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Abstract

Transportation supply (transportation system capacity/performance) and urban form define
the opportunities and constraints operating on mode choice preferences of urban residents.

We make use of the Transportation Tomorrow Surveys (TTS), which are household travel
surveys conducted in the Greater Toronto and Hamilton Area (GTHA) in 1996, 2001 and
2006. Such a large and repeated cross-sectional travel demand survey data set provides an
uncommon opportunity to investigate structural changes in mode choice preferences over
time, in a manner sensitive to choice context changes. In this paper, we focus on commuting
mode choices, which are prime determinants of peak period congestion and peak spreading.
The outcomes of this investigation yield a better understanding of peoples’ mode choice
preferences in GTHA, elucidate the impact of transport supply and urban form on behavior,
and therefore provide guidance to better policy development to influence transit usage.
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1. Background and Motivation

Transportation supply (transportation system capacity/performance) and urban form help define
the opportunities and constraints operating on mode choice preferences of urban residents. Policy
changes over time affect investments in transportation system, which eventually affect
transportation system performance as well as urban form. This is observable for the Greater
Toronto and Hamilton Area (GTHA), which has experienced significant variation in policy focus
over the last three decades, from auto-oriented to transit-oriented policies, to which are added the
effects of smart growth land use policies. Despite efforts to reduce automobile and encourage
transit use, peak period traffic congestion in GTHA continues to increase.

Besides the obvious effects that characteristics of the social, economic, and transport systems
have on mode choice, it is possible that the policy instigated changes to the transport system will
not only create impacts on users via changes in transport system performance (cost, time,
accessibility, etc.), but will also affect commuting mode choice decision difficulty. That is to say,
transport system changes may generate decision contexts in which it is more difficult for the
decision maker to correctly identify the optimal (i.e. highest utility) modal alternative, leading
ultimately to a higher incidence of sub-optimal mode choices across the population. Ultimately,
sub-optimal user decisions will lead to sub-optimal transport system performance. It has been
suggested in the literature that this phenomenon can be recognized in random utility models by
appropriate parameterization of the scale factors to capture decision context complexity (Swait
and Adamowicz 2001).

Most commuting mode choice models presented in literature are based on cross-sectional
datasets of travel diary surveys (among many others, recent examples are Heinen et al. 2012,
Tsamboulas et al. 2012, Habib 2012, Zaman and Habib 2011). In addition to modal
characteristics, such cross-sectional methods also can investigate the effects of various
contextual factors involved in such situations (for example Long et al 2010).

However, it is possible that preferences for commuting mode choice evolve/change over time,
but mode choice models developed using only one crossectional travel survey data set may not
have the capacity to capture such changes. Clearly, though, mode choice models designed to
forecast future demand and/or investigate various congestion mitigation strategies will produce
more accurate and robust forecasts if they can describe preference evolution over time. While
commuting mode choice models are commonly employed by almost all transportation planning
agencies and many advanced choice models are tested for commuting mode choice, to our best
knowledge no one has investigated the evolution of commuter preference for commuting mode
choice. For such investigations, large scale multi-period datasets are necessary to capture basic
trends and produce consistent estimates. While having panel data of such scale is almost
impossible because of cost, repeated cross-sectional data collected from the same study area can
be used.

In this paper, we use such three repeated cross-sectional household travel surveys collected from
the same study area over the period of 10 years. Our objective in this paper is to detect whether
changes occurred in both systematic and random components of mode choice utility over time.
Potential preference changes will be linked to individual-level decision difficulty (arising from
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transport system performance and urban form) via the choice models to be estimated.

The paper is arranged as follows: the next section presents a brief literature review, which is
followed by a section explaining the econometric model formulation used in this study; a brief
description of the datasets is then presented, which is then followed by a section presenting the
empirical models and temporal transferability. The paper concludes with a discussion of key
findings and an agenda for further research.

2. Literature Review

Although temporal transferability of commuting mode choice models (i.e., the ability of
commuting mode choice model to predict future choice behaviour) was first recognized as an
important issue in the early 1970’s, there has been a significant drop in interest in recent years.
This may mostly be due to a shifting focus to the development of advanced models without
necessarily considering temporal transferability of modelling structures to future behaviour (Fox
and Hess, 2010).

One of the earliest exercises of testing transferability of mode choice model is reported by
Watson and Westin (1975). They used a binary logit model for mode choice and tested
transferability against an aggregate modal share model for the Edinburg-Glasgow area. They
concluded that only the disaggregate choice model accurately captured generic choice behaviour
and should therefore be used for predicting to future scenarios. Parody (1977) developed a
multinomial logit model for commuting trips to and from the University of Massachusetts,
Amherst campus. He used two datasets collected one year apart and tested the predictive
capacity of mode choice models. He found that model performance remained stable over a year
even though there were substantial changes in parking and public transit services.

Ben-Akiva and Atherton (1977) investigated spatial and temporal transferability of multinomial
logit mode choice model. They compared parameters of transportation level-of-service attributes
of logit mode choice models developed for New Bedford, Washington, Los Angeles and San
Francisco. Also, they used models developed for one city to predict aggregate modal share of
another city. They found that mode choice models developed for one city can give very accurate
prediction for another one if the alternative-specific constants of the logit mode choice model can
be updated for the local area. They also report temporal transferability test results for commuting
mode choice models. They used the multinomial logit model developed by using a dataset
collected in 1970 to predict aggregate modal share of 1974, which is then compared to observed
modal share data collected in 1974. They found that the earlier model was capable of predicting
changes in mode choice preferences resulting from the implementation of transportation
management strategies such as bus-only lanes and encouraging carpooling.

Train (1979) developed a multinomial logit model for commuting mode choice by using a
dataset collected in 1972 and then predicted to compare with a dataset collected in 1975 from the
San Francisco Bay area. In between these time periods the Bay Area Rapid Transit (BART) was
opened. The focus of this paper was purely testing the predicting capacity of different mode
choice model specifications. It found that behavioural complexities in terms of changing patterns
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over time could only be captured through complex model specifications based on the use of
interacting socio-demographics with transportation variables (cost divided income or wage, etc.).

McCarthy (1982) used household travel survey data collected in 1973-1974 and in 1975, just
before and after the opening of BART in the San Francisco Bay area. He developed multinomial
logit models for commuting mode choice by using two datasets and compared the coefficients.
Results showed that over the short time period model parameters remained stable. Regarding the
predictive capacity of the logit mode choice models, his finding was that the model developed by
using older dataset and then updated with supplemental data of the future year can give very
similar result to estimating the entire model solely on the future year dataset.

Silman (1981) followed a similar approach for testing temporal transferability of commuting
mode choice model. He estimated logit mode choice models for datasets collected in 1972 and
1976. Silman found that most of the model parameters were stable except for household vehicle
ownership level. Interestingly, most of the mode choice model parameters remained stable
between 1972 and 1976, even though there were significant changes in transportation
infrastructure.

Badoe and Miller (1995) were the first to investigate very long range temporal transferability of
commuting mode choice models (again, a multinomial logit model). They used two datasets
collected from Greater Toronto Area (GTA) in 1964 and 1986. Their first interpretation of model
transferability tests was that mode choice model parameters were not temporally stable though
they provided significantly useful information for planning and analyses. They also identified
that appropriate specification is very important to capture the changes in model parameters over
time. From the perspective of our work, an important finding of this study was that the mode
choice model scale parameter (which is normally defaulted to one in multinomial logit models) is
very crucial in capturing the trends in model choice preference structure over the long-term time
period. This study used almost the same study area as of our current investigation and the survey
used to collect those datasets eventually evolved into the Transportation Tomorrow Survey (TTS).
The TTS survey evolved into a stable survey design in terms of questionnaire and study area in
1996. Since then, two more surveys were conducted in 2001 and 2006 (and the most recent one
is currently underway). These three consistent TTS datasets are used for the investigation in our

paper.

Karasmaa and Pursula (1997) investigated transferability of mode choice models for Helsinki
Metropolitan area between 1981 and 1988. They identified that appropriate method and sample
size are two major factors affecting the temporal transferability of mode choice models. Gunn
(2001) used datasets collected in 1982 and 1995 in the Netherlands to investigate transferability
of mode choice models. They highlighted the importance of considering the scale parameter of
the logit model in explaining changes in mode choice preferences over time. In a recent study,
Sanko and Morikawa (2010) investigated the factors that may affect temporal transferability of
mode choice model. They used datasets collected in 1971 and 1991 in the same study area in
Japan and highlighted the importance of considering utility scale for explanation of better
transferability. Their investigation was mostly focused on developing updating techniques for
better transferability rather than investigating the evolution of mode choice preference structure.
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Key lessons learned from our literature review are that investigating changes in mode choice
preference structure over time requires a) large scale and consistent datasets collected from the
same study area, b) as well as an appropriate modelling structure that can capture the changes in
preference and scale over time. All of the previous temporal transferability studies focus mostly
on how transferable the model forecasts are rather than looking at how stable the preference
structures remain over time. Studies that found that earlier mode choice models captured the
changes in mode choice preferences over time used very short time periods for temporal
transferability analysis or smaller datasets and a simple modelling structure (smaller numbers of
alternative modes, smaller number of observations, etc.). Investigations that found that the
multinomial logit model did not capture the changes in mode choice preferences over time used
very long time period for temporal transferability analysis (over 15 to 20 years) and also
investigated the reasons and/or factors that might underlie the issue of non-transferability.

To advance knowledge in this critical area of travel demand modelling, in this study we focus on
investigating the stability of commuting mode choice preference structures over time. Rather
than simply testing model performance in temporal transferability (or forecasting), we probe
more deeply into the reasons or factors that might cause non-transferability of mode choice
models. We used three large scale household datasets collected from the same study area over 5
year time intervals.

Our data come from the Transportation Tomorrow Survey (TTS), which is a household travel
survey conducted in GTHA among five percent of households in 1996, 2001 and 2006 (DMG
2012). Such a large and repeated cross-sectional travel demand survey data set provides an
opportunity to use an advanced econometric modelling approach to investigate structural
changes in mode choice preferences over time, in a manner sensitive to context changes. We
focus on commuting mode choices, which are prime determinants of peak period congestion and
peak spreading.

From the modelling perspective, we address our main research question by estimating a
Heteroskedastic Generalized Extreme Value (Het-GEV) model and the Het-GEV with
entropy-based scale parameterization (Swait and Adamowicz 2001). Our focus is the
identification of temporal evolution patterns of both systematic and random components of
commuting mode choice utility in the study area. We develop individual year specific models as
well as pooled data models. For pooled models, the datasets of individual years are pooled
together to capture the longitudinal trends in preference structure changes by making possible the
testing of the hypothesis of systematic utility stability while accounting for decision complexity
arising from transport supply and urban form considerations. One of our main objectives is to
identify the model specification with highest degree of temporal transferability as well as the
elements of structural changes in mode choice preferences. The model formulations we examine
have in common that they are expressed by closed form econometric models, thus avoiding
distributional assumptions required for mixed logit models. The next section explains the
econometric model formulations.

3. Econometric Model Formulation

The commuting mode choice model class we adopt here is built on the Random Utility Model

6
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(RUM) class of choice representations. Let us define the utility function of a commuting mode as
Uim =Vim + gim ! (1)

where Ui, refers to the total utility of choosing mode m by individual i; Vi refers to the
systematic component and &i, to the random component of this total utility. Here, the number of
individual commuters varies from i=1 to i=N and the number of alternative modes available to
any individual may vary from m=1 to M (the mode allocation rule is explained later). Under the
RUM assumption, an individual commuter maximizes her total utility in choosing a commuting
mode. From the researcher’s point of view, total utility of mode choice is therefore stochastic,
though fully known to the traveler. Thus, the choice probability for a given mode is governed by
the distribution of the random component of the total utility function. The Generalized Extreme
Value (GEV) choice family is obtained by assuming that the random component is GEV
distributed with Cumulative Distribution Function (CDF), F(.) taking the form:

F(& 60830 &) =X (_ G(eigil LI et e )) @

Here, G(....) is a non-negative and homogenous of degree greater than zero function (Ben-Akiva
and Francois, 1983 cited in Daly and Bierlaire, 2006). This defines a multivariate extreme value
distribution with the probability density function of choosing any mode, m, as (McFadden 1978):

"G, (e",e",e",...e", .e™)
_ n(e7,e" e e
™ G(ev,ev e, e .8 )

©)

In this formulation the fundamental assumption is that the marginal distribution of each random
element has constant variance. The CDF of an extreme value distribution takes the form
(Johnson et al. 1994):

F(s) =exp (— g (e=e)lu )With
Mean,E(¢) =&+ uy, y is Euler's Constant (@)
Variance, Var(g) = 7° /(6u°), 1 >0 a scale parameter
Dubin and Zeng (1991) prove that introducing heteroskedasticity in the marginal distribution of
the random error term of the mode choice utility is not possible; rather we need to use the scale
parameter to induce heteroskedasticity across the alternative modes and individuals. As per

Dubin (1985), for a non-zero scale parameter with linear homogeneity assumption, we can
re-write equation (2) as

F (&1, Ei01 Eigyerenns g ) = EXP (— G(e_g‘“‘”im )) . (5)
The corresponding marginal distribution of any random element, &, is

F(&y) = F (00 Epprenene ,0) =exp(-G(0,.....,e " ....,0)) =exp(—a.e ™). (6)

1“im?

Here, an =G(81m, 02m, O3m,-.... ONm) and where &in=1 if i=m, 0 otherwise. Equation (6) is an
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extreme value distribution with variance (7*/6pin?). This leads to the formulation of the
probability of choosing mode, m, by an individual, i, as

P =eninG_ (<e"im”im >)/G(<evim”‘m >) . (7

For a commuting mode choice situation, it is very much likely that a Tree-MNL (Daly 1985,
Koppelman and Wen 1998) structure as presented in Figure 1 would be appropriate because of
the presence of unobserved shared properties of certain mode clusters. In this figure, the scale
parameter (W, Ut and pa) of each mode cluster is shown next to the corresponding construct node.
The generating function corresponding to the tree structure depicted in Figure 1takes the form:

o~ ze | ge ) o) o

m=AD, AP m=LT,RT

This G(.) function with root scale () is subscribed to by the individual commuter, with the
second level scales (Ut and pa) varying by corresponding mode clusters.

7}
Mode Choice
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Hymr=H 1,

Transit Non-Motorized

(M (NMT) el

Auto
Auto Drive Passenger

) (AP)

Transit
with Walk

— GO Transit with
Local Transit with e

Auto Access

GO Transit with
Transit Access

Figure 1: Mode choice tree

Since this generating function is additive (Swait 2003), the mode choice probabilities of this
decision tree can be expressed as the product of conditional probabilities, as specified in the
following expressions (the subscript for the commuter is omitted from these expressions for

clarity):

Construct Nodes:
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QNMT — eXp(/lI NMT) (9)
exP (e yyr) +exp (2 ) +exp(ed )
e I
Q, = Xp (2 ) (10)
exP (2 yyr) +exp(ud o) +exp(pd )
e |
Q, = Xp (4 ) (11)
exp (2 yr) +exp(ud ) +exp(rdy)
Inclusive Values:
1
Iy = /J_ In(exp (UaV 05 ) + X (1Y o )) (12)
A
1
I = ,U_ In(eXp (£V1) + X (1 Vi )) (13)
T
1
e =—— In(eXp (etawrVwr )) =Vywr (14)
Hnwvr
Elemental Alternatives:
eXP(£,V pp)
P = (15)
AoIA eXP (LAY pp ) + XD (14,V 50 )
exp(:uAVAP)
= (16)
e eXP (LY pp ) + XD (12,V 0 )
PLT|T _ exp sV y) (17)
exp (V1) + X0 (1 Ver )
PRTlT _ exXP (44 Ver ) (18)
exXp (44 V 1) +exp (4 Ver )
Puvrinur =1 (19
Unconditional Mode Choice Probabilities:
PAD = PAD|A 'QA (20)

PAP = PAP|A 'QA (21)
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Ry = PLT|T Qr (22)
Par = PRT\T -Q; (23)
PNMT = Pnmmingr 'QNMT :QNMT (24)

Itcan be assumed that the systematic utilities are given by linear-in-parameters expressions such
as

V. =ASC, +fSX_. (25)

Here ASC, indicates the mode Alternative Specific Constant, X, indicates a vector of covariates
and p’ indicates the corresponding parameter vector. In this investigation, we are interested in
capturing the evolution over time of scale heterogeneity in commuting mode choice for the
GTHA. So, later we accomplish this by parameterizing the root scale parameter as a function of
time. From equations (9) to (25), it is clear that the scale of the non-motorized cluster is not
identified (or essentially, must be equated to the root scaleu) because it contains only one
specific (or elemental) mode type. We parameterize the root scale parameter as a function of
aggregate zonal variables (Z) capturing the spatial distribution of baseline choice behaviour:

Hiwy = exp(yZ) (26)

where v is the coefficient to be estimated.

In contrast, two separate scale parameters (ua and ut) characterize the auto and transit modal
clusters respectively. To ensure positivity of scale parameters, we use exponential function as
follows:

 =exp(a,) (27)

= exp(ar) (28)
where aa and a 1 are nest-specific constants corresponding to auto and transit nests.

We are using crossectional and revealed preference mode choice data of multiple years collected
in Greater Toronto and Hamilton Area (GTHA). To capture the changes in heterogeneity across
the commuters and across the years, the variance/scale parameter of modal utility is made
sensitive to the entropy implied by a traveller’s set of available modes. Parameterizing scale as a
function of entropy allows capturing similarities/dissimilarities as well as the complexity (i.e.
decision difficulty) implied by a choice scenario (Fiebig et al 2010; DeShazo and Fermo 2002;
Swait and Adamowicz 2001).

We argue that entropy captures the difficulty for the traveller to reach an optimal decision. Low
entropy contexts contain modes that tend to dominate others, so decision difficulty is low: the
best alternative is easily determined. High entropy contexts contain modes with very similar

10
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levels of attractiveness, so again decision difficulty is low because any mode is just as attractive
as the others. It is in medium entropy contexts (i.e. neither low nor high) that decision makers
face greatest difficulty and can make sub-optimal choices. We propose to parameterize the root
scale parameter as a function of entropy (H(Ci(t))),l along with other aggregate zonal variables
(Z2), where Cj(y) is commuter i’s set of available modes in year t and

t, =exp(G,H(C,) +O,H?(C,) +7Z) (29)
where,
H(C,)) =- Z”im In 7y, : (30)

meC; (i

01 and 0, are coefficients to be estimated.

We address shortly the definition of the entropy measure H(Ciq). This parameterization of the
root scale allows the diagonal elements of the stochastic utility covariance matrix to be a
function of time and the personal, point-in-time context of commuting mode choice. The
quadratic argument in (29) reflects the above logic concerning the impact of context-driven
decision difficulty.

Note that equations (29) and (30) depend upon mode choice probabilities miy,, which are as yet
undefined. Probability formulations (9)-(25) are the researcher’s view of the commuter’s mode
choice process. In these formulations, it is implicitly assumed that the true parameters of the
choice making process are intermixed with random errors generated by the context of mode
selection (i.e. the economic, social and transportation systems). The relative magnitude of the
influence of stochastic utility compared to the systematic component on choice probability is
defined by the variances of the modal stochastic utilities. However, it is fair to assume that the
commuter knows his/her own true tastes and hence, the entropy proxy can directly use the taste
parameters of the utility function to define decision context complexity (Swait and Adamowicz
2001). Accordingly, this proxy is defined as a simple MNL model for the wt,’s in expression (27):

_ eXp (Vim )
D YT A) .

jeC;

where modal utilities (V) are given by expression (25). It is clear that we consider a
homoskedastic logit model formulation to specify choice entropy, which is then used to
parameterize the scale parameter of the Het-GEV model. Such specification captures the
non-linear and complicated relationship among user’s perceptions, choice contexts and the final
choices. It is also advantageous that such formulations yield a closed-form probability function
for mode choice, which allows the use of classical maximum likelihood estimation techniques. In
this paper, the empirical models are estimated by codes written in GAUSS and using the

! In these subsequent cases, the subscript t is put within the bracket. This is to indicate the individual person i at time
period t. Since we don’t have panel data, person i may not be in multiple time periods within the dataset.

11
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MAXLIK component for maximum likelihood estimation (Aptech 2012).

4. Datasets for Empirical Investigation

The data used in this investigation are sourced via the Transportation Tomorrow Surveys (TTS).
These are Revealed Preference (RP) surveys that randomly sample 5% of the GTHA every 5
years, recording the detailed travel records of households within the study area for a single day
(DMG, 2012). The survey collects trip origin-destination zone identification, trip departure times,
trip types, modes of transportation and transit route information for individual-level trip data. In
addition, it also collects home and work locations information for workers, as well as household
and individual-level socioeconomic attributes (e.g., household size, household vehicle ownership,
transit pass ownership, individuals’ age, gender, education). The survey was first started in1986
with a smaller study area than that of the later surveys. The second survey was in 1991, which
experimented with a slightly different trip type classification as well as alternative sampling
strategies.

The survey was stabilized from 1996, so that the 1996, 2001 and 2006 data collection efforts
were conducted using the same instrument and sampling strategy. Since our interest is the
exploration of the temporal stability of mode choice preferences, it would seem that tracking
travel behaviour over time for a panel of households would be best. As noted before these three
waves of survey data do not constitute a panel; however, they are the next best thing since they
do constitute repeated cross-sections of GTHA households, collected five years apart over a
ten-year period.

The TTS survey classifies commuters into four major occupation groups: general office,
manufacturing, professional, and retail/service. We consider occupation-specific dummy
variables to capture effects of job type on mode choice preferences. Unfortunately, the data set
does not include individual- or household-level income information. In order to obtain a
surrogate measure, median zonal income is considered as a variable in the empirical models. The
TTS data sets do include other socioeconomic attributes: e.g., age, gender, household size,
number of cars in the household.

For commuting, the TTS identifies six modes of transportation: (1) auto driver; (2) auto
passenger; (3) local transit; (4) park and ride with local transit; (5) park and ride with
inter-regional transit (termed ‘GO Transit’); and (6) non-motorized modes. Calibrated and
validated EMME/2 networks for 1996, 2001 and 2006 are used for generating level-of-service
attributes of auto and transit modes. To specify choice sets for commuting mode choice, we used
modal feasibility rules commonly employed by the planning agencies in the study area and are
developed based on local knowledge and experience (Miller, 2007). These include:

e Auto driving mode is feasible if the commuter has a driving license and own at least one
private automobile.

e Auto passenger mode is available to everybody.

e Transit modes are feasible if the corresponding origin-destination pair of the commuter
has transit service. In terms of reasonable transit service, we define the availability of

12
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transit options with alternative access modes if the total travel time is less than 150
minutes in one direction.

e The non-motorized mode is considered feasible if the distance between the
origin-destination pair of the commute is less than or equal to 10 kilometres (for walking
the maximum threshold distance is 3 kilometres and for biking the maximum threshold
distance is 10 kilometres).

e With respect to access modes (GO transit and local transit, and auto), it is assumed that
the commuters access their closest (by straight-line distance) feasible station with on-site
parking. This consideration is made in an effort to avoid unnecessary complexity in the
mode choice model while still maintaining a practically large number of observations for
econometric model estimation.

After eliminating all missing values and applying all feasibility rules a total of 67,094, 76,071
and 55,927 individual commuting trip records remained for 1996, 2001 and 2006, respectively. If
sampling weights are used to expand the samples, the total number of daily commuting trips is
1,354,834 cases for 1996, 1,295,718 cases for 2001 and 1,069,252 cases for 2006. These are very
large datasets and are suitable for investigating the type of behavioural trends we are researching
in this paper. A total of seven alternative commuting modes are defined for these data:

1. Auto driving (AD)
2. Auto passenger (AP)
3. Transit with walk access (TWA)
4. Local transit with auto access (park & ride) (TAA)
5. GO transit with local transit access (GTTA)
6. Go transit with auto access (park & ride) (GAA)
7. Non-motorized (NMT)
80.0
g 70.0 “\
5 600 —
E 50.0 \\\
g 40.0
g 30.0 \\
§ 200 \\ PN
° 100 ,.//-\\\\
00 4. L;;ce;l “ Vﬁé.'G‘o h
3. transit > GC_) transit
1. Auto 2. Auto Traln;it Witth U:/int:t With 7 l\tloq»
driving | passeng vv\‘/“atlk aacieZs local aiﬂeis moec?rIZ
(AD) er (AP) access (park & transit (park & (NMT)
(TWA) | ride) | 25 1 ide)
maa) | ST (Gan
—e—Year 1996/ 57.1 8.4 27.0 1.2 0.4 2.6 33
—-Year 2001| 67.5 9.0 15.6 11 0.4 2.6 3.8
Year 2006,  65.0 8.6 18.0 13 0.3 24 4.4

Figure 2: Comparison of Modal Shares for Commuting in the GTHA
Figure 2 presents a comparison of observed aggregate modal shares for the three survey years in

the study area. From 1996 to 2006 auto driving dependency increased about 10 percent for the
commuters in the GTHA. Auto passenger modal share was relatively more stable over the

13
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interval. Modal share of local transit with walk access mode declined from 1996 to 2001 and
2006 significantly. The local transit park and ride mode share was stable over time. Modal share
of GO transit with local transit access as well as GO transit with park and ride modes slightly
declined slightly with time. In general, mode choice preference changed with a significant boost
towards use of the private car for commuting.

Before estimating econometric models of mode choice, we sought to understand the patterns of
mode choice preference distributions in the study area. Aggregate modal share gives a high-level
view of mode choice preference patterns, but it does not provide much insight into the
distribution of decision difficulty across the population. To have an empirical understanding of
commuting mode choice preferences, we summarized zonal average entropy of mode choice for
commuting. Entropy, for a particular spatial context, can explain the aggregate status or context
complexities of specific decisions or choices (Wilson 2010). In the case of commuting mode
choice, observed modal shares at the zonal level can effectively represent the spatial
discretization of patterns observed in commuting mode choice preference structures. In this case
zones represent small spatial units in the study area used to develop TTS sampling weights,
which are compatible with census track units.

We aggregated observed modal shares for each spatial zone. These shares are used to calculate
observed entropy of commuting mode choice by using expression (30), but replacing individual
mode choice probabilities with aggregate modal shares for the zone. It is well known that the
entropy function achieves its maximum when choice probabilities or shares are equal; hence,
since there are 7 possible modes, a particular zone can have a maximum entropy of 1.95~-In(1/7).
Similarly, the minimum possible value of zonal entropy is zero, where only one mode is used and
rest of all modes have no modal share. Thus, the higher the value of zonal entropy, the more no
one mode dominates the others and the more varied the use of the modes across the zone’s
residents.

15

Entropy
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Figure 3: Distribution of observed zonal average entropy of commuting mode choices.
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Figure 4: Changes in Population in Toronto and its Suburbs between 1996-2006 (source:
Statistics Canada)

Figure 3 presents the kernel density plots of zonal average entropy values for the three TTS
survey years. The distribution of commuting mode choice zonal entropy has shifted to the left
(i.e. on average decreased) since 1996 in the GTHA. The modal value of zonal entropy was
greatest in 1996 and dropped significantly from 1996 to 2001. After 2001, it further dropped
slightly in 2006. Interestingly, Figure 3 suggests that in 2006 the distribution of zonal entropy
may be moving towards a bi-modal distribution. In 1996 the entropy distribution had a very
sharp peak which flattened in 2001 and onwards. Having a sharp peak and higher modal entropy
at the zonal level indicates a larger proportion of commuters with commuting alternatives that
were more clearly advantageous. On the other hand, the flattening out of the zonal entropy
distributions after 1996 may indicate that the utilities of mode choice alternatives were more
similar, making it more difficult for commuters to clearly identify the best mode for their work
trips. Similarly, movement of the distribution towards bimodality may suggest multiple classes of
commuters in the study area. Commuters living in zones that have greater mode choice
flexibility because of access to multiple modes would be represented by an increase in a modal
value towards the right of the distributions in Figure 3; those living in zones that have less mode
choice flexibility would “clump” in a modal value towards the left of the distribution.

Figure 4 shows relative population changes during the analysis time period (1996 to 2006) in
Toronto and its surrounding suburbs. Suburbs closer to Toronto such as Mississauga, Brampton,
Milton, Richmond Hill, Vaughn, etc., have higher population growth than the suburbs farther
from Toronto, such as Caledon, Aurora, Georgia etc. Relative to Toronto, every other area has
experienced a large population surge. Hulchanski et al. (2007) noted that Toronto has been
undergoing changes in terms of income polarization and social gentrification resulting in
multiple classes of population having different lifestyles. Similar findings are also reported by
Hackworth and Rekers (2005), who also recognize such changes in Toronto. There has been a
significant change in socio-economic class structure in the study area between 1996 and 2006.
Figure 3 suggests that the structure of commuting mode choices has also changed. Observed
changes in commuting mode choice preferences should be, at least in part, the reflections of
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individual commuters’ difficulty or complexities of making optimal or desirable decisions for
commuting mode choice. The next section presents the empirical models and discussions of
factors influencing commuting mode choice preferences in the GTHA.

5. Empirical Models

Table 1 presents the summary of empirical model parameters. A total of six models are presented.
For each of the years 1996, 2001 and 2006, two models are presented: the HET-GEV model
represents the GEV model with root scale parameterized as function of zonal median income and
the Entropy-based HET-GEV model includes the additional entropy (decision difficulty) term in
the root scale parameter function. Goodness-of-fit of the models is measured by estimating
likelihood ratio values against the equiprobable and aggregate market share models.
Goodness-of-fit values are higher against the equiprobable (or null) model than the market model.
In case of goodness-of-fit against market shares, the likelihood ratio value is over 0.2 for all
models, which represents a very good fit of the advanced models developed in this paper (see
Ben-Akiva and Lerman 1985). It is also clear that Entropy-based HET-GEV models give slightly
higher likelihood ratio values against aggregate shares.

This reveals the power of capturing choice complexities in scale parameterization through the
entropy measurements. In all cases, models of 2001 provide the highest fits followed by the
models of 1996 and then 2006. The reported model specifications are the best specifications
among a series of alternative specifications for systematic utility function in terms better
likelihood ratio values and higher numbers of statistically significant parameters. Statistical
significance of the parameters is tested by comparing estimated asymptotic t-statistics with the
95 percent confidence limit of 1.96. It is to be noted that all parameters the models are highly
significant except for one in the 2001 model. We retained the same parameter sets for all models
to allow comparisons across the years.
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Figure 5: Comparison of alternative mode specific constants

Figure 5 allows comparison of mode-specific constants in the model. Overall, the mode-specific
constants are lower for the entropy-based HET-GEV models. Note that in the case of the
HET-GEV models the constants do not vary across the years except in the case of the GO park
and ride mode. For the entropy-based HET-GEV model, mode-specific constants are higher
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across the modes for 2001 and 2006 compared to 1996 with almost equal values for 2001 and
2006. This suggests that there seem to have been some changes in overall commuting mode
choice preference structures between 1996 and 2001-2006 that are not explained by the variables
used in the model. This does not seem to have been detected by the HET-GEV model.

In terms of level-of-service attributes, the time and cost variables are specified as generic across
the modes in the models. In the case of cost, since we did not have income available in the
dataset, we estimated separate cost variables for each occupation category, but maintain the
generic assumption across modes within occupation. Surprisingly, sensitivity to in-vehicle travel
time remains exactly the same over the years, but sensitivities to travel cost vary substantially.
Such variation of cost sensitivity is significant across the occupation groups and there is a huge
jump between 1996 and 2001. Table 2 summarizes the values of in-vehicle travel time savings
and Figure 5 plots the values comparatively.
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Figure 5: In-vehicle travel time savings

Both types of models suggest that willingness to pay for reduced in-vehicle travel time increased
significantly in 2001 compared to 1996, and then decreased somewhat in 2006. It is to be noted
that the cost variables are specified in the corresponding year’s dollar values. The HET-GEV
model predict that between 1996 to 2001 the willingness to pay increased 2.54 times for
professional occupation group, 2.30 times for general office occupation group, 1.66 times for
service occupation group and 1.27 times for manufacturing occupation group. However, the
Entropy-based HET-GEV model predicts a much higher rate of increase: 3.98 times for
professional occupation group, 3.63 times for general office occupation group, 2.92 times for
service occupation group and 2.28 times for manufacturing occupation group. The CPI index
reported by Statistics Canada for the study suggests that the cost adjustment between 1996 and
2001 would be at most 1.11 times (Statistics Canada, 2012). So, it is clear that willingness to pay
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increased beyond the regular price adjustment rate for inflation. Since in the model formulation
we assumed that the marginal disutility of time remains constant, the marginal disutility of cost
must necessarily decrease (become less negative in magnitude). This is plausible given the
usual assumption of the diminishing utility of consumption associated with increased income.

As noted before, we did not have access to personal or household income data to capture income
effects. However, comparing the zonal average income we realized that average income did not
increase significantly from 1996 to 2001. Also, there were no significant transport infrastructure
changes during that period in the GTHA. So we are left with the explanation that there may have
been changes in social structure, economic activities and demography (in-migration and
out-migration) resulting from the very high suburbanization in the study area, causing a
significant decrease in marginal disutility of cost for commuting trips. Compared to 2001 and
2006, the HET-GEV model predicts a small increase in willingness to pay for in-vehicle travel
time savings, but the Entropy-based HET-GEV model actually predicts that the values decrease
slightly for all occupation groups. However, it is interesting to note that after a huge drop in
marginal disutility of commuting trip cost in 2001, it stabilized by 2006.

Disutility of the access and egress distances for non-motorized modes is captured by discretizing
walking distances. Empirically, it is seen that the utility of non-motorized modes decreases
sharply with increasing distance. The highest utility of non-motorized mode is for the distance
below 1 kilometre and it drops significantly for the distance between 1 to 2 kilometres and so on
for the distance between 2 to 3 kilometres. These coefficients do not change significantly across
the years despite the continuous efforts to promote active transportation (non-motorized mode of
transportation) for commuting by various government and non-government organizations in the
study area. However, it is clear that the HET-GEV model overestimated the distance effects on
non-motorized mode choice compared to the Entropy-based HET-GEV model. Access walking
time has proven to be very influential factor in transit mode choice option. The HET-GEV model
predicts that the negative influence of access walking time increased 5 times from 1996 to 2001
and then decreased slightly in 2006. However, the Entropy-based HET-GEV model predicts that
it in fact increased 3 times from 1996 to 2001 and then become constant.

We also calculated the willingness to pay for reducing walking time and waiting time for transit
access as reported in Table 2. Both types of models predict that there was a huge jump in
willingness to pay for reducing walking and waiting time for transit access between 1996 and
2001, and that it then stabilized in 2006. This parallels what was discussed earlier for in-vehicle
travel time savings. In terms of absolute values of willingness to pay for saving walk access time
to transit in 1996, commuters’ willingness to pay was nearly similar to the willingness to pay for
reducing in-vehicle travel time. However, in 2001 and 2006, willingness to pay for transit
walking access time becomes more or less 4 times larger than the corresponding willingness to
pay for in-vehicle travel time savings. Intuitively the willingness to pay for reduced waiting time
for transit is the highest and it also suffered sharp jumps between 1996 to 2001 and 2006.

To us, these effects are all indications of the massive suburbanization that occurred between 1996
and 2001, which resulted in poor walking accessibility to transit services, leading thereby to a
big rise in auto driving as well as a sharp drop in transit modal share. However, between 2001
and 2006 there had been investments in transit infrastructure: two notables examples are a) a
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subway link was added to Toronto’s existing subway network and b) the VIVA bus rapid transit
was introduced in the York region, one of the suburbs in GTHA. Such investments caused the
commuting mode choice preference structures to be stabilized after 2001.

In addition to level-of-service attributes, we also considered a series of household
socio-economic and personal characteristics in the systematic utility function. Having more than
2 cars in the household increases the availability of car for commuting and has a positive effect
on the auto driving commuting option. However, the HET-GEV models predict that the influence
of this variable remain more or less constant over the years, but the influence of this variable is
larger in the HET-GEV model compared to its influence in the Entropy-based HET-GEV models.
Similar effects also obtain for having one car in the household on auto passenger mode choice
utility. For more than 2 cars per household, the HET-GEV model predict much higher effects on
systematic utility of auto driving and auto passenger mode choice utility compared to those
predicted by the Entropy-based HET-GEV model. Similarly, having a higher number of cars in
the household increases the opportunity for a park and ride option and both types of models
predicts this. It seems that effects of this variable remain stable over time, but the HET-GEV
models over predict its impact compared to the Entropy-based HET-GEV model.

In terms of personal characteristics, it seems that the effects of gender (females preferring all
other modes over auto driving options compared to males) on mode choice utilities of auto
passenger, local transit with walk access and subway park and ride and non-motorized modes
decreased over time from 1996 to 2006. Also, it seems that the HET-GEV models overstate
gender effects for these modes compared to Entropy-based HET-GEV models. Commuters’ ages
seem to have significant effects in commuting mode choice preferences. Clearly, compared to
younger and older generations, the age group of 30 to 55 years old prefer auto driving and park
and ride type commuting modes over all other modes. However, this age group prefers
non-motorized and local transit modes more than the older age group (age over 55 years). It is
also clear that the HET-GEV models estimates larger age effects on commuting mode choice
utilities compared to those in the Entropy-based HET-GEV models.

The root scale of the HET-GEV models are parameterized as exponential functions of zonal
median incomes. In addition, modal nest specific constants are also estimated considering the
non-motorized modes as the base case. In this model specification, it is only possible to identify
the coefficient of the auto nest (auto driving and auto passenger modes), while those of other
nests (transit nest and non-motorized nest) must be held constant. This is a clear indication of
higher correlation between auto driving and auto passenger modes over time. The coefficient of
zonal median income decreased over time in the Entropy-based HET-GEV model. Decreasing
values of this coefficient indicates decreasing root scale parameters and thereby decreasing
heterogeneity across the study area. However, this effect is balanced by the entropy function
included in the root scale parameterization. Estimated coefficients clearly identify the quadratic
effects of mode choice entropy on scale parameterization as expected in the formulation. The
coefficients are highly statistically significant, which suggests that the model formulations
capture the hypothesized difficulty of decision making for commuting mode choices.

Table 3 summarizes the estimated average values of root scale parameters for each survey year
by the two types of models. It is clear that the HET-GEV model gives a lowers estimate of the
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root scale parameters and thereby the commuting mode choice heterogeneity across the
population. The Entropy-based HET-GEV model attributes higher values to the root scale
parameters and their variations across the year. The latter model estimates that the root scale
suffered a drop from 1996 to 2001 and remained constant in 2006. These imply fundamental
structural changes in commuting mode choice preferences in the study area over the time period
of 1996 to 2006. Reduction of root scale implicitly refers to increasing complexities/difficulties
in making desirable mode choice preference for commuting.

Table 3: Estimated Average Root Scale Parameter

Average Root Scale parameter

Year HET-GEV Entropy-based HET-GEV
1996 0.92 1.37
2001 0.83 1.24
2006 0.93 1.23

These results jointly raise the possibility that there may not be temporal transferability of mode
choice models across the three years studied here. In the next section, we further investigate
temporal transferability of the individual models for better guidance to develop a modelling
framework for multiple repeated crossectional datasets that can accommodate evolution of
structural preferences over time.

5.1 Temporal Transferability and Pooled Data Meta Model

Temporal transferability in general refers to the fact that the model developed in one year can
replicate choice behaviour for any future year. We test below whether the 1996 models can be
forward transferred to 2001 and 2006, as well as whether the 2001 model is transferable to 2006.
We consider two disaggregate transferability measures, the transferability index (TI) and
likelihood ratio (Transfer Rho-square) for evaluating temporal transferability of the models. TI
is a relative measure of strength of the transferred model over a market share model in
comparison to the originally estimated model. The transfer index is calculated:

_ LL,(6) — LL,(Market Share)
~ LL,(9,) - LL,(Market Share)

where LL,(O,) |nd|cates the loglikelihood value for the context year j of the model developed by
using j" year’s data; LL,(e) indicates the loglikelihood value for the context year j of the model
developed by using i"" year’s data and LL;(Market Share) denotes the log-likelihood of the
market share model for the application context j. The upper bound for this metric is 1, but
negative values are possible (indicating that the transferred model is worse than the market share
model). A similar measurement of transferability is defined by calculating the goodness of fit of
the transferred model against market share model of the target year.

(31)

LL,(6))
Transfer Rho- Square =1— : (32)
LL, (Market Share)

The upper bound for this metric is 1 and a higher indicates better goodness of fit against market
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share. It gives the fit against market share for the forecasting year.

Table 4: Transferability Index and Transfer Rho-Square Values

Transferability Index
Base Tear Forecasting Year HET-GEWV Model Entropy-based HET-GEV model
1996 2001 0.6127 0.6207
1996 2006 06782 06818
2001 2006 09803 09811
Trarsfer Rha-Sguare
1996 2001 01071 0.1150
1996 2006 01180 0.1250
2001 2006 02983 0.32060

Table 4 summarizes the results of forward transferring both model types. Overall, the TI values
indicate that the 1996 model can give more than 0.6 compared to the maximum limit of 1.0 in
disaggregate transferability test. Interestingly, the 1996 model is more transferable to 2006 than
2001. However, the 2001 model gives more than 98 percent accuracy in forecasting 2006 choices.
In all cases, it is clear that entropy-based scale parameterization clearly improves temporal
transferability of the models as the T1 values are higher for entropy-based HET-GEV models. In
case of Transfer Rho-Square measures, the 1996 model gives less than 0.2 goodness of fit for
2001 and 2006. However, the 2001 model gives more than 0.25 goodness of fit for 2006 year
forecast, which is considered reasonably good fitting (Ben-Akiva and Lerman, 1985). As in the
case of TI, the Transfer Rho-Square values also prove the superiority of entropy-based
HET-GEV model over HET-GEV model in temporal transferability.

While the Tl and Transfer Rho-Square measures give numerical evaluation of temporal
transferability, it does not give any direction for improving model transferability by developing
better specifications. So, in an effort to develop a comprehensive modelling framework that can
capture temporal evolution of mode choice preference structures, we compared individual model
parameters graphically. The main objective of this simple analysis is to identify the parameters
that cause higher deviation from one model to the other (see Swait and Bernardino 2000).
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Figure 6: Comparison of Estimated Model Parameters
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Figure 6 presents the comparisons of model parameters. Both HET-GEV and entropy-based
HET-GEV model parameters are pair wise plotted (1996 versus 2001, 1996 versus 2006 and
2001 versus 2006). In each plot the straight line represents the line on which all dots should align
if both comparing models have exactly same parameter values. Parameters that differ most
between the models are represented by the dots far away from this line. In all cases, 2001 model
parameters are closer to 2006 parameters and 1996 model parameters are closer to those of 2001
model than 2006 models. In case of HET-GEV model, alternative specific constants (ASC), scale
parameter, age and gender are they three major variables that cause big deviations. In case of
entropy-based HET-GEV models, the coefficient corresponding to the square of entropy
measurement (components of root scale parameter) causes deviation while comparing 1996
model with 2001 and 2006 models. Interestingly, parameters of the entropy-based HET-GEV
model for 2001 shows perfect alignment with the parameter of corresponding 2006 model,
except one age-specific variable.

TI and Transfer Rho-Square value measurements show that crossectional models are not always
transferable and the major probable reason is the evolution of preference structures of mode
choices. While HET-GEV model captures deviations in ASCs and socio-economic variable
parameters, entropy-based HET-GEV model also clearly shows that in addition to these, the scale
parameter is also showing deviations. So, the challenge is to develop a modelling approach that
can take advantage of multiple repeated crossectional datasets available for the same study area
and at the same time comprehensively capture the evolution of preference structures.

One of the possible ways is to pool the repeated crossectional datasets to support a generalized
modelling framework. Pooling datasets collected in different years obviously requires updating
cost variables considering the inflation rates. Also, various possible ways of specifying
generalized modelling structures can be hypothesized. Based on the analyses of individual
year-specific models and transferability measurements, it is clear that the pooled data model
should, at least, consider changes in ASCs and scale parameters over time. Our analysis above
suggests that the entropy-based HET-GEV model is the best option for model formulation in
terms of temporal stability. For such a model formulation, one possible way of specifying the
pooled data model is to consider alternative year specific ASC and scale parameters. However, in
that case, the problem would be the difficulty in forecasting for future years for which the ASC
and scale parameters would be unknown. To overcome this issue, we consider the year 1996 as
the base year and included an additional component to each ASC and the scale parameter
identifying the year of concern. So, for the pooled data over 1996, 2001 and 2006, we consider
an entropy-based HET-GEV specification with equations 25, 27, 28 and 29 modified as follows:

V. =ASC_+J,.In(t—1996) + X (33)
1, =exp(a, + 5, In(t —1996))
(34)
1, =exp(a, + 5, In(t —1996))
(35)
ty =xp(GH () + G,H? (C,)) +7Z + 5 In(t ~1996)) (36)

where t is year and &’s are parameters and in equation 33-36 there is an implicit normalization
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condition met by setting the reference year effect for 1996 to zero. This means, the temporal
effects will only be added for the year 2001 and 2006. We consider logarithmic scale for
temporal progression so that the linear-in-parameter temporal functions follow diminishing rate
of changes with increasing time. It will ensure that for forecasting, the temporal progression
effects do not dominate at least for short- or medium term forecasting. However, long-term
forecasting may be problematic as these temporal components may become enormous and
dominate the model predictions.

Estimated model parameters of the pooled data model are presented in Table 5. The pooled data
model accommodates temporal evolution of ASCs and scale parameters. Comparing the
individual year-specific models, we found that the larger coefficients for the socio-economic
variables cause problems in model transferability. In general, all socio-economic variables have
smaller parameter values in the pooled data model than the individual year-specific models. Also
several age specific variables are found statistically insignificant in the pooled model, but those
were significant in the individual year-specific models. It seems that accommodation of the
evolution of ASCs and scale parameters can reduce effects of socio-economic variables that may
be the artifacts in the individual year-specific models. In terms of temporal effects, it is clear that
ASCs of all modes decrease over time except for the GO Park & Ride and GO with Transit
Access mode options. Interestingly, the root scale parameter decreases with time (the temporal
effect is negative), but the auto nest scale parameter increases over time (the temporal effect is
positive). While comparing parameters of the pooled model with individual year-specific models
is difficult, we consider measuring model transferability of the pooled data model for the
individual year specific models.

We used the pooled model to test transferability to 1996, 2001 and 2006. Both TI and Transfer
Rho-Square values are estimated to investigate how transferable the pooled model is to 1996,
2001 and 2006. The results are:
e Transferability Index (TI):

1. Pooled model applied to 1996: 0.9464

2. Pooled model applied to 2001: 0.9821

3. Pooled model applied to 2006: 0.9787

e Transfer Rho-Square Value:

1. Pooled model applied to 1996: 0.2532

2. Pooled model applied to 2001: 0.3030

3. Pooled model applied to 2006: 0.3213
The proposed pooled data modelling structure which is an entropy-based HET-GEV model with
temporal adjustment factor clearly outperforms any individual year specific model. Interestingly,
the TI values are very similar for 1996, 2001 and 2006, indicating that its performance is very
nearly as good as each year-specific model. It seems that the pooled data model can give more
than 0.94 compared to the maximum limit of 1.0 for transferability test. According to the
Transfer Rho-square values, the pooled data model gives more than 0.25 goodness-of-fit for any
year. Interestingly, it is clear that the temporal evolution of mode choice preference structure is
mostly reflected in changing patterns of ASCs and the scale parameters. Also, it is clear that a
proper capturing of such evolution can eliminate artificial influences of socio-economic variables
that cause major problems in temporal transferability of the models.
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6. Conclusions and Recommendations for Future Research

The paper presents an investigation on stability of commuting mode choice preference structure
over a 10 year time period. The study area is the Greater Toronto and Hamilton Area (GTHA),
which is one of the major economic hubs in Canada and North America. The study makes use of
a large scale household travel survey conducted in the GTHA every 5 years, named
Transportation Tomorrow Survey (TTS). TTS survey data from 1996, 2001 and 2006 are used
for our study. The datasets represent three repeated cross-sectional surveys in the same area at 5
year intervals. We used these datasets to develop commuting mode choice models. As pointed
out in the literature review, it seems that the choice model scale parameter can play a significant
role in defining temporal transferability of the mode choice models. We are therefore led to
employ an advanced econometric model formulation to address our research question.

For commuting mode choice trips, we developed two related types of models: heteroskedastic
GEV model (HET-GEV) and HET-GEV model with scale parameter parameterized as a function
of entropy; this latter measure is argued to represent context complexity (Swait and Adamowicz
2001). It is established that parameterizing scale parameter as a function of choice entropy in the
entropy-based HET-GEV model is consistent with the assumption of a quadratic functional form,
as suggested by Swait and Adamowicz (2001). Also the Entropy-based HET-GEV allows better
highlighting the changes in preference structure than HET-GEV model.

In terms of model specifications, two types of models are estimated: three individual
year-specific crossectional models and a pooled data model that captures the evolution of ASCs
and scale parameter of an entropy-based HET-GEV model over time. In term of temporal
transferability, the pooled data model outperforms all other crossectional models in every count.

A dey finding of this investigation is that there have been significant changes in commuting
mode choice preference structure between 1996 and 2006 in the GTHA. Important social,
economic and transportation system changes, all of which occurred in the GTHA during this
period, create a forecasting challenge for any model based on a single cross-section. Interestingly,
our analysis further suggests that temporal evolutions of preference structures may not be
gradual over time. Major changes in preference structure happened between 1996 and 2001 and
stabilized between 2001 and 2006. Fundamentally, it is clear that the ensuing changes to the
transport systems, urban forms and population patterns have not only created impacts on
commuters via changes in transport system performance (cost, time, accessibility, etc.), but also
in terms of commuting mode choice decision difficulty. It seems that decision contexts for
commuting mode choice in GTHA has been changing to a direction in which it is increasingly
becoming difficult for commuters to correctly identify the optimal (i.e. highest utility) modal
alternative, leading ultimately to a higher incidence of sub-optimal choices in the population.

Commuters’ sensitivity to in-vehicle travel time for commuting remains exactly the same over
the years, but sensitivities to travel cost changed substantially between 1996 and 2001. However,
the latter remained stable between 2001 and 2006. Such variation of cost sensitivity is significant
across the occupation groups. As a result, the willingness to pay for reduced in-vehicle travel
time increased beyond the regular price adjustment rate for inflation over time. In the case of
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transit users, the willingness to pay for reduced waiting time for transit is the highest and it also
suffered sharp jumps between 1996 to 2001 and 2006.

While a gradual change in preference structure over time is explainable, a drastic and sharp
change and then stabilization is more difficult to explain. Apparently, there were no significant
transportation infrastructure change in the study area between 1996 and 2001, when the sharp
changes in preference structure happened. Also, the average and median income of the
population did not change significantly during this time period. However, between 2001 and
2006 new infrastructure was in operation when the stabilization of preference structure is
observed. What drove the sharp changes in preference structure between 1996 and 2001 remain
an issue for further study, but it is clear that massive suburbanization happened in the study area
during this time, as supported by the observation that transit modal share for commuting dropped
and auto driving modal share for commuting jumped during the period. Perhaps only
suburbanization (and probably the resulting gentrification and other side effects of
suburbanization) can cause such significant changes in commuting mode choice preference
structures. While the suburbanization continued after 2001, new transportation infrastructures,
planning policies, etc., might have caused the stabilization in mode choice preferences. This
finding clearly suggests that mode choice models developed by using a single crossectional
dataset should be used carefully for forecasting, and that change to the urban form and transport
supply need to be accounted for in the process. Our work has suggested a systematic process for
taking these factors into account.

It is clear that preference structures for commuting mode choices are non-static and evolve over
time. Mode choice models developed by using only one crossectional travel survey data set are
highly unlikely to have the capacity to capture such changes. While commuting mode choice
models are considered to be a critical work horse for almost all transportation planning agencies,
it is important to find out appropriate model formulations that can give reliable forecasts for the
future years. In general, it is almost impossible to state that a particular mode choice model will
be temporally transferable in general. For example, our mode choice model developed by using
1996 data does not transfer well to 2001 or 2006. However, the 2001 model performs quite well
on the 2006 data (i.e., parameters remain very close for models developed for these two years).
The correct economic modelling structure that can provide acceptable level of transferability in
the face of any drastic changes in preference structure is something that needs further rigorous
research, but it is clear that simple modelling structures (such as multinomial logit or even GEV)
may not be sufficient.

Based on such understanding, this paper proposes a pooled data model specification that can take
the advantage of multiple repeated crossectional datasets. The proposed model considers the
earliest year as the base reference year and accommodates a logarithmic function of increasing
time to capture evolution of preference structures over time. In this paper, the proposed model is
estimated by pooling 1996, 2001 and 2006 datasets for the GTHA. Our empirical model reveals
that the root scale parameter decreases with increasing time, but that the auto nest scale
parameter increases over time. This is an indication of increasing auto dependency and modal
captivity that are evident in aggregate data. The pooled data model outperforms in all measures
of model transferability.
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Table 1: Individual Year Specific Models

HET-GZEV Model

Entropy-Based Scale HET-GEY Model

Yeat: 19594 Year: 2001 Year: 2006 Year: 1996 Year: 2001 Year: 2006
Mureber of Cases 1354834 1205718 1069252 1354834 1205718 1282420
Loglikelihnod of Full Ivodel STHS4E -TlEala -A06a59E -T60005 -710604 -719524
Loglikelibood of Eguiprobable Iviodel -1743062 1607455 1342467 -1743062 -1607455 -1610104
Loglikelihood of Agsresate Iarket Share Ilodel -1051008 1027574 S7742093 -1051008 1027574 -02BA5E
Likelihood Fatio against Equiprobable Iodel 0.56 0.55 0.55 0.56 0.56 0.55
Likelihood Fatio against Sooresate Dlarket Shave hlode 0.27 0.30 0.22 0.27 031 0.23
systematic Utility Function
Variahle Param it5tat Param t-Stat Param  t-5Stat [Param  +5tat Param  +5tat  Param  t-Stai
Alfernafive Specific Constant
Diive Alone 7 66 l6g5 749 1573 6.76 1334 |5.23 g9 a04 1702 /03 146.5
Auto Passenger 306 51 313 p0p  2EE FTO0O|218 g24 309 1124 305 954
Trangit with Walle Access 747 lal4  7.57 1539 718 1331 |5.10 g6 A0l 1783 f.15 147 6
Subwray Pak & Ride 531 1111 498 1020 477 P40 |3.55 29 424 1124 440 1051
G0 writh Transit Access - - - -
30 Patk & Ride 4.57 1062 654 1055 6.22 o 67 357 743 3.70 67.4
HMT 2.0 gRe 219 676 2.40 g6 |1.53 345 235 o0 .2 240 TE.0
In-Vehicle Travel Time in Mivifes
Generic for all modes 001 -417 00l 365 001 -27E |00l -3 001 5570 001 310
Travel Cost {Generic for all modes)
Oecupation group:
Professional -0.38 -lal.l 016 806 -0.11 S35 |-0.25 -670 010 -357 009 -64.7
General Office 0.9 -1345 01% SS63 0 011 432 |-0.36 643 012 561 008 437
Service -0.27 S04 017 460 -0.13 -503 |-0.1% -600  -0.10 -0z -0.09 487
Il anufactuting 031 0ng 035 69 037 -743 |-0.20 A -AlE 026 S50
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Table 1 (Continued): Individual Year Specific Models

systematic TTtility Function

Variahle Param i-5tat Param  +Siat Param  &-5taf [Param  i-5iai Param  +5iat Param  i-5tai
Distance Less than or equal fo I km

HIAT 493 1383 4898 1562 459 1397 |3.53 673 3.60 las0 371 1436
Distance Greafter than I km, but lesst than or equal fo 2 km

HIAT 2.90 1111 308 1132 283 1049 1194 a8 2.16 1211 222 109.5
Distance Greater than 2 Iom, but lesst than or egqual fo 7 km

HNIAT 163 56.9 1.53 519 166 505 (110 a6 1.09 583 138 63.2
Access Walking Time fMirufes)

&1 Transit Modes -0.01 -11.4  -005 752 -004 -643 |-0.01 -121 003 -773 0 003 636
Access Waifing Time fMinutes)

&1 Transit Modes -0.08 -1216 -0.13 970 012 -BE9 |-005 -640 002 -95E 009 -3B89
2 Cars in Household

Dive Alone 1.6 1501 189 1411 1.57 130.1 |1.048 a7 .8 091 1408 0895 1336
1 Caritn Household

Auto Passenger 1.42 0.7 177 074 173 204|095 363 143 05.9 135 2.8
More than 2 Cars in Household

Drive Alone 2.10 1342 219 13538 2.10 1247 |135 65.4 120 1357 130 1286
More than or Equal fo 2 Cars in Household

Zuto Passenger 1.75 247 243 1089 Z.3% 1000 |1.16 370 1.51 994 167 91.8
Tofal Mumber of Cars in Howsehold

Subwray Park & Ride 177 939 1.71 1053 1.54 P62 |1.22 SEA 1.17 24 113 95.4

G0 Patk & Ride 1.81 Qa7 222 851 2.00 Fad  |1.51 a7 255 1131 253 975
Drommy Variable (1) for Female

Auto Passenger 137 1145 105 1007 087 263 |0.BE 658 062 1101 057 024

local Transit (Bus/LET) with Walk Access 092 1106 085 020 040 FOE |05 .4 0.44 72 035 601

Subway Park & Ride 0.77 305 049 198 030 132 052 269 0.00 -0.1 -0.02 -12

G0 with Transit Access 508 1035 %13 1269 754 1080 |3.17 a0.7 f.02 1219 &03 91.1

30 Patk & Ride 0.7%8 34.1 0.32 252 049 206 |09 338 0.42 176 071 26.7

MIT 0.17 117 019 129 004 29 0.09 9.2 -0.05 -52 -0.13 116
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Table 1 (Continued): Individual Year Specific Models

systematic Ttility Function

Variahle Param tStat Param t-Stat Param  tStat (Param  tStat Param  tStat Param  + Stat
Age Less than of Equal fo 25 Tears
Auto Passenger 1.37 853 113 o3 120 832 |0E3 524 077 084 084 802
local Transit (Bus/LET) with Walk Access  1.19 932 111 PR 132 795|078 392 064 713 .50 74.1
Subwray Park & Ride 0.00 -0.1 0.41 102 025 6.1 0.00 0.1 -0.04 -1.4 0.17 -5l
GO with Transit Access 1.78 213 254 308 211 230 (148 3.5 1.73 e 1.95 252
G0 Patk & Ride 0.11 2.2 034 42 011 -1.8 000 0.1 024 51 0.37 2.0
T 1.16 485 075 318 0350 196 075 420 0.9 253 0.24 12.5
Age Greafer than 25 years and Less then of Equal fo 20 Tears
Auto Passenger 0.23 192 029 258 033 275|014 17 6 0.16 220 0.23 26 6
local Transit (Bus/LET) with Walk Access 032 347 044 381 048 3|9 |02l 31z 0.2 343 0.3l 335
Subnray Patk & Ride -0.14 -4.0 027 79 036 107 |-0.12 5.0 -0.04 -1.7 0.04 13
G0 with Transit Access 1.55 261 209 273 200 229 131 220 1.41 53 202 224
G0 Patk & Ride -0.21 -6.8 .28 6 011 -20  |-0.11 5.0 0.30 29 -0.12 -2.4
T 0.26 133 030 230 032 141 019 142 0.2 176 0.20 11.5
Age Greater than 55 years
Auto Passenger 0.09 52 0.00 01 004 -38 |00 53 0.0z -28 0.0z -3.3
local Transit (Bus/LET) with Walk Access  -0.14 ] 0.23 -151 026 -21.5 |-009 5.2 -0.15 -161 015 -18.2
Subwray Park & Ride -0.31 -6.3 0.34 -F.1 040 -107 |-0.16 -4.5 -0.31 ] -0.26 -0.4
GO with Transit Access 272 330 147 142 15l 172|223 372 1.50 173 1.72 196
G0 Patk & Ride -0.69 -123 025 33 03535 02 |-030 2.5 240 322 .36 7.6
HMT -0.36 -118 035 -129 031 -132 |-024 -112  -0.30 -169 026 -17.0
Exponential Function for Scale Parameters
Seale Parameter for Auto Driver and Auto Passenger Nest
Consfanf -0.20 -329 001 08  0.1a 200 |oz2 149 0.39 .4 0.44 60.7
Eoot Beale Parameter:
I Zonal Median Income in 10,000 -0.08 -lad 015 -353 005 -121 |-009 -190  -0.34 819 024 -6i0.1
Cuadratic Function of Entropy
Enfrapy 121 520 249 1252 238 106.4
Entrapy i -0.79 STEa 0 -1.95 -1205  -193 -1072
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Table 2: Estimated Values of Time Savings from Individual Year-Specific Models
HET-GEV Model Entropy-Based Scale HET-GEV Model

Fear: 1996 Year: 2001 Fear: 2006 Year: 1996 Year: 2001 Year: 2006

Value of In-Vehicle Travel Time Savings

Oecupation group:

Professional $1.90 $4.23 £5.46 $1.93 §7.74 §5.79
General Office $1.21 $4.17 $5.19 $1.38 $6.74 $6.07
Service 1288 $.44 3438 $2.77 $e2.09 $5.42
Matmfacturing $232 $295 $1.58 $2.40 $5.43 $1.94

Value of Transit Access Walking Time Savings

Oecupation group:

Professional $1.58 F17.45 $20.42 $1.62 $17.58 Flz.42
General Office $1.49 $1508 $19.42 $1.60 $15.30 $19.32
Service $2.20 $14.05 $16.37 $2.39 $12.346 $17.24
Matmfacturing 19 $1067 $5383 $2.08 $12.44 $a.19

Value of Transit Access Waiting Time Savings

Oecupation group:

Professional $1292 $51.74 $70.46 $13.00 $42.71 $a0.22
General Office $12.35 $44 69 $a7.03 $12.40 $42 42 $83.22
Service $1222 547 57 356,49 $12.30 $30.28 $56.41
Matmfacturing 1577 $3163 $20.11 $1a.08 $34.47 $20.24
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Table 5: Pooled Model

Number of Cases 3719304.00
Loglikelihood of Full Model -21012434 88
Loglikelihood of Market Share I odel -AT52048 52
Likelihood Ratio A zainst Matket Bhare Model 024
Systematic Ttlity Function
Variahle Rlode Parameter i-Statistics
Alfernafive Specific Constant
Dirive Alone 584 200 42
Auto Passenger 282 130.59
Transit with Walk Access 6.07 202.21
Subrwray Park & Ride 4.50 133.73
G0 with Transit &ccess ----
G0 Park & Ride 3.09 93.74
NMT 413 102.03
Temporal Factor (Togarithm of the vumber of vears gffer 19596)
Dirive Alone -0.19 -19.19
Auto Passenger -0.14 -15.09
Transit with Walk Access -0.31 -31.10
Subrwray Park & Ride -0.38 -3365
G0 with Transit &ccess ----
G0 Park & Ride 063 46 .88
NMT -0.16 -16.29
-Fehicle Travel Time (Mirtes)
Al modes -0.01 -T2E1

Travel Cost {Generic for all modes)

Dcoupation group:

Professional -0.14 -187 83
General Office 015 -147 43
Service 011 -114.35
Manufacturing -0.1a -128 83
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Table 5 (Continued): Pooled Model

Systematic Utility Function
Variahle Rlode Parameter i-Statistics
Distance Less thav or equal fo Ilkm

NMT 3.51 22439
Distance Greater than I km, but lesst fhan or equal fo 2 m

NRT 2.10 178,28
Distance Greater than 2 km, buf lesst than or equal fo 7 Im

NMT 117 10238
Access Walking Time (Mirnites)

&1 Transit IModes -0.03 -114.30
Access Waiting Time (Iinufes)

&0 Tranait Modes -0.0é -161.22
2 Cars in Household

Dirive Alone 0.99 210 58
1 Car in Household

Auto Passenger 1.16 145,46
More than 2 Cars in Household

Dirive &lone 1.30 201.72
More thaw or Equal fo 2 Cars in Household

Auto Passenger 1.45 14572
Tofal Mumber of Cars in Houschold

Subwray Park & Ride 119 156.67

30 Park & Ride 177 148 66
Dy Variable (1) for Female

Auto Passenger 069 17558

local Trangit (Bus/LET) with "Walk A ccess 042 148.20

Subwray Patk & Ride 021 20.49

GO with Transit Aecess 4.50 155.90

G0 Park & Ride 0.57 4216

NMT -0.02 -3.71
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Table 5 (Continued): Pooled Model

Svstematic Utility Function

Variable Mode

Parameter t-Statistics

Age Less than of Equal to 23 Years

Auto Passenger 0.81 152.11
local Transit (Bus/LET) with Walk Access 0.72 132.93
Subway Park & Ride -0.08 -4.52
GO with Transit Access 1.98 3209
GO Park & Fide -0.11 -3.51
NMT 0.51 34.01
Age Greater than 25 vears and Less than of Egual to 30 Years
Auto Passenger 0.17 39.07
local Transit (Bus/LET) with Walk Access 025 3002
Subway Park & Ride —
GO with Transit Access 1.32 40.32
GO Park & Ride -0.08 464
NMT 023 27.80
Age Greater than 55 vears
Auto Passenger —
local Transit (Bus/LET) with Walk Access -0.13 -23.73
Subway Park & Ride 026 -13.57
GO with Transit Access 1.8 4731
GO Park & FRide 024 -24323
NMT o
Exponential Function for Scale Parameters
Scale Parameter for Auto Driver and Auto Passenger Nest
Constant 32 64.36
Temporal Factor (logarithm of the number of vears after 1956) 0.04 14.82
Foot Scale Parameter
In{Fonal Median Income in 10,000} 016 6524
Eritropy 1.77 180.37
Entropy* 128 -181.63
Temporal Factor (logarithm of the number of vears gfter 15546) 007 3459
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