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The goal of this paper is to propose a new approach to activity-travel schedule
modeling that provides a unifying framework for past research in different areas.
This approach is based on empirical evidence gathered using a Computerized
Household Activity SchEduling (CHASE) survey. The survey provided a means
to examine the underlying scheduling behavior of household over a one week
period as it occurs in reality. Results show that a clear distinction can be made
between routine scheduling decisions that are pre-planned before the week
commences, and the more short-term, impulsive, opportunistic decisions made
as the schedule is executed during the week. This distinction allows one to con-
ceptualize the modeling task as a multi-stage process, wherein routine planning
is approached with existing optimization models (assuming that routine activi-
ties are the result of a long-term thought and experimentation process) followed
by a more sub-optimal rule-based simulation model to replicate the decisions
process during the week within the constructs of the optimal routine plan. Such a
model is proposed in this paper as a long term development, and would rely on
the type of data provided by new data collection techniques such as CHASE.
Operationalization of the model as an event-oriented simulation is proposed.
Various components of the model are explored in detail, and discussed within
context of existing models.

1 Introduction

Activity-based approaches to travel analysis have made extensive contributions to
the understanding of travel behavior and the likely impacts of social and policy
changes. The 1970s saw the initial development of the theoretical framework for
viewing travel as part of an activity-based framework, whereas the 1980s saw major
advances in methodology, particularly model development, as well as initial applica-
tion of models to policy analysis. The early nineties have seen important contributions
to the development of modeling techniques which have become more operational but
require further validation and unification before they are fully applied in practice.
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The major impetus for this research is a need for improved models to assess the im-
pact of travel demand management policies that have emerged as the focus of trans-
portation policy. These needs have led to the development of models of specific as-
pects of activities, and more recently to the modeling of entire activity-travel patterns
or “schedules”.

Models of Activity-Travel Schedules

Activity-based models have sought to replicate one or more of the four basic dimen-
sions of activities: 1) activity choice; ii) duration (over what time periods); iii) location;
and iv) sequencing (i.e. when they take place, in what order, and with what frequency).
Many of the first models sought only to replicate certain dimensions, such as time
allocation to activities. Later models incorporate all dimensions within their model in
an attempt to replicate the way individuals and households arrive at a total activity
pattern in time and space. These are often grouped under the heading of activity
“schedule” models, since a schedule of activities embodies all four of these dimen-
sions.

Many different categorizations of activity scheduling models have been made and
discussed in the literature (for more thorough reviews see [1, 2, 3]). Two important
dimensions of these models are 1) whether the modeling approaches are static in na-
ture (i.e. estimate activity patterns simultaneously in one step) or sequential (i.e. step-
by-step structure), and 2) whether they adopt an econometric (e.g. utility maximization
and optimization) or rule-based psychological approach (i.e. sub-optimal, satisficing
style rules) to model development. Distinctions are also made between theoretical
versus operational models, the latter being exclusively based on observed data.

Previous modeling efforts have relied mainly on the traditional utility maximization
framework to replicate specific aspects of the scheduling process in limited combina-
tion or to capture the static choice of an entire daily activity schedule. Three basic
approaches have been adopted. The first is to model the sequential choice of activities
and locations to add to a sequence/pattern of activities and travel (e.g. [4, 5], and [6]).
Conventional logit type models are used to predict the choice(s) conditional on the
characteristics of activities/locations that proceed and follow the given choice. A sec-
ond approach focuses on the simultaneous choice among a set of activity-travel se-
quences/patterns, rather than on their sequential construction (e.g. CARLA [7],
STARCHILD [8, 9], and [10]). A third approach that represents a mix of the sequential
choice of pre-defined patterns is the tour based nested logit model developed by
Bowman et al. [2, 11, 12].

However, the behavioral validity of the utility maximization framework as a descrip-
tion of how people actually make decisions has continuously been questioned [13].
Criticisms focus on assumptions regarding full information and the capacity of indi-
viduals to determine optimal solutions. Specifically, the main criticism of simultaneous
schedule choice models is the assumption that people choose amongst a large set of
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patterns to maximize their utility, which is viewed as unrealistic since people are rarely
aware of all possible patterns available to them.

In the case of tour based models, the behavioral assumption is that the activity
scheduling decision structure consists of a series of choices that can be described by
discrete choice models. However, simply adding more nests to the utility maximization
model to account for the complexity of scheduling is insufficient on behavioral as well
computational grounds. For instance, Bowman and Ben-Akiva’s [2] attempt to incor-
porating the time dimension led to the addition of another nested level to their model.
Not only does this involve a behavioral assumption about how timing decisions are
made, but computational limits meant that only four time periods could be included for
choice, which is clearly inadequate for policy analysis. Extension to more precise time
periods would cause serious problems in a nested logit system.

Several models appear to be well conceived from a theoretical standpoint, as was the
case with STARCHILD and Bowman and Ben-Akiva’s models, but their operationali-
zation suffered from a limited focus on the use of utility maximization discrete choice
techniques. Insights from cognitive psychology about how people perform complex
scheduling tasks suggests that people apply a large range of heuristics and strategies
when faced with such tasks [14, 15]. Garling et al. [16, p. 356] argues that an even
more serious issue relates to the tendency of traditional models to be confined to speci-
fying what factors affect the final choice of pattern whereas the process resulting in
the choice “is largely left unspecified.”

In response to these criticisms, recent modeling efforts have attempted to more ex-
plicitly replicate the sequencing of decisions made during the scheduling process,
under alternative “rule-based” behavioral structures. These include SCHEDULER [16,
17], SMASH [18], and models by Lundberg [19], Girling et al. [20], and Vause [21].
The most advanced operationally of these models is the SMASH model. The model
starts with similar inputs to the CARLA and STARCHILD models (a list of activities
to schedule along with their attributes), however, an individuals schedule is succes-
sively constructed by maximizing utility at each step (add, delete, reschedule) taken to
construct the schedule, rather than for the schedule as a whole. Although this model is
highly innovative, several key criticisms can be noted. Firstly, the authors note that
“the mechanisms of the model allow for the adjustment of the schedule during the
travel phase”, however, this adjustment is limited only to substitution of activities
between the agenda and schedule, ignoring other adjustment possibilities such as
changes in activity duration and location. The authors also note that changing travel
times and unexpected activity durations effect the utility in a sense that the chance of
completing the schedule may vary, but they do not go on to describe how the adjust-
ment of the schedule during execution is incorporated in the model. In this way, the
SMASH model is still somewhat limited to the same “pre-travel phase” of scheduling
as the STARCHILD model.

Overall, these behavioral limitations may seriously hamper the use of SMASH to
assess the impacts of policy that inherently invoke a rescheduling response involving



38 The Development of a Unified Modeling Framework

more than just substitution of activities (e.g. tele-communication), or that involve
changes in behavior during execution of the schedule (e.g. ITS - Intelligent Transpor-
tation Systems). These criticisms may be due in part to the limitations of their interac-
tive computer experiment MAGIC [22], which was limited to investigating activity
scheduling behavior in a lab setting essentially ignoring the portion of scheduling
decisions made during execution of an individual’s schedule. The Ettema findings
were also used in general to support the more recent sequential ruled-based models of
Girling et al. [20] and Vause [21], which may explain why they too are somewhat
limited in the extent to which they address how scheduling decisions are subsequently
modified during execution, and why they struggle with assumptions concerning the
sequencing of decisions.

Future Directions

From the literature, it is clear that contributions to the complex field of activity
scheduling are widely dispersed. Scheduling models based on existing econometric
techniques are severely limited by their behavioral assumptions which limit their ap-
plicability to policy assessment. Alternative theories about activity scheduling that
have been introduced are quite difficult to operationalize in their full form (e.g.
SCHEDULER, STARCHILD). Operational scheduling models that have been devel-
oped (e.g. SMASH) have been criticized by practitioners for their complex data re-
quirements and as discussed, are still limited in their ability to capture more complex
rescheduling of activities. This scattered nature of the research is reflected in Ettema
and Timmermans [1, p. 33] conclusion that

“From a scientific point of view, it can be argued that to date a considerable body of
knowledge exists regarding aspects of activity and travel patterns. At the same time,
however, it should be noted that research in this area has been fragmented and that a
unifying framework which links researches in different areas is still missing. This is
probably due to the complexity of the phenomenon and the applied nature of most ac-
tivity-based research.”

What is not made clear in the literature is that observed activity schedules are the
result of an unobserved decision “process” involving the planning and execution of
activities over time within a household context. Travel behavior researchers are in-
creasingly recognizing the need for in-depth research into the household activity
scheduling “process” in order to advance model development. For example, Pas [23, p.
461] noted that “understanding travel and related behavior requires the development of
models of the process by which travel and related behavior change” while Polak and
Jones [24, p. 2] state clearly that “the degree to which travelers will be able or willing
to adjust the timing of their journeys in response to Road Pricing charges will ulti-
mately depend upon the nature of these scheduling processes. The development of
improved understanding of these processes and the translation of these understandings
into operational modeling techniques is a major research priority.” Axhausen and
Girling [3] emphasize in general, that the rescheduling of activities is at the core of
many of the changes in travel behavior brought on by recent policy initiatives related
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to information technology and transportation demand management. Thus, it is becom-
ing ever more important that the development of travel forecasting models capable of
assessing these types of emerging policies need to explicitly account for how people
would temporally and spatially adjust their travel behavior, which is dependent on an
underlying process of activity scheduling.

Linking Activities and Integrated Urban Model

Growing environmental concerns, and the awareness that long term reductions in
emissions requires transport as well as land-use policies, has renewed interest in inte-
grated models of Land-use, Transportation, and the Environment (LTE). Wegener [25,
26] stresses that future LTE models need to respond to a new generation of activity-
based travel models that require more detailed information on household characteris-
tics and activity locations. For the most part however, LTE modeling has continued in
a business-as-usual fashion, focusing on single-purpose trips and the integration of
traditional travel demand models. One state-of-the-art microsimulation model of
(L)TE that does incorporate an activity focus is the TRANSIMS model [27, 28]. The
“Household and Commercial Activity Disaggregation Activity Demand” sub-module
is designed to be probabilistic in nature, in that for a given set of households a distri-
bution of activities and their attributes are produced. Attributes include activity im-
portance, the activity duration, activity location (for mandatory activities) and a time
interval during which the activity can be performed. The mechanisms used to actually
schedule the list of activities is not described in either paper, but was identified as a
major “question mark” for future development at a recent conference [29].

A conceptual framework of how an activity scheduler would contribute to an LTE
model is presented in Figure 1 (italics in the text represent components in the figure).
For a similar approach see for example Axhausen and Goodwin [30]. The upper por-
tion of the model focuses on long term Land-use and demographic processes, includ-
ing Household Demographics, Residential Location, Employment Location, Vehicle
Ownership, and Firm Location, and the Road/transit Network. Bach of these sub-
modules are currently being developed within the micro-simulation platform of the
ILUTE model currently being developed in Canada [31]. It is proposed that several of
these sub-modules will input information to the Household Activity Agenda and/or
Household Activity Scheduler, at specified intervals or as events unfold in the micro-
simulation to support creation of new travel demands.

The Household Activity Agenda Simulator consists of a list of household activities,
along with the salient attributes that influence their scheduling, such as their desired
frequencies and durations, possible start-end times and location choice sets. Some of
these attributes would likely be probabilistically related to individual/household char-
acteristics based on activity diary data (or perhaps, modified travel diary data), in a
similar approach to that adopted in the TRANSIMS model. The locations of home,
work, school/daycare and other mandatory activities could be taken as given from
previous sub-module steps. The location choice set of other activities would require a
model of an individuals cognitive map, perhaps simulated based on residential and
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employment location histories. The adaptation of the activity agenda in the long term,
such as in the case of learning new activity locations or activity types, would be a
necessary component of this sub-model. Simulated changes in the agenda as a result of
policy (e.g. shorter working days, longer working hours for females, increased tele-
commuting) would be reflected in changing attributes of certain activities that effect
scheduling patterns and resultant travel patterns. Spatial, temporal, coupling, institu-
tional, household resource, and transportation related constraints need also be imbed-
ded in the structure of the household activity agenda. For instance, a household con-
straint that parents be at home at a certain hour to care for their children would be
represented as a pre-planned activity with highly fixed time and location.

The Household Activity Scheduler would take the agenda of household activities and
model the steps/process by which the activities are sequenced in time and space. Such
a model is the focus of the remainder of this paper. The output from the Household
Activity Scheduler would include the Travel Demands of each household member by
time of day. This would feed into a Traffic Flow Model in order to generate network
flows and updated travel times due to congestion. The updated travel times can be used
to feedback to the Household Activity Scheduler in the random events that could result
in further scheduling modifications. The activity scheduler could also be used to feed
information to a residential choice model, in the form of the variables that indicate the
potential utility of activity patterns associated with a set of residential choices for a
given household. Practically, the activity patterns that could be feasibly evaluated by a
household in a new location would be restricted to high priority or “routinized” activi-
ties. This would expand upon traditional residential choice models which use only
“work trip” accessibility as a variable in the model (e.g. [32]) and could provide espe-
cially useful for certain population segments that are relatively insensitive to the work
trip accessibility (e.g. telecommuters). Keeping track of residential mobility in a mi-
crosimulation may also play a complementary role in the construction of activity
schedules, allowing one to consider history dependent variables that effect activity
schedules (e.g. length of residence). Exactly how the linkages are made, and at what
time scale are additional issues that must be resolved.

2 The Weekly Household Activity Scheduling ‘Process’ Model
Data Collection

Despite the need, very few data collection efforts have targeted the underlying activ-
ity scheduling process. Exceptions include Hayes-Roth and Hayes-Roth [15] who used
a “think aloud protocol” to investigate the kinds of behavior exhibited when people are
posed with a series of errands to perform, and Ettema et al. [22] who used an interac-
tive computer experiment to identify the types of steps people used to construct a one-
day schedule. The CHASE (Computerized Household Activity SchEduling survey)
survey developed by Doherty and Miller [33] goes beyond these methods by providing
a means to observe the scheduling process as it occurs in reality in a household setting
over a multi-day period. In this way it is able to capture both routine and complex
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scheduling processes as well as observe those scheduling decisions made during the
actual execution of the schedule.

The CHASE program is designed to track the sequence of steps taken by individuals
in a household to add and subsequently modify/delete activities from a household
“agenda” to form weekly activity schedules. An upfront interview is used to establish a
household’s activity agenda which consists of a full list of activities potentially per-
formed by household members, along with their attributes. This information is entered
by an interviewer into computerized “forms” linked to a database file that the CHASE
program can access in order to display the information back to the user in choice
situations. Users are basically instructed to login daily to the program for a week long
period (starting Sunday), and continuously add, modify, and delete activities to an
ongoing display of their weekly schedule (Monday-following Sunday), not unlike a
typically dayplanner. Aside from these basic scheduling options, the program auto-
matically prompts the user for all additional information. The result is a highly detailed
trace of the scheduling decisions adults in a household. Doherty and Miller [33] show
that the program has a relatively low respondent burden and minimizes fatigue effects
commonly associate with multi-day surveys. This approach goes a long way towards
solving the data collection problem highlighted by Bowman and Ben-Akiva [2] that
simulation models of activity scheduling require “very complex surveys for model
estimation” wherein “respondents must step through the entire schedule building proc-
ess.” CHASE data can also provide considerable support for other sequential decisions
process models, such as those proposed by Girling et al. [20] and Vause [21], that
have lacked direct empirical support.

CHASE data from a sample of 40 households (55 adults) in Hamilton Ontario is used
in this paper to support the proposed model. The households represented a roughly
equal mix of married couples, married couples with children, and single person house-
holds. The majority of households were located within two kilometers of the McMas-
ter University campus, which is situated at the very tip of the western end of Lake
Ontario (Hamilton region population: ~600,000).

Model Structure

The following conceptual model is presented as a means to describe how past research
can be brought together into a unified modeling framework, and to lay the groundwork
for future operationalization of the model. Note that italicized terms in the text refer to
the model components as depicted in Fig. 2 and Fig. 3. In general, the model attempts
to dynamically replicate the scheduling process as it occurs over time through the use
of various modeling constructs and decisions rules. It begins by taking an individual’s
Household Agenda of activities, and establishes a set of Routine Activities and a
skeleton schedule for the individual for the week, via an optimization model. This is
followed by a Weekly Scheduling Process Model that replicates the scheduling deci-
sions (additions, modifications, deletions) made by individual during the execution of
their schedule during the course of the week. An activity priority function combined
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with various decision rules are key ingredients in the simulation model. Each of these
aspects of the model are described in more detail in the following sections.

The Household Activity Agenda

On a fundamental level, activity scheduling reflects personal and household related
basic human needs constrained in time, capability, and in space by the urban environ-
ment. These needs can be viewed as manifested in a household’s activity agenda
which represents the initial input to the model as shown in Fig. 2. The agenda consists
of a list of uniquely defined activities that a household could potentially perform. Each
activity on the agenda is viewed as having a unique set of (perceived) attributes that
affect their scheduling, including duration (min, max, mean), frequency, earliest and
latest end times, mandatory/optionally involved persons, costs, perceived locations,
etc. These rather flexible parameters are used to determine the exact start/end times,
location, etc. of the activity once scheduled, as shown in Fig. 3 (Refine A Choice).
What is key to the success of the scheduling model is not the activity types as defined
by traditional means (e.g. work, school, shopping, mandatory, discretionary etc.), but
rather that their salient attributes are unique, giving the model the ability to address
any number of individuals/household types. Although the derivation of household
activity agendas are of considerable interest on their own, they are taken as exogenous
to the process of scheduling in the short term (see also Figure 1 and related discus-
sion).

Routine Weekly Activity “Skeleton”

Empirical evidence derived from the CHASE survey shows that households begin
the week with a planned set of routine weekly activities. On average, 45% of weekday
and 20% of weekend activities were pre-planned on the First Sunday of scheduling
(remembering that users began scheduling on a Sunday for the activities that take place
Monday to the following Sunday). This represents a total average of 34 activities per
adult pre-planned on the first Sunday. Of the decisions, a full 70% were part of multi-
day entries (the activity was added on 2 or more days simultaneously), with 80% of
these consisting of entries across 4+ days. Comparatively, on Monday, only 21%
additions were part of multi-day entries, followed by 2%, 6% and no more than 1% on
remaining days of the week. Such repetitive entries are indicative of highly routine
activities. Other characteristics, such as longer durations (double those of other
planned activities) and a higher degree of spatial-temporal fixity, differentiate these
routine activities.

Further empirical analysis using an appropriate discriminant analysis technique will
be performed to further differentiate these types of activities from other activities on
their agenda based on their key attributes, including duration, frequency, and indicator
variables of temporal and spatial fixitivity. The resulting Discriminant Function would
be used to establish the Routine Activity Subset, as displayed in Fig. 3. It is reasonable
to assume that these routinized activities pre-planned before the week starts are the
result of a long-term thinking and experimentation process, and thus represent an
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“optimized” pattern or “skeletal” basis around which other scheduling decisions are
made during the week. Given this, it is reasonable to assume that an optimization
model would be appropriate to derive the Pre-week skeleton schedules. This model
would use the discriminated activities as input, which represent a much more limited
choice set of activities that are more amendable to the assumptions that underlie these
models. These techniques include those that start by generating all possible feasible
combinations of skeleton structures and choosing the most optimal of the set (e.g.
CARLA, STARCHILD). The notion of adopting existing models for this purposes is
discussed further in the concluding section.

Weekly Scheduling Process

Results from the CHASE survey show that after the first Sunday, a more active, op-
portunistic, and impulsive mix of decisions follows. On average, adults make about 8
additions, 2 modifications, and 1 deletion per day during the execution of their sched-
ule over the course of the week, which include an average of 12.4 activities and 4.9
trips per adult per day. These scheduling decisions are made on a variety of time hori-
zons. Outside of the routine activity additions made on the first Sunday (38% overall),
a substantial proportion of additions are scheduled impulsively just before execution
(28% overall), on the same day (20% overall), or are pre-planned one or more days in
advance during the week (15% overall). When pre-planning during the week, adults
were found to reach out beyond one day 38% of the time to make an addition, in an
opportunistic fashion. The distribution of time horizons for modifications and dele-
tions differed, as more impulsive modifications occurred (62%), while more deletions
are made the same day (38%), reflecting more forethought for deletions compared to
modifications.

This evidence strongly suggests that activity scheduling is a dual process of routine
optimal planning, followed by a more dynamic process of continued pre-planning,
revision, impulsive, and opportunistic decisions made over the course of the week
within the bounds of an optimized skeleton structure. Given the goal is to develop a
behaviorally sound model, a modeling structure is needed that can simulate this latter
process. The Weekly Scheduling Process Model shown in Fig. 2 (and elaborated upon
in Fig. 3) attempts to fill this gap.

Given that routine scheduling decisions are conveniently made in advance, it follows
that they would form an input to this simulation model, as does the agenda of house-
hold activities. At this point however, some of the activities on the agenda will already
have been placed on their scheduled, and while they always remain on the agenda,
their “priority” for subsequent addition and/or modification will change over time in
response to changes in the schedule (see the following section for details). The notion
of a changing or “momentaneous” priority of activities is viewed as the driving force
behind the variety of decisions made during scheduling (for similar ideas see [34] or
[35]). The scheduling process simulation depicted in more detail in Fig. 3 will incorpo-
rate a mix of empirically derived “priority” functions and decision “rules” that serve to
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sequentially simulate the series of additions, modifications and deletions taken to
construct the activity schedules of individuals in a household over time.

The simulation begins with a set (or stack) of simulated individuals who share an
activity agenda with other household members. Individuals are visited and re-visited in
sequence at the beginning and end of each scheduled activity or empty time window
on their schedule. These visits are ordered in time along with all other individuals such
that everyone’s schedule is constructed simultaneously. Once an individual is visited,
they are faced with a choice to add activities anywhere in their schedule, including in
the immediate time slot (an impulsive decision) or at a later time slot (on the same day,
or one or more days in advance). The priority of activities on the household agenda at
that particular moment in time determines what, if any, activity will be added (the
priority function is described in the next section). Once an activity is deemed high
priority enough to schedule, feasible windows of opportunity are defined and one is
chosen. Random events may also be generated at the same time that activities are
being added to the schedule. Random events include both random changes in activity
duration or travel times, or the generation of unexpected or emergency activities (acci-
dents, surprise visits). These latter activities would automatically be assigned the high-
est priority for scheduling.

Only after this point are refined choices in the activity made, including decisions
about travel if needed (mode, route choice, etc.), exact start/end times, exact location,
and involved persons. Some of these choices may already be fixed (e.g. location is
fixed to at home). Other choices will be simplified, if not limited in their choice set,
given the fact that the individual may already be placed in a given spatial-temporal
situation that constraints their choice. For instance, if the person is already at certain
location outside the home, with a car and with their spouse, and is making an impul-
sive decision, the mode and involved person choices are somewhat fixed, whereas the
location choice set can be simplified given the proximity of perceived locations in the
area. When faced with more flexibility in scheduling, factors such as how many other
high priority activities are on the agenda, and the desired attributes of the current ac-
tivity (e.g. desired duration) will effect the refined choices.

Once the final refinements are made, the activity is placed on the schedule of the in-
dividual, and a decision is made whether to continue scheduling at the time. This will
depend on the number of high priority activities on the individual schedule at the
moment. If yes, the process repeats itself, otherwise the individual is placed back in the
stack of all individuals, which is ordered in terms of when each individual is visited
next.

Conflicts that arise due to random events, the need for more time to accommodate a
high priority activity, or cases where activities may be extended to fill time, are han-
dled by the Modify and Conflict Resolver. Results from the CHASE survey indicate
that the most common modification is to the start or end time of an activity, repre-
senting 73% of all modifications. Changes in involved persons (8%), activity type
(7%), location (6%), travel time (4%), and mode (2%) were recorded less frequently.
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This suggests that people are most often responding to time pressures when they mod-
ify activities. People also tend to modify more than one attribute of activities to ac-
commodate scheduling changes, as more that one half the 1241 recorded modifications
involved a change to two or more attributes. The Modify and Conflict Resolve is in-
tended to take the previously scheduled activities and determines those which have the
highest priority for modification. A set of possible modifications is determined, and a
choice is made as to which ones to implement and their extent. If the (set of) modifi-
cation(s) does not meet the requirements of solving a conflict, then the deletion of an
activity is considered. The procedure for deletion is similar to modification, except that
the activity attempting to be scheduled is compared directly to the revised priority of
the activity chosen for potential deletion. If none of the deletions is justifiable, then the
model reverts back to the beginning, and the originating activity is left unscheduled. If
an activity is deleted, control reverts back to the assessment of window feasibility.

Although the scheduling simulation proceeds in a sequential fashion, without directly
involving the optimization of the schedule as a whole (apart from the optimization
already achieved via routine scheduling), a degree of sub-optimization is achieved by
revisiting previous activities for modification. This leads to more optimized locations,
durations, mode choices, etc. that minimize travel time or durations via the Modify and
Conflict Resolver. However, this occurs only in the event that other activities of high
priority need to be scheduled within limited time windows. Behaviorally, this reflects
the notion that people consider optimizing their behavior only when and where needed
and/or possible.

Priority Function and Decision Rules

Although activity “priority” has been proposed as the determining factor in the
choice of activities to schedule in previous models (e.g. SCHEDULER [16-36]), it has
remained a difficult attribute to operationalize. Asking people to assess the priority of
a list of activities is difficult not only because of a definition problem, but because the
priority of an activity depends on the situation at hand. Any one static assessment of
the priority of activities will be inadequate to deal with all possible situations that arise
during the scheduling process.

To meet this challenge, the priority of activities on the household agenda should be
modeled as a function of the attributes on the activity on the agenda (duration, fre-
quency, etc.), as well as the attributes of the activity relative to the scheduling state of
all household members at the time of decision making. For instance, history and future
dependent variables that account for the likelihood that activities that have been al-
ready scheduled, or that have taken place recently relative to their desired frequency,
would have lower priorities. The temporal and spatial fixity/flexibility of activities
suggested to influence the sequencing of activities [37, 38] and hence their priority,
could also be investigated by a combination of activity and scheduling attributes. For
instance, the number of perceived locations in the vicinity of an individual’s current
location could be used as a measure of the spatial fixity, whereas the ratio of minimum
activity duration to the difference between the earliest possible start and latest end time
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could serve as indicators of a temporal fixity. The flexibility of an activity in terms of
duration in relation to the maximum size of any feasible time windows (max W) on a
schedule should presumably influence its priority for scheduling. An appropriate vari-
able for the priority function would then be:

min d,

maxW.

The smaller this is, the higher the priority should be. For activities that represent
tasks to be assigned to household members (e.g. shopping), the same variable for other
household members could be included to reflect the lower priority for an individual
when other household members schedules are relatively more flexible. The high prior-
ity of joint activities that reflect household constraints (e.g. chauffeuring) could be
reflected in a dummy variable that is set to 1 for activities that have already been
scheduled by the other household member. The proximity of perceived locations for
the activity in combination with available modes and travel times, should also effect
priority. Many other variable are possible to reflect the changing level of priority of
activities, and to capture the seemingly complex array of decisions and resulting pat-
terns that result. Separate models need be constructed for the priority of activities for
addition, modification or deletion to the schedule. Future estimation of these priority
functions will be possible using CHASE data.

Throughout the simulation, decision rules are used to replicate the variety of choices
made. In some cases, these rules may be rather simple reflecting practical considera-
tions or straightforward logic, whereas in others, they will reflect more complex deci-
sions structures. For example, the decision rule to determine which activity to add
from the agenda could be as simple as choosing the one with the highest priority. A
more complex decisions rule example would apply to the choice of whether to Con-
tinue Scheduling. The decision rule could be of the form:

IF [Priority of highest activity] > (&) THEN [continue]

where the o threshold value is determined empirically from observed data, based on
how much free time is left on an individuals schedule before they stop pre-planning.
An alternative would be to base the decision on the sum of priorities of activities on
the agenda, replacing the left side of the above equation with the sum of all priorities
on the agenda. This would reflect the aggregate amount of pressure the particular
person is under to continue scheduling activities. This rule would need be combined
with other practical rules that require that scheduling proceed in light of any open time
windows, regardless of activity priorities. Other rules would be needed for choosing
Feasible Time windows (closest in time?, longest?) deciding when modifica-
tions/deletions are needed (when priority of an activity is sufficient high relative to
scheduled activities to justify modification/deletion to accommodate its scheduling),
deciding which modification(s) to make, and the variety of activity choice refinements
that need be made. Clearly, much more work is needed on the cognitive behavioral
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side to improve these rules, however, simplified rules could be used to operationalize
the model in the short term.

Operationalizing the Simulation

The scheduling process suggested in the discussion above and summarized in Fig. 3
has to be operationalized as an event-oriented simulation, which is able to model the
interactions between persons in time and space [39]. Event-oriented simulations divide
all operations of the model and of the entities, here persons, into individual events,
which encapsulate a particular set of actions and which are executed at a particular
moment (simulated time). Each event selects the relevant next event, which needs to
be scheduled for the entity concerned and calculates the time when this event is going
to be executed.

At this point it is not possible to give a full list of all relevant events, as this list will
depend on the amount of functionality envisaged for the initial implementation. Still,
the following core will be required (next event to be scheduled):

Agenda construction: constructs the initial agenda for a household. (Skeleton optimi-
zation)

Skeleton optimization: selects the routine activities from the agenda and constructs the
optimal skeleton schedule. (Preplanning)

Preplanning: For the remaining days of the week the schedule is advanced, i.e. activi-
ties added, modified and deleted. (Day of)

Day of: For the remainder of the day the schedule is advanced. (Preplanning or Impul-
sive)

Impulsive: the next activity is selected by finalizing the local schedule by filling the
time window immediately in front of the person, implying choice of all aspects of the
movement to the chosen location (mode, route/lines, transfer points, preferred parking
location/stop, preferred type of parking, acceptable search time). (Day of or Activity
start)

Activity start: If the activity is undertaken at the same location, then the following
calculations are undertaken:

e The activity duration is finalized by randomly drawing the duration, as a
function of the anticipated duration: At(duration).

¢  Given the activity duration the occurrence of a random external event re-
quiring scheduling is determined at At(random) < At(duration) including
the type of event.

e  Schedule next Impulsive at t+min(At(random), At(duration)), which is im-
plicitly the end of the current activity, unless this is the last activity of the
day, i.e. going to bed for the night.
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If the next activity is elsewhere, schedule Movement Preparation at t+min At.

Movement Preparation: Based on current information and the prior choices, confirm
the route and mode chosen. If the expectation is, that movement can be performed in
the time allocated, schedule Move at t+min At, otherwise schedule Impulsive at t+min
At.

Move: Move down the next (first) link of the current route, calculate travel time as a
function of the link usage At(link). Revise preferred parking location/stop, if required
by actual travel conditions. If outside anticipated time limit for this point, schedule
Impulsive for t+At(link). Otherwise schedule:

e If parked vehicle reached, schedule Move at t+At(Getting the vehicle
started), which depends on the type of vehicle, the type of parking, the size
of the group and the purpose of trip.

e  If initial stop reached, schedule Move for t+At(until the next arrival of ve-
hicle of preferred line).

e Move at t+At(link), if not yet at preferred parking location, stop, destina-
tion.

e If at the preferred parking location, schedule Parking at t+At(link).

e If at preferred stop, schedule Move at t+At(link) for final walk to destina-
tion.

e If destination has been reached (by walking), then schedule Impulsive at
t+At(link).

Parking: If parking of the preferred type is available within the acceptable time frame,
calculate At(search time) and schedule Move at t+At(search time) for the final walk to
destination or next mode, in case, for example, of P+R or Kiss+Ride. Otherwise,
schedule Impulsive at t+At(wasted time), which depends on the type of parking pre-
ferred and the acceptable search time. (It is assumed, that the duration of the parking
search can be determined from the number of vehicles travelling on this link and those
searching for parking. See [40] for an example and the literature cited there).

This formulation is open to include a whole range of further events and interactions,
which might be of interest to a particular context. For example:

e Simulation of telecommunication by including interrupts of activities of
others, as part of Impulsive.

e Traveler information by adding Impulsive scheduling events depending on
whether a traveler has received certain information while traversing the
current link.
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e Simulation of public transport vehicles and their interactions with other
traffic and the resulting early/late arrivals or changed waiting times.

e Detailed simulation of traffic control devices, in particular signals, by
modeling detector locations and the associated adaptive signal control.

The exact implementation of the event-driven simulation is a question of the avail-
able computing resources, but current programming tools, including agent-based lan-
guages, are greatly facilitating the task.

3 Discussion
Model Comparison

The conceptual model presented in this paper can be compared to previous sequen-
tial activity scheduling process models such as SMASH [18], and models by Girling et
al. [20] and Vause’s [21]. It is similar to these models in a sense that an activity agenda
is assumed to exist, that a sequential approach is adopted to mimic the decisions in-
volved in activity scheduling, that a “meta” decision process exists to control the flow
of decisions (similar to Vause) and that alternatives to utility maximization are pro-
posed. It goes beyond previous models, however, in terms of how priorities are as-
sessed, how other household members schedules are incorporated in the model, how
decisions are organized over time are subsequently modified during execution via the
simulation model, and how the two dominant operational techniques (i.e. utility maxi-
mization versus rule-based approaches) are “unified” in the model.

Specifically, there are several aspects of the current model that make it unique from
past approaches. First, it is shown how the priority of activities can be derived as a
dynamic function by adopting the use of scheduling state characteristics of individuals
and their household members schedules at the time of scheduling. This of particular
importance for capturing the constraints imposed by other household members. Sec-
ond, the current model incorporates a natural means for the rescheduling of activities
that occur during execution of schedules, in the form of continuous addition, modifi-
cation and deletion to the schedule. This aspect of scheduling behavior is not ad-
dressed directly in Gérling et al. and Vause’s model, and is quite limited in the case of
Ettema’s model. This aspect of the current model largely reflects the new insights
made possible by the CHASE data. Third, the current model directly addresses the
sequencing of activity choices over time, something that past authors have struggled
with, assuming either that decisions are made purely sequentially in time, or that some
meta-decision process existed as a control mechanism. Perhaps most importantly, the
current model is based on observed data that provides the necessary behavioral support
of the model, and allows one to consider new types of variables for future operation-
alization. Both Girling et al. and Vause stressed the importance of obtaining more data
on the underlying scheduling process for future operationalization and empirical esti-
mations of their model.
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Overall, the behavioral power of the scheduling process model and simulation rests
in it realistic replication of how activities are scheduled over time, how a sub-optimal
solution is achieved, the allowance for a variety of decision rules, and the sensitively
of the priority model over time. The priority function allows certain activities to jump
up in priority depending on the circumstances. This allows infrequent, discretionary, or
otherwise unusual activities to emerge depending on the situation, contributing to
complex activity-travel patterns. The priority model also inherently determines the
sequencing of activities in terms of the order in which decisions are made and their
order in execution, without having to explicitly determine this in the model. Overall,
the variables used in the priority models that reflect the state of the schedule relative to
activities on the agenda are what makes this model unique, and give it the power to
explain the apparent behavioral complexities of observed activity-travel patterns. The
ability to collect these variables via the CHASE survey has opened up significant
opportunity for future development of this model.

Providing a Unifying Framework

Looking at the derived need for travel from the perspective of an activity scheduling
process allowes new insights into how past research can be brought together into a
unified modeling framework. The scheduling process was shown to separate into a
dual process of pre-week routine scheduling, followed by a more dynamic process of
impulsive and opportunistic planning as the schedule is executed during the week. This
distinction is rather convenient from a modeling perspective, as it provided a logical
and behaviorally sound way to unify past econometric approaches for the modeling of
routine activities, with the “rule-based” simulation approached adopted in this paper
for modeling the more dynamic weekly decision process. This goes a long way to-
wards addressing the concerns of Ettema and Timmermans [1] that a unifying frame-
work which links the research in different areas is still missing.

In particular, the STARCHILD [8, 9] model appears clearly amenable to providing a
model for the creation of a “skeleton” schedule of routine activities. Although in the-
ory, the STARCHILD model makes a distinction between “planned” and “unplanned”
activities, in operationalization, the model produced an activity pattern “that can be
expected to be executed during the action period” [8, p. 314], and that is “sensitive to
the possibility of unforeseen events arising” [9, p. 327] - very similar to the “skeleton”
schedule proposed in the current model that forms the basis for unplanned scheduling
during execution . The only significant modification would be to restrict the generation
of feasible activity patterns to “routinized” activities, and leave “flexibility” in the
form of open time periods for the remaining “unplanned” activities scheduled during
the week. Tour-based models, such as that of Bowman and Ben-Akiva [2, 11, 12]
could also provide the needed “routinized” framework to start the scheduling process.
Although not shown, it is suspected that routinized activities are related to the “pri-
mary” tour of the day. Thus, a tour-based model could be used up to the point where
the primary tour is developed via utility maximization. This would partially minimize
the computational problems exhibited in these models, and provide a more solid be-
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havioral basis for them as they are restricted to scheduling activities that do indeed
lend themselves to optimization.

Future Model Development

The model proposed in this paper seeks to provide a framework for the long term
development of an operational household activity scheduling model capable of output-
ting details on the travel demands in urban area and examining the impacts of emerg-
ing policy issues. The most immediate future research needs related to operationaliza-
tion of specific components of the model using CHASE data. This includes the devel-
opment of a discriminant function for routine activities and definition and estimation
of the momentaneous priority function. Equally important is the identification of the
types of decision rules underlying the variety of scheduling steps incorporated in the
model and an assessment of how they might differ across individuals and situations.
This would involve more in-depth probing using techniques such as “thinking aloud”
pioneered in psychology. Additional needs include the development of a microsimula-
tion model of activity agendas that includes the relevant attributes necessary for the
discriminate and priority functions, and collaborative efforts focussing on the unifica-
tion of existing optimization models for modeling the weekly routinized “skeleton”
schedule. Overriding these developments is a need to develop a computer algorithm
capable of simulating the scheduling process in all its components for all people in an
urban area.

The ultimate future task is the integration of the scheduling modeling within a larger
integrated urban model. The most obvious linkage is through the output of household
level travel demands by time of day and day of week, as depicted in Figure 1. Such an
effort would drastically improve the models ability to predict the impact of a wider
range of policies and urban form scenarios, as well as provide inputs and feedbacks to
other modeling components.
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Figure 1: Household activity scheduling within an integrated land-use, transportation
and environment modeling framework.
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Figure 3: Weekly scheduling process model.
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