency for an individual to prefer or avoid certain areas of the city
when pursuing a particular activity. This is a simplified specification of
the COS,, for the present purpose. More comprehensive formulation
needs to be constructed in future studies. This cognitive opportunity
set is defined as:

COS,, = {m|m € F;, and m¢ Py}, (6)

where Fy, is the set of spatial alternatives known to the individual as
defined by some measures of familiarity or awareness (Gale et al.,
1990). P, is a set which contains spatial alternatives which the
individual will not considered due to locational aversion and
preference (Girling et al., 1989). It contains elements which need to
be excluded when forming the choice set. This COS;, therefore
contains spatial opportunities which are familiar to and will be
considered by the individual. The cognitive feasible opportunity set
CFOS;,, of individual s pursuing flexible activity a can now be
specified as the intersection of FOS,, and COS,,:

CFOS,, = {¢|ce (FOS,, N COS,,)} (7)
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Elements of the CFOS;, are both reachable within the individual’s
spatio-temporal constrains and familiar enough so that the probability
of being evaluated and chosen is not zero. The size of the CFOS;,, can
be used to find the number of alternatives for activity a:

1 if ¢ € CFOS;,
0 otherwise

Ny = Z A  Where A\, = { (8)
c

As Landau ez al. (1982) and Burns (1979) suggest, the number of
alternatives in the choice set (N,) can be used as a measure of the
effect of constraints or the accessibility to urban opportunities for
individual s (see its application in Kwan, 1998). This formulation can
be extended for cases where there are more than one flexible activities
between two fixed activities. Consider, for instance, a number of flex-
ible activities ay, ay, . .., a, to be performed at locations ki, k-, ..., k,
between fixed activities f; and f;. The potential path space as specified

by equation (1) would become:
dn* n
<tn~1 + VL > S tn}, (9)

d..
<t and f,+—2<t,
ey

PPSsal n — {(kn’ tn)

where

d4
f+ ikl

and 1, is the time of arrival at location k, for activity a,, and d is the
distance between consecutive locations as specified by the subscripts,
with i and j as the constraining starting and ending locations.
Similarly, stores hours, minimum activity duration and delay times for
each of these flexible activities can be incorporated into equations (2)
and (3). As far as the individual can find locations for these flexible
activities, the basic form of equations (4)—(8) do not change except
that the constraints are now applied to the sum of relevant variables
for individual activities (e.g. the sum of travel time cannot exceed the
total travel time available).

Finally, we extend the formulation for network-based implementa-
tion as follows. First, the compact notations for representing location
in linear space such as i, j and k can be given two-dimensional
connotation so that i=(x; ), j=(x;y;) and k= (x4, y;) now repre-
sent punctiform activity locations in planar geographic space. When
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implemented in a GIS, however, an activity location will be attached
to the nearest network node so that i, j and k should be interpreted in
the operational context of the network. Further, instead of using aver-
age speed v, a time-dependent and segment-dependent travel speed in
the network can be implemented by v, which represents the travel
speed on segment m at time 7 of the day. Putting these network-based
extensions into the equations, travel time such as

n dm

di
— now becomes E —_
v Vit

m=1
where the network distance between any two nodes i and k, dj, is cov-
ered by a number of network segments m=my,m, ..., m,, each with
a distance of d=d,,d,,...,d, and time-dependent travel speed
V="{, V2,...,V, All other terms involving distance and travel speed
can be similarly reformulated for incorporating the effect of network
distance and segment-specific travel speed.

Several characteristics of this network-based constraints-oriented
formulation of the cognitive feasible opportunity set (CFOS) should
now be highlighted. First, the CFOS is individual-specific. Each indi-
vidual has a distinct pattern of spatio-temporal fixity and cognitive
map in relation to the opportunities in the urban environment, and the
CFOS for different members of the same household may be different.
Second, the CFOS are activity-specific, meaning that only locations
with the facilities needed for the pursuit of a particular activity will be
considered as relevant alternatives (e.g. grocery stores will not be con-
sidered as elements of a choice set for a meal). Third, the CFOS rele-
vant for a particular choice problem depends on the location and
nature of the activities before and after it (such as constraining loca-
tions i and j in the formulation above). A CFOS is therefore context-
specific and contingent upon a unique space—time position in relation
to an individual’s activity program on a particular day.

4. GIS METHOD AND PROCEDURES

The GIS method outlined in this section was developed for oper-
ationalizing the construct of the cognitive feasible opportunity set
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(CFOS) in the general form specified by equation (7). The procedures
were developed using AML in ARC/INFO GIS Version 7 and involve

the following five steps:

Step 1

Digital representations of a detailed street network and layers of rele-
vant urban opportunities are first established in a geographic data-
base. The network database has comprehensive address ranges for
geocoding activity locations. Temporal characteristics of the travel
environment are also built into the database using appropriate means
such as the turntables in ARC/INFO. Other temporal attributes of the
urban environment such as store hours are also incorporated. Fixed
locations of an individual such as home, workplace, and other fixed
destinations are geocoded using address matching operations. Individ-
ual spatio-temporal constraints specified by equations (2)—(4) such
as the time available for activities and travel and the time an individual
is required to be at a certain location will be subsequently built into
the GIS.

Step 2

The second step is to identify network arcs and nodes an individual
can reach within the given spatio-temporal constraints. These are the
potential paths for pursuing the flexible activities between each pair of
fixed activities. In the original time—geographic formulation, a poten-
tial path refers to the three-dimensional representation of a feasible
trajectory in space—time by an individual (Burns, 1979; Miller, 1991;
Lenntorp, 1976). As long as the effect of temporal constraints can be
expressed in terms of the interaction between distance and travel speed
as described in equations (2)—(4), potential paths can be represented in
planar geographic space. Further, since travel can only take place
along channels of the transportation network, the projection of an
abstract potential path onto real urban environment is represented by
the transport links and nodes an individual can reach within the
given constraints.

Finding these potential paths or routes is by no means straightfor-
ward even using GIS. The difficulty is illustrated in Figure 1 where the
problem is to find all possible paths which, starting from fixed loca-
tion i, allow the individual to reach flexible locations such as k; or &,
and arrive at the next fixed locations j given a certain amount of total
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FIGURE 1 The difficulty in finding all potential paths given the time constraint.

travel time. Current GIS software has procedures only for finding the
shortest path between two locations or the optimal route connecting a
set of locations. If the shortest path algorithm is used given location i
and j, only one path connecting them will be found. Since individuals
do not necessarily use the shortest path in their travel (Gérling and
Giirling, 1988), and most elements of the feasible opportunity set are
not located on this route, this method cannot find all potential routes
between i and /. If an optimal route algorithm is used, location k; or k»
must be a known location so that the algorithm can determine which
three points to connect. Since locations k; and k, being the locations
of potential opportunities, are unknown in the sense that locations
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that will satisfy the constraints are not known beforehand, routing
algorithms cannot be used to solve the problem either. Further, even if
there is an algorithm which can find all possible paths between i and j
within the travel time constraint, optimization considerations will lead
it to find only routes connecting locations between i and j like k; and
k,, but not locations outside their in-between area like k3 which would
still be feasible given the travel time constraints (Figure 1). A possible
method for solving this problem developed in this study is outlined as
follows.

A given amount of travel time between i and j is first divided into
various combinations of travel time from i to k£ and from k to j with a
constant increment (see example in box of Figure 1 where available
travel time is thirty minutes). A series of route sets containing all
reachable links from either i or j for different travel times are then
delimited (for example, the set containing routes which could reach i
within five minutes (/5s) and the set containing routes which could
reach j within 25 minutes (J,s)). Another series of route sets is derived
by intersecting the appropriate route sets given the total amount of
travel time. For example, if the travel time available between i and j is
30 minutes, intersection of the route set which could reach i within 10
minutes (/o) with the route set which could reach j within 20 minutes
(J20) generates one route set (4;10p0) Which contains feasible links
for connecting i, £ and j. Symbolically, this can be represented as
Aj10720 = 10N J20, and so on. Finally, the set containing all potential
routes connecting i, k and j for a given total travel time is generated
by finding the union (B) of this series of route sets (A) generated in
the last step. Symbolically, this can be represented as Bzo= A;s;sU
Ajl020U. ... UAps;s. Pseudo codes for performing this procedure on a
data file which contains only fixed activities are listed below:

PHASE 0: Initialization
Step 0.1: For any pair of consecutive fixed activities A and B per-
formed on the same day and by the same person, set the
following variables:

NODEO = node-ID of the network node nearest to A
NODEI =node-ID of the network node nearest to B
TTIME = total time for travel between A and B
TOL = the tolerance for network overlap
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Step 0.2. If TTIME > 10, set TM =5 and INCRT =35 else set
TM =2 and INCRT =2

PHASE 1: Find all potential routes to flexible location k between

fixed activities A and B

Step 1.1 Set ATIME =TM, BTIME =TTIME — ATIME

Step 1.2 If TM > TTIME, allocation is done. Go to Step 1.7.
Else do

Step 1.3 Allocate all routes to NODEO as PP_TMO with travel time
ATIME, and allocate all routes to NODE1 as PP_TMI
with travel time BTIME

Step 1.4 Reselect the overlap PP_TM of PP_TMO0 and PP_TMI1
with tolerance TOL

Step 1.5 Kill PP_TM2 and PP_TM1

Step 1.6 Set TM =TM + INCRT, go to Step 1.1

Step 1.7 Append all PP_TM to coverage NETCOV representing all
PP for the two fixed activities

Step 3

Once all feasible routes for a flexible activity are identified, the PPA
covered by this set of feasible network arcs and nodes can be found by
buffering procedures in GIS. Alternatives which fall within the bound-
ary of this PPA or FOS can be identified either by overlaying the
buffer zone on the coverage of all alternatives, or querying the data-
base directly.

Step 4

Variables of the cognitive dimension specified in equation (6) are
then incorporated into the geographic database and used for identify-
ing the cognitive opportunity set (COS). One relatively simple
measure is the familiarity index, which measures an individual’s famil-
iarity with various areas of the city. For instance, the COS may be
defined as areas of the city with familiarity rating above a certain
level on a rating scale (e.g. Gale et al., 1990 used a nine-point scale,
whereas van der Heijden and Timmermans (1984) used a binary
variable).
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Step 5
Finally, the CFOS as specified in equation (7) is delimited by over-
laying the FOS and COS identified in Steps 3 and 4 and finding their
intersection. The number of spatial alternatives in the CFOS for a
particular activity for the individual is found by querying the size of
the CFOS.

5. AN EMPIRICAL EXAMPLE

This section reports an example used to implement the GIS procedures
outlined in the last section. Data of the case were drawn from a travel
diary data set collected by the first author in the city of Columbus in
Franklin County of central Ohio in November 1995. Data items used
here will be explained below (see Kwan, 1998 for details). A detailed
street network and various layers of activity locations in Franklin
County, Ohio were also used. The street network is the enhanced
network Dynamap/2000 provided by GDT which contains 47,200 arcs
and 36,360 nodes of Columbus streets. Data for urban opportunities
in Columbus were compiled from various sources including digital and
printed phone directories. Activity locations were geocoded using
street addresses. These urban opportunities include banks, department
stores, gas stations, grocery stores, restaurants and many others.

The activity program of the person is shown in Table I and Figure 2.
The person’s home is located in the northeastern part of the city of
Columbus called Westerville. On the travel diary day, this person con-
ducted activities at three out-of-home stops which were work, a social
event at a church and a meal in that sequence. She returned home after

TABLE I Activity program of the individual

Stop Activity Location Spatial  Distance  Activity — Activity  Travel

number fixity  willing to  start time end time  time
rating  travel® (min.)

0 Home-based Home 5 N/A 0:00 7:10 N/A

1 Work Workplace 5 7.5 7:32 17:00 22

2 Social event  Church 5 12 17:17 19:16 17

3 Meal Restaurant 1 5 19:30 21:00 14

4 Home-based Home 5 N/A 21:16 0:00 16

“Distance willing to travel for a particular activity measured in miles.
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FIGURE 2 Potential paths and potential path area for the individual for a meal
destination.

the meal. The problem is to delimit the CFOS for this individual which
includes all feasible alternatives that will enter into the choice process.
Both the home and workplace locations of the person are treated as
fixed locations. Whether the social event or meal was a fixed activity is
identified by a spatial fixity rating (that is, the ease with which the
location for an activity can be changed). On a five-point scale, a value
of one means it was easy to change the location of the activity,
whereas a value of five means it was difficult. For our purpose here, an
activity is defined as locationally fixed if its spatial fixity rating is
higher that three. Data provided by the person indicate that location
for the social event (i.e. church) could not be changed, whereas the
meal location has a spatial fixity rating of one, meaning it was easy to
choose other alternative locations (Table I). So the task is to identify
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this person’s cognitive feasible opportunity set (CFOS) for a meal
location given the constraining locations before (church) and after
(home) the activity.

Since the person’s actual time budget is not known, it was assumed
that, for the purpose of illustration, the time she actually spent on each
activity equals the time available for that activity, and the time she
actually spent on travel between each pair of activities also equals the
time available for traveling between them. Given that the total travel
time available from church to the meal location and returning home
was 30 minutes, it is necessary to find all feasible routes which the
person can reach within 30 minutes. For simplicity’s sake, the seven
classes of roads in the street network were collapsed into three and
assigned travel speed as follows: (a) 55 miles per hour for controlled
access freeways (Class 1); (b) 25 miles per hour for state highways and
municipal arterials without access control (Class 2 and 3); and (¢) 15
miles per hour for other city streets (Class 4 to 7). It was further
assumed that delay time in transit is equal to 25% of total travel time
available. Then an AML in ARC/INFO was developed to implement
the procedures described in Step 2 above to find all potential paths or
feasible routes. Potential paths generated by this procedure for the
person and activity in question are shown in Figure 2.

To find the area that can be reached by using these potential routes,
a quarter-mile buffer area around each potential route was delimited.
This buffering distance is selected because most urban opportunities
are accessible within a quarter-mile distance from the adjacent city
streets. These buffer areas were finally joined together to form the
PPA or FOS for the meal location (Figure 2). Figure 3 shows the uni-
versal choice set of all restaurants in Franklin County, Ohio, in 1995
which consists of about 1400 alternative locations. Comparing the 101
alternatives included within the boundary of the FOS delimited, this
procedure greatly reduced the size of the choice set.

To find the cognitive opportunity set (COS) as described in Step 4
and 5, two additional pieces of information were used. First, famil-
larity ratings for various areas of Columbus were collected in the
survey using a map of the city overlaid by 30 grid squares covering the
entire Franklin County. Subjects were asked to rate their familiarity
with the area covered by each grid square on a five-point scale. For the
sample person, grids with familiarity rating 1, meaning most familiar,



156 M.-P. KWAN AND X.-D. HONG

FOS

a
AFl
A
A A
A 'y

- A A
a ~» ‘.m?

a Asapad am An a ut M M s s sy o mmdus
A a AM gaa
“Ah“ - ﬁ A A map
a
£ At; . }f $ as
Iy * hi a

O Restaurants in FOS

4 0 4 8 Mil
A Restaurants outside FOS A > Mies

ey —

FIGURE 3 Feasible opportunity set for a meal destination for the individual.

are showed in Figure 4. The area covered by these grids was identified
as her COS. Its intersection with the feasible opportunity set (FOS) as
shown in Figure 4, delimited by overlaying operations using the
boolean operator AND on vector polygons in ARC/INFO, defines
the cognitive feasible opportunity set (CFOS). In this case, the CFOS
further reduces the elements of the FOS from 101 to 93 restaurants.
Although this is still a large number of alternatives for choice model-
ing, additional choice criteria can be implemented using GIS. For
instance, on her travel day the person chose an American-style family
restaurant for the meal. An examination of the elements in the CFOS
reveals that it contains only 27 restaurants of this type. Data about the
two preferred alternative meal locations given by the person in the sur-
vey further reveal that other destinations she also considered somehow
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FIGURE 4 Cognitive feasible opportunity set for the individual.

clustered within a small area of about one square mile around a street
intersection. Following the observations of Dijst and Vidakovic (1995)
and Fotheringham (1988b), it seems possible that she perceived spatial
alternatives in clusters according to their similarities or proximity. If
that was the case, a clustering procedure can perhaps be built into the
choice set formation process when additional information about the
attributes of choice alternatives is not available to the analyst.

6. DISCUSSION AND CONCLUSION

As the example revealed, the spatial configuration and extent of
potential paths and the feasible opportunity set (FOS) are heavily
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shaped by the geometry of the transportation network, often
stretching along routes of high speed of travel (e.g. Interstate 270 in
Figure 2) while being more constrained along routes with lower speed.
When mobility and travel speed are not equal in all areas and direc-
tions in a city, the spatial configuration of the FOS is far from any
convenient geometric shapes like the ellipse used to approximate the
PPA in past studies. Further, the method of discounting the attractive-
ness of spatial alternatives based on physical distance used by gravity-
type models will need modification for incorporating the effect of
variations in travel speed in different parts of a city. Given its ability
to represent the complexities and spatial structure of a real transporta-
tion network, GIS enables more realistic approximation of spatial
choice sets.

Using relevant constraining fixed locations instead of the commonly
used home and workplace locations will also increase the chance of
generating more relevant and restrictive spatial choice sets. As shown
in the example, the actual meal location chosen by the person is in fact
closer to the originating fixed location (church) than to either the
home or workplace locations (Figure 2). This is indicative of the
importance of the imminent choice context in the spatial choice
process and suggests that the CFOS is context-specific and activity-
specific. It means that the particular CFOS relevant to a particular
choice problem is determined by the specific activity in question and
the constraining effect of the relevant fixed locations. Approximating
the CFOS based upon the home and workplace locations as the
only constraining locations is not satisfactory for many out-of-home
discretionary activities.

As can be observed in the example, the area of the CFOS may not
be proportional to the number of alternatives it contains. This number
depends heavily on the location of the constraining fixed activities, as
well as the spatial distribution and density of spatial opportunities in
the urban environment. The number and kind of alternatives included
in a CFOS in suburban locations are very different from those con-
tained in a CFOS with the same area but located close to downtown
(as visualization of other cases in the sample has shown). This means
that measures of accessibility to urban opportunities should not be
based merely on the areal extent of the CFOS even when its area can
be identified. Direct estimation of the number of feasible opportunities
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is more desirable than its crude approximation by the area of the
CFOS. This important point, as Miller (1991) has articulated, can be
empirically revealed through implementing the prism construct using
network-based GIS methods as was attempted in this paper.

Although rudimentary, incorporation of the cognitive map through
using a familiarity rating in this paper represents a first step towards
the long-term goal of integrating cognitive factors into choice and
travel modeling. Future research needs to find better ways to represent
and incorporate these cognitive constraints in spatial choice set forma-
tion. Further, it seems that information about the locational pre-
ference and aversion of individuals will also be important elements.

For the sake of simplicity in GIS implementation, the constraints-
oriented method in this paper is formulated in deterministic and set-
theoretical terms. It provides a non-arbitrary and systematic way for
delimiting spatial choice sets based on information of individuals and
the urban environment. A set-theoretical formulation also facilitates
operationalization in GIS because of its straightforward translation
into the boolean operations available in most GIS. GIS method in
itself, however, does not preclude stochastic formulations of the prob-
lem. For.instance, Miller’s (1994) formulation of a network-based
version of the probabilistic Huff model for delimiting market areas has
demonstrated the value of this direction. GIS is not only a visualiza-
tion tool, its geoprocessing capabilities are especially useful for
modeling spatial choice or travel behavior (Golledge et al., 1994;
Kwan, 1997). It also provides an environment for modeling disaggre-
gate travel behavior in relation to an immense amount of information
about the urban environment, including attributes of every road
segment and urban opportunity. More importantly, GIS can provide
an integrative framework for bringing the objective environment and
the cognitive map of the traveler together, thus incorporating these
two important dimensions into a unified framework for modeling
travel choice and behavior. GIS may enable analysts to achieve
predictive accuracy and behavioral realism at the same time through
the development of appropriate GIS-based probabilistic spatial
models.

Much research is still needed before GIS can be fully integrated
into spatial choice modeling. A major obstacle is the lack of efficient
algorithms for performing specialized geoprocessing tasks for choice
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modeling in most GIS software. The computational efficiency of the
operations provided in standard GIS is unsatisfactory especially when
dealing with a large amount of spatial data such as that of a street
network (specialized packages like TransCAD are exceptions). Using
alternative procedures which are computationally less demanding may
help. For instance, it was observed that finding the PPA for a location
close to downtown Columbus may involve over 20,000 network arcs.
Using spatial query methods instead of performing buffering and
overlaying to identify the alternatives included in the CFOS saved
hours of computing time because they do not involve intensive topo-
logical manipulations. However, the lack of efficient algorithms would
make it computationally infeasible to attempt solving problems involv-
ing spatial combinatorics, such as finding all potential paths or
routes for two or more flexible locations between any two given fixed
locations. An important area for future research is the development of
dedicated and efficient algorithms for specialized GIS operations
essential for spatial choice modeling. Another concern is the detailed
individual travel data needed for parametizing these GIS-based
models, especially information about time budgets and cognitive
maps. Much research on effective data collection methods and repre-
sentation of cognitive maps in a GIS is needed.
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