
Transportation Research Record 794 

tual use, intended frequency of use {indicating de
gree of intention to use) was found to be a signi
ficant determinant. 

3. The perception of re la ti ve modal convenience 
was found to be a dominant factor in forming both 
intentions and actual choices to use transit, and 
its perception was more stable over time than were 
the perceptions of other level-of-service measures. 

From a practical standpoint, perhaps the single 
most important development of the study was the 
simplicity with which the attitudinal variables were 
defined to produce effective explanatory models. 
All of the feelings and perceptions variables were 
constructed as 0,1 variables. Moreover, the 0,1 
perceptions variables were found to have superior 
explanatory power over the more sophisticated 
variable definitions that were attempted by using 
relative weights or additional perceptual informa
tion. The implication is that the analysis method 
used here can produce useful results while being 
relatively easy to apply. 

Although the models developed in this study are 
limited in their application as forecasting 
tools--primarily because of the categorical nature 
of the variables and the lack of variables based on 
objective data that can be transferred from one site 
to another--they can be used effectively as policy 
tools in planning and marketing new transportation 
services. For example, a planner who wished to 
market a new transit service could ascertain from a 
behavioral-intentions model that perhaps conve
nience, enjoyment, anticar sentiments, and being 
female were important factors in his or her market
ing effort to build initial support for the ser
vice. Once the service was implemented, the market
ing effort could focus more heavily on the conve
nience of the service, which was found to be the 
major determinant of actual use. 

Clearly, these models need to be developed and 
tested further to substantiate their validity and 
usefulness. Similar data sets and models need to be 
collected and estimated for other sites and the 
results compared with those reported here. Similar 
models should also be developed by using objective 
data and be compared with the attitudinal-based 
models and evaluated with respect to model 
cost-effectiveness. Finally, work is needed in the 
area of attitude formation to gain a greater 
understanding of the factors that influence 
variations in attitudes {e.g., across time and 
individual travelers). Such knowledge would enable 
attitude changes to be controlled for in the models 
and make the models more useful for prediction 
purposes. 
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Understanding the Effect of Transit Service Reliability 

on Work-Travel Behavior 

MARK D. ABKOWITZ 

Research directed at understanding the impact of transit service reliability on 
work·travel behavior is described. The research focuses on the impact of service 
reliability on commuter decisions of modal choice and trip departure time. By 
working with the hypothesis that service reliability is an important attribute in 
explaining departure time and modal choice, measures of service reliability {tied 

in many cases to work-arrival-time considerations) are proposed that capture 
the impact of service reliability on work-travel decisions. The theory is sub· 
sequently tested empirically through the estimation of departure-time and 
modal-choice models by using data collected in the San Francisco Bay Area. 
Several interesting results emerged from the research effort. First, arrival-time 
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considerations have an impact on departure-time choice and on modal-choice 
decisions as well. Second, the arrival-time variables are not highly correlated 
with existing explanatory variables, which implies that existing travel demand 
mnriAls mRy nnt hRvP. hiar.P.rl r.oRffir.iP.nts but will still yield inconsistent fore

casts where policy changes alter existing correlations between arrival-time con
ditions and independent variables in existing models. Finally, the departure
time and modal-choice decisions of commuters appear to be interrelated in a 
way that suggests that the problem should be structured as a nested rather 
than a joint choice. The implications of these results and research contribu
tions are discussed, and directions for further research are proposed. 

In recent years, increased attention has been fo
cused on the importance of service reliability to 
the efficiency and attractiveness of transit opera
tions. For the purpose of this research, service 
reliability is viewed as the variability of service 
attributes that influence the decisions of travelers 
and transportation operators. Since the service at
tribute most often associated with reliability is 
travel time (wait and in-vehicle time), service re
liability can be considered as the travel-time un
certainty for a given trip caused by the variation 
in travel times experienced in day-to-day travel. 

Although it is becoming apparent that service re
liability is crucial in influencing both the demand 
for transit and the net cost of providing transit 
service (!), little research has been directed at 
understanding the effects of service reliability on 
traveler behavior and operator performance. The 
research described in this paper focuses on unC!er
standing the effect of service reliability on trav
eler behavior. Since commuters constitute the larg
est single group of travelers (and service reliabil
ity is hypothesized to have its most significant 
impact on this class of travelers), this study is 
restricted to work-travel behavior. Because work
trip frequency and destination are fixed in the 
short run, the analysis reduces to a study of the 
effect of service reliability on commuters' deci
sions of modal choice and trip departure time. 

In developing an understanding of the impact of 
service reliability on work-travel behavior, a par
ticular objective of this research is to estimate 
models that can explain the effects of service reli
ability on modal-choice and departure-time behav
ior. This would allow planners to conduct policy 
analyses of how service-reliability strategies af
fect modal-choice and departure-time decisions, pre
dict peaking responses to service changes, and de
termine the trade-offs between policies directed at 
improving service reliability and those designed to 
improve otner attributes of the system. 

TRAVELERS' ATTITUDES ABOUT RELIABILITY 

Several studies of the preferences of actual and po
tential transit users have been conducted by trans
portation planners in efforts to improve transit 
service, to evaluate demonstrations, and to formu
late mathematical demand models. These studies 
point to the importance that travelers place on re
liable transportation services. Reliability is typ
ically associated with the attribute "arriving at 
the intended time" or "arriving when planned". 

The survey results show arriving at the intended 
time to be among the most important service attri
butes for all travelers under a variety of travel 
conditions. For commuters its importance is para
mount (l_-!l. For both work and nonwork trips, ar
riving at the intended time is considered more im
portant than average time and cost (2), which are 
generally thought to be the dominant ;ervice attri
butes that affect demand. This result is also ap
parent in studying users of particular modes (5-8). 

It should be recognized that, although the- re
sults of these surveys identify the importance of 
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reliability-related attributes to the traveler, they 
do not provide data from which to assess the impacts 
of these attributes on traveler decision making. 
Th~=, ~lth~~;h it i~ ~ ei~~!fi~~~t fi~~i~~ t~~t 

travelers rank reliability-related attributes as ex
tremely important, the survey results are limiten in 
that they identify the need to establish a consis
tent set of reliability measures and analyze the im
pact of service reliability on travel behavior but 
are insufficient to provide an accurate assessment 
of this relation. 

PREVIOUS RESEARCH 

In the limited empirical work that has been directed 
at understanding the impact of service reliability 
on work-travel behavior, the departure-time decision 
has been modeled as conditional on modal choice, and 
the impact of service reliability has been examined 
separately for each decision level. 

Early attempts to include objective measures of 
service reliability in modal-choice models ran into 
difficulty because of problems encountered in col
lecting accurate data (9). The inclusion of scaled 
reliability variables in- modal-choice models has re
sulted in statistically significant coefficients for 
the reliability variables and has improved the pre
dictive power of the models (3,10). However, the 
use of scaled variables pos~ ~erious questions 
about the validity of transferrin~ the monel for 
forecasting in other areas and also makes it diffi
cult to evaluate policies of reliability improvement 
and to measure trade-offs of reliability investment 
versus investment in other transit improvement 
strategies. Since objective measures are likely to 
be monotonically related to scaled measures, past 
research provides motivation for developing relevant 
objective measures of service reliability and for 
measuring their impact on work-travel decisions. 

Departure-time research has examined more closely 
the trade-off between travel times and work arrival 
times. Empirical work has been restricted primarily 
to automobile travelers, but important advances have 
been made in (a) the finding that travel-time uncer
tainty affects the probability of late arrival, (b) 
differentiation between traveler sensitivities to 
early and late arrival at work, and (c) recognition 
of the impact of work arrival flexibility and occu
pation on perceived trade-offs between travel time 
and schedule delay (ll-12). (Schedule delay is de
fined here as the difference between actual arrival 
time and official work start time~) 

Despite these accomplishments, there remain sev
eral obstacles that must be overcome. Although the 
significance of the trade-off between mean travel 
time and work arrival time has been demonstrated to 
some degree, the effect of travel-time uncertainty 
has not been completely considered, particularly in 
relation to traveler sensitivities to early and late 
arrivals that are caused by uncertainty in travel 
times. In addition, the potential interdependency 
of the decisions on modal choice and departure time 
has been virtually ignored. Finally, past research 
has been restricted primarily to a study of automo
bile travelers. The effect of service reliability 
on transit use and user departure-time decisions has 
not been examined. 

This research effort was aimed at extending the 
study of service reliability and work-travel behav
ior by considering the interdependencies of the mode 
and departure-time decisions, explicitly accounting 
for travel-time uncertainty in these travel deci
sions, improving the definition of perceived loss 
associated with varying arrival times, and expanding 
the choice set to include a study of automobile, 
transit, and carpool commuters. 
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THEORY OF ROLE OF SERVICE RELIABILITY IN 
CHOICE OF MODE AND DEPARTURE TIME 

For a given mode m and departure time d, each trav
eler will experience a particular travel-time dis
tribution for his or her commute. Assuming that a 
commuter leaves home to travel to work at roughly 
the same time each day, this travel-time distribu
tion translates directly to an arrival-time distri
bution at work. (The study of the commuting trip 
was restricted to a study of home-to-work travel 
only, partly because of a lack of available data on 
the return trip.) If we define T as the traveler's 
mean arrival time at work and T* as the traveler's 
official work start time, then a typical arrival
time distribution for a given mode and departure 
time might be similar to the distribution shown in 
Figure 1, where Fm (t Id) is the probability of 
arriving at time t given departure time d and mode 
m. The figure suggests that individual commuters 
generally choose to arrive most of the time at or 
before their official work start time and usually do 
arrive sometime before the official start time. 

Figure 1 is just an example of an individual's 
possible arrival-time distribution; different com
muters will experience different arrival-time dis
tributions. There would clearly be a different dis
tribution for every combination of mode and depar
ture time facing an individual, although it is 
possible that, whereas the parameters of a distribu
tion may change, the distributional form may not 
vary. 

In current models of travel behavior (which typi
cally use the concept of utility theory and linear
ity in the parameters of the utility function in de
fining the impacts of service attributes), only a 
measure of mean travel time is included in the util
ity expression. Although it is apparent that there 
may be varying expected arrival times at work and a 
great deal of uncertainty about that arrival time, 
the specification used in current models of travel 

Figure 1. Typical commuter arrival·time distribution for a given mode and 
departure time. 

d T 

Figure 2. Arrival-time loss function. 

T* 
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behavior does not explicitly account for either of 
these effects and their implications for the trav
eler. By not including measures that consider 
arrival-time implications, current models implicitly 
assume that travelers arrive at work when they want 
to and are "risk neutral" toward uncertainty in 
their arrival times. This implies that, for equiva
lent travel times, arriving at work extremely late 
or extremely early with equal probability is valued 
the same as arriving on time with certainty, which 
is clearly unrealistic for the majority of commut
ers. It also implies that travelers are indifferent 
as to alternatives that have the same mean arrival 
time but varying arrival-time distributions. 

The question that arises is, Assuming that ser
vice reliability is an important input to the trav
eler decision-making process, how can we model this 
effect on commuter choice? 

An appealing approach is to relate the arrival
time uncertainty to the commuter's perceived loss 
associated with different arrival times, since this 
would be a way to represent the importance of arriv
ing at the intended time. To represent perceived 
loss, the notion of an arrival-time loss function is 
introduced. 

Figure 2 shows a hypothetical arrival-time loss 
function l(t) (loss associated with arrival at time 
t, expressed in units of utility), which is based on 
the premise that commuters are most satisfied when 
they arrive at work close to their official work 
start time. As the commuter arrives increasingly 
later than the official work start time, the magni
tude of the perceived loss increases, representing 
employment penalties that may be associated with 
tardiness (e.g., loss in pay, poor reputation, and 
negative impact on promotion). It is presumed that 
the penalties for being a few minutes late will be 
far less severe than those for arriving 15-30 min 
late. 

Perceived loss is hypothesized to increase with 
early arrival as well, since the commuter could have 
used the extra time as leisure time at home, which 
is likely to be valued more than being at the of
f ice. It is important to note, however, that the 
magnitude of the slope of the loss function for 
lateness is expected to be larger than that for 
earliness, reflecting perceived penalties for late 
arrival at work that are greater than perceived pen
alties for not maximizing leisure time at home. It 
is assumed that overtime benefits, such as compensa
tory pay, are not available. 

The loss function in Figure 2 represents just one 
possible functional form. While each individual has 
only one mean arrival-time loss function, there is 
reason to believe that the parameters (and form) of 
the loss function will vary according to each indi
vidual's occupation (i.e., clerical, management, 

incre&sing 
latenes s 
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etc.) and work flexibility. For example, a member 
of the clerical staff on hourly wages will have a 
much higher perceived loss for late arrival than a 
!!'.:~:';!e!" '::!h0 ~0~k~ f0r ~ firm t_h;)t_ operates a flex
ible-work-hours policy. 

The e ffect of s e rvice reliability on the process 
of modal and departure - time choice can be defined as 
the expected loss for each choice alternative by 
using a commuter arrival-time loss function and by 
representing the uncertainty of arrival time by a 
probability density function of the arrival-time 
distribution. Assuming that the modal-choice deci
sion has been resolved at the time at which a depar
ture-time decision is made (although the choices may 
be interdependent), the choice of departure time can 
be structured conditional on modal choice being 
fixed. The impact of service reliability on depar
ture time could then be defined as follows: 

E(l ld ,m) = [~ f 01 (t ld)l(t)dt (!) 

where 1 (t) is the loss associated with arrival at 
time t. The expected arrival-time loss could be in
cluded in the utility specification for departure
time choice, which would result in a new departure
time utility specific ation. 

Because of the assumed sequential structure of 
the problem of modal and departure-time choice, out
put from the departure-time model forms i np11t.i; to 
the modal-choice model. The information required at 
the modal-choice level is the optimal departure time 
for each mode, since travelers presumably make 
modal-choice decisions on the basis t hat they will 
choose to depart at the time that maximizes their 
departure-time utility for each mode being con
sidered. 

For the legit model form (which is used in this 
research), the optimal departure-utility inclusive 
terms to be input in the modal-choice model are de
rived from the departure-time model and can be ex
pressed as follows (13): 

Dm*=MaxU<llm = log[f cui lm] 
d= I,l i=I 

(2) 

where I is the number of alternative departure-time 
choices and Uilm is the utility for departure 
time i given mode m. 

It should be noted that, although D* includes the 
effect of service reliability on wo rk-travel time, 
there may be cases where cnmmntP-rf; are sensitive to 
travel-time uncertainty even though the expected 
loss associated with arrival time is quite low. 
This situation might arise in the case of a traveler 
who likes to be in control of his or her own sched
ule. For this type of person, not knowing when the 
vehicle will arrive at the destination may be very 
upsetting, even though there is nothing pressing 
when the traveler reaches his or her destination 
<1.!• 15). Furthermore, traveler exposure to infre
quent but excessively long delays may also affect 
modal-choice decisions. These effects are repre
sented as separate modal-reliability attributes. 

The previous discussion has implications for the 
validity of existing models of work-travel behav
ior. An obvious deficiency of current models is 
that they do not explicitly account for service re
liability (and other arrival-time considerations) 
and hence are clearly not sensitive to policies di
rected at improving service reliability. For exam
ple, if a federal agency is considering sponsoring a 
program to improve service reliability, there is no 
existing way of quantifying the expected benefits of 
such a program or the cost-effectiveness of support
ing service-reliability strategies as opposed to 

Transportation Research Record 794 

fare programs or programs designed to improve mean 
vehicle speeds. 

The omission of service-reliability variables, 
hnwouor _ m~v ~ff~r..t mnrP. than ;ust the availability 
~f- ~~ - ~~al~tic tool sensitive to service-reliability 
policy. Whf>n r eliability-related variables are 
omitted, it is possible that the c oefficient esti
mates of other independent variables in the utility 
expression may differ asymptotically from their true 
values because of their correlation with omitted re
liability attributes (16). If this is the case, 
when the omitted model is used in forecasting, bi
ases may be present that affect the accuracy of the 
forecast. 

METHODOLOGY 

Based on a review of previous research, and through 
the design and implementation of additional analy
ses, the final analysis methodology was formulated . 
A multistage methodology was defined in which exam
ination of service information and loss-function 
analysis combined to form urri val-time variables 
that included reliability effects a nd t ha t, in turn, 
were studied in the estimation of a departure-time 
model. Results from the departure-time model we r e 
the n used in the estimation of t he modal-choice 
model. 

A sequential modeling structure was used in which 
aep11rt.urf>-time choice was conditional on modal 
choice. Separate models were estimated for modal 
and departure-time choice. This structure was se
lected because of a belief that the decisions are 
interdependent in that the departure-time decision 
is made conditional on a modal-choice decision hav
ing been reached. 

Departure time was modeled as a continuous choice 
by using a legit model formulation. Since alterna
tive departure times may not be free of the indepen
dence of irrelevant alternatives (IIA) assumption 
implicit in logit, diagnostic tests of !IA violation 
were conducted. Multinomial logit was also used to 
estimate discrete alternatives of modal choice; one 
would expect there to be less correlation between 
error terms of the alternative modes than in the 
case of departure-time choice, although diagnostic 
tests of IIA violation were conducted on the modal
choice model as well. 

The range of departure-time choice was such that 
expected arrival times varied from 42. 5 min earlier 
than the official work start time to 17.5 min later 
t han the off i<:"ial wor k "t"rt time , to conform with 
available departure-time data. Modal-choice alter
natives were restricted to single-occupant automo
bile, transit, and carpool. 

The Urban Travel Demand Forecasting Project 
(UTDFP) data set collected in the San Francisco Bay 
Area was selected for this research effort, primar
ily because it contains detailed level-of-service 
data (network-computed, which may introduce some 
bias) for each individual for various modes at dif
ferent peak-period departure times, in addition to 
more traditional travel-behavior and socioeconomic 
data. The UTDFP sample of 991 observations was re
duced for this study by omitting the following: 

l. Park-and-ride users (of which there were few), 
2. Observations where the respondent's official 

work hours begin outside the morning peak (because 
of an interest in studying the morning peak period 
only) , 

3. Nonworkers (because this is a 
travel only) and part-time workers 
would be facing off-peak return-trip 
which data did not exist), 

study of work 
(because they 

conditions for 

4. Observations where the respondent has an ex-
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pected work arrival time more than 40 min earlier or 
more than 15 min later than his or her official work 
start time (to eliminate commuters who have regular 
nonwork activities that result in their extreme 
arrival-time behavior) , and 

5. Observations for which data were incomplete. 

This resulted in an estimation sample of 425 respon
dents. 

A generalized loss function was estimated by us
ing a small sample of respondents (17). Many of the 
travel-time data used in this research were derived 
from previous studies of automobile, transit, and 
carpool travel or were assumed because of the lack 
of available literature on the subject. In many 
cases, previous studies were based on data that did 
not adequately represent day-to-day service levels 
experienced by travelers. As a result, the data 
used in this research suffer from these problems, 
and a future research priority should be to collect 
better data on reliability. 

Departure-Time Model 

The departure-time period of study involved expected 
arrival times that ranged from 42.5 min earlier than 
the official work start time to an expected arrival 
17. 5 min later than the official work start time. 
Twelve departure-time alternatives were defined for 
the departure-time model. Each alternative repre
sented a 5-min departure-time interval, and the data 
input for each alternative represented a discrete 
approximation of departure attributes for the con
tinuous interval. Since the discrete observation 
for each interval consisted of information at the 
mean point of the interval, 12 discrete alternatives 
were defined as follows: 40E = departure such that 
the expected arrival is 37.5-42.5 min earlier than 
the official work start time, 35E = departure such 
that the expected arrival is 32.5-37.5 min earlier 
than the official work start time, etc., to 15L = 
departure such that the expected arrival is 12.5-
17.5 min later than the official work start time. 
It was assumed that the frequency of transit service 
was sufficiently high during the peak period that 
transit users were faced with the full set of alter
native choices. In cases where headways are long, 
the departure-time choices of transit users can be
come somewhat discontinuous. 

A two-phase approach was used to select the most 
appropriate departure-time model. The initial phase 
consisted of selecting variables that, a priori, 
made intuitive sense as explanatory variables of de
parture time. These variables are defined below: 

TIME total travel time; 
EARLOSS • early-arrival expected loss; 

LATELOSS late-arrival expected loss; 
FLEXON • 1 if can be late to work (on-time al

FLEXLATE 

ADUM 

BDUM 

BRIDGE 

INCOME 

AGE 
OCCl 

OCC2 

ternative), 0 otherwise; 
1 if can be late to work (late alter
natives), 0 otherwise; 
1 if automobile drive alone is chosen 
mode, 0 otherwise; 
1 if transit is chosen mode, 0 other
wise~ 

1 if transit user who crosses Bay 
Bridge to get to work, 0 otherwise; 
l if annual earnings $5000 or less 
(1972 dollars), 0 otherwise; 
1 if over 50 years of age, 0 otherwise; 
1 if occupation is professional/tech-
nical or management/administration 
(extremely early alternatives), 0 
otherwise; 
1 if occupation is professional/tech-

ONTIME 

EARLYl 

EARLY2 

LATEl 

LATE2 

nical or 
(slightly 
otherwise; 
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management/administration 
early alternatives), 0 

1 if arrival between 2.5 min before 
and 2. 5 min after official work start 
time, 0 otherwise; 
1 if arrival earlier than 17.5 min be
fore official work start time, 0 
otherwise; 
1 if arrival between 17.5 and 2.5 min 
early, 0 otherwise; 
1 if arrival between 2.5 and 7.5 min 
after official work start time, O 
otherwise; and 
1 if arrival between 7.5 and 12.5 min 
after official work start time, 0 
otherwise. 

The variables were generically specified and were 
introduced one at a time into the departure-time 
specification. For the addition of each new vari
able, a logit model was estimated, and the results 
were examined for statistical significance, proper 
signs, and the possibility of different independent 
variables explaining similar effects in the model 
(by comparing the magnitude and statistical signifi
cance of the suspected variables when both were in
cluded in the same specification). This process was 
repeated several times until all variables had been 
considered. During the initial phase, variables 
were only entered into alternatives where, a priori, 
one could justify their presence. A number of con
stants were also specified in the model to represent 
omitted effects. Because of the size of the depar
ture-time choice set, departure-time alternatives 
were assigned group constants. 

In the second phase, the variables in the final 
phase 1 model were individually tested in alterna
tive specifications in an effort to refine the model 
specification. The "best" departure-time model was 
selected after the phase 2 analysis. 

Tables 1 and 2 give the selected specification 
and estimation results for the departure-time 
model. All of the independent variables have the 
expected sign and are significant (t-statistic with 
an absolute value of ~l) with the exception of 
some of the constants. 

It was found that the arrival-time variables, 
EARLOSS and LATELOSS, have significant coefficients 
and appear to lend additional explanatory power to 
the departure-time model. Since the arrival-time 
variables consist of loss derived from arriving at 
work at a particular time and the uncertainty of ar
rival about that time, the estimation results imply 
that the implications of when the traveler will ar
rive at work and the uncertainty associated with it, 
as well as the perceived penalties for arr1v1ng 
about that particular time, are a departure-time 
consideration. However, in separate tests it was 
found that the effect of loss derived from arrival
time considerations consists primarily of loss de
rived from arriving at a particular time and much 
less so from the uncertainty of arrival about that 
time. This result is somewhat surprising but may 
perhaps be attributable to the quality of the data 
used in estimation (leading to lack of variation in 
the reliability data) or methodological problems 
rather than an indication that travel-time uncer
tainty is truly of marginal importance. 

A further step in the departure-time research was 
to compare models estimated with and without the 
reliability-related variables, EARLOSS and 
LATELOSS. The estimation results for the model from 
which reliability-related variables were omitted ap
pear in Table 3 and were compared with the results 
for the selected model (Table 2). 
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Table 1. Definition of alternatives for selected departure-time model. 

On 
V;:iri~hlP. 40F. 3SE 30E 2SE 20E !SE !OE SE Time SL lOL ISL 

TIME x x x x x x x x x x x x 
EARLOSS x x x x x x x x x x x x 
LATELOSS x x x x x x x x x x x x 
FL EXON x 
FLEXLATE x x x 
ADUM x 
BDUM x x x x x 
BRIDGE x x x x x x x x 
INCOME x x x x 
AGE x x x x x x x x 
OCCl x x x x x 
OCC2 x x x 
ONTIME x 
EARLY! x x x x x 
EARLY2 x x x 
LATEI x 
LATE2 x 

Note: X denotes that the variable li sted in the s tub column oF the table is entered into the utility for the alternative listed at th e top of th e table. 

Table 2. Estimation results for selected departure-time model. 

Variable 

TIME 
EAR LOSS 
LATELOSS 
FLEXON 
FLEXLATE 
ADUM 
BDUM 
BRIDGE 
INCOME 
AGE 
OCCl 
OCC2 
ONTIME 
EARLY! 
EARLY2 
LATE! 
LATE2 

Coefficient 
Estimate 

-0.041 
-3.168 

-25.728 
1.084 
3.162 
0.496 

-0.794 
2.764 
2.042 
1.104 

-0.492 
-O.S7S 
-3.606 
-6.483 
-S.874 
'-S .21 l 
-2.880 

Asymptotic 
Standard 
Error 

0.032 
2.296 

23.41 l 
0.227 
0.756 
0.269 
0.319 
1.063 
1.032 
0.308 
0.277 
0.2SO 
6.894 
8.734 
8.717 
4.018 
2.062 

Asymptotic 
I-Statistic 

-1 ?.79 
- l.380 
-1.099 

4.780 
4.184 
1.846 

-2.487 
2.600 
1.979 
3.S83 

-1. 774 
-2,304 
-0.S23 
-0. 742 
-0.674 
- l.300 
-l.397 

Note: Log likelihood = -820.9'14, L(constants) = -875.846, L(O) = -1056.082, 
number of observations= 425, and number or cases:::: 5100. 

The major difference between the two models is 
the values of the constants. There is very little 
change in the coefficient value of the other explan
atory variables. What is particularly interesting 
is that the coefficient for mean travel time changes 
by only 5 percent. These results present a strong 
argument that the arrival-time variables in the 
departure-time model are not highly correlated with 
variables used in existing models and that most of 
the implications of on-time arrival and related un
certainty are omitted effects absorbed into con
stants in existing models. The implications of this 
finding are that explanatory variables in existing 
models may not have overly biased variable coeffi
cients because of the omission of arrival-time vari
ables, but existing models will still provide incon
sistent forecasts for any policy changes that alter 
the existing correlation between arrival time and 
variables in existing models. (It is also interest
ing to note that a x • test conducted on the hy
pothesis that the loss variables have coefficients 
equal to zero could not be rejected at the 0. 05 
level.) 

Statistical tests were conducted to see whether 
the selected departure-time model differed signifi
cantly from a uniform probability departure-time 
model or from a departure-time model consisting of 

Table 3. Results for model from which reliability-related variables were 
omitted. 

Variable 

TIME 
FLEX ON 
FLEXLATE 
ADUM 
BDUM 
BRIDGE 
INCOME 
AGE 
OCCI 
OCC2 
ONTIME 
EARLY! 
EARLY2 
LATE! 
LATE2 

Coefficient 
Estimate 

-0.039 
1.072 
3.160 
0.648 

-0. 724 
2.774 
2.0SS 
1.090 

-0.467 
-0.564 

3.741 
2.647 
3.444 

-0.8Sl 
-0.683 

Asymptotic 
Standard 
Error 

0.031 
0.226 
0.7S6 
0.224 
0.314 
1-062 
1.032 
0.308 
0.277 
0.249 
0.7S7 
0.7S4 
0.748 
0.S33 
o.soo 

Asymptotic 
I-Statistic 

-1.271 
4.736 
4.181 
2.900 

-2.304 
2.612 
1.991 
3.543 

-1.690 
-2.261 

4.938 
3.SlO 
4.60S 

- l.S97 
- l.36S 

Note: Log likelihood= -822. 719, L(O) = -1056.082, number of observations 
=- 425, and number of cases = 5100. 

only constants in the specification. For both the 
uniform probability model and the model consisting 
of only the constants, the hypothesis that the model 
is the same as the selected departure-time model is 
easily rejected at the 0.05 level, which implies 
that the explanatory variables are adding statisti
cal significance to the model. 

A validation test was also conducted on sub
samples of the sample used for model estimation to 
determine whether the selected model was properly 
specified. The sample was separated into single
occupant-automobile, transit, and carpool users, and 
chosen departure times were predicted for each modal 
group by using the departure-time models. The pre
dictions were obtained by applying the model to each 
individual in the sample for the purposes of pre
dicting individual probabilities of selecting par
ticular departure times. These results were com
pared with actual chosen departure times reported in 
the UTDFP data set and did validate the reasonable
ness of a selected departure-time model. 

Diagnostic tests based on conditional choice (~) 

were also conducted on the selected departure-time 
model to determine whether it violated the underly
ing legit assumption of IIA. The results indicated 
that use of the legit form to estimate the selected 
departure-time model cannot be rejected . 
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Table 4. Definition of alternatives for modal-choice model. 

Variable 

ACON 
BCON 
<;:OST/WAGE 
D* 
SEX 
F LEXARR 
DENSITY 
CLO TRANS 
AUTDRA 
A UTDRC 
AUTWKA 
AUTWKC 
BAY 
HOMELOC2 
HOMELOC3 
HEADWAY 

Autom o bile 

x 

x 
x 
x 

x 

x 

Transit 

x 
x 
x 

x 
x 
x 

x 
x 

x 

Carpool 

x 
x 

x 

x 

x 

x 

No te : X den o tes th a t the variabl e listed in the s tub column of the ta ble is entered 
in to the utilit y for the m odal altern a tive lis te d at the to p of the t able. 

Table 5. Estimation results for modal-choice model. 

Variable 

ACON 
BCON 
COST/WAGE 
D* 
SEX 
FLEXARR 
DENSITY 
CLOTRANS 
AUTDRA 
AUTDRC 
AUTWKA 
AUTWKC 
BAY 
HOMELOC2 
HOMELOC3 
HEADWAY 

Coefficien t 
Estimate 

-0.804 
2.875 

- 0. 044 
0.572 
0.51 3 
0.480 
0.003 
0.87 4 
3.248 
1.267 
1.432 
1.375 
1.014 
0.981 
0.386 

-0-104 

Asymptotic 
Standard 
Error 

0.659 
0.656 
0.020 
0.292 
0.261 
0.332 
0.001 
0.432 
0.8 12 
0_680 
0.530 
0.523 
0.532 
0.407 
0.263 
0.037 

Asymptotic 
!-Statistic 

-1.220 
4.378 

- 2.230 
1.962 
1.967 
1.448 
3.071 
2.021 
4.000 
1.863 
2.704 
2.62 9 
1.905 
2.411 
1.468 

-2.851 

Note: Log li kelihood= -299.429, L(constants) = -400.8, L(O) == -450.6 1, number 
of o bservot t fons:::: 425, an d num ber o r cases= 123 5. 

Modal-Choice Model 

A multinomial logit model of modal choice was esti
mated for the alternatives of single-occupant auto
mobile, transit, and carpool. As in the case of the 
departure-time model, selection of the "best" 
modal-choice model specification was based on intui
tive reasoning, the coefficients having the expected 
sign, the statistical significance of the coeffi
cients (in terms of t-statistics), and the overall 
statistical fit of the model (in terms of log like
lihood). 

The independent variables used in the selected 
modal-choice model are defined below: 

ACON 

BCON 
COST/WAGE 

l if automobile drive alone, 0 other-
wise; 
l if transit, 0 otherwise; 
total cost/after-tax wage ratei 

D* c log of the denominator of the esti
mated departure-time model; 

SEX l if male, 0 if female; 
FLEXARR c l if can be late to work, 0 otherwisei 
DENSITY 

CLOTRANS 
employment density of work location; 
l if choosing a house close to trans
portation was very important, 0 
otherwise; 
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AUTDRA automobiles per licensed driver 
(drive alone); 

AUTDRC automobiles per licensed driver (car
pool) ; 

AUlWKA : automobiles per worker (drive alone); 
AUTWKC automobiles per worker (carpool) ; 

BAY l if cross Bay Bridge to work, 0 
otherwise; 

HOMELOC2 l if home location is central busi
ness district (CBD) (transit), O 
otherwise; 

HOMELOC3 l if home location is CBD (carpool), 
0 otherwise; and 

HEADWAY peak transit headway. 

The estimation results for the model are given in 
Tables 4 and 5. All of the estimated coefficients 
have the expected signs, and all are statistically 
significant. 

statistical tests were conducted to see whether 
the selected modal-choice model differed signif i
cantly from a uniform probability modal-choice model 
or from a choice model consisting of only the con
stants in the specification. For both the uniform 
probability model and the model consisting of only 
the constants, the hypot hesis that the reduced model 
is the same as the selected modal-choice model is 
easily rejected at the 0.05 level. 

The "value of time" is often derived from model 
results and used as a test of whether the model es
timates are plausible. Value of time is computed by 
examining the coefficients for the variables of mean 
travel time and travel cost in the model specifica
tion. Howeve r, for the model structure adopted for 
thi s research, the mean-travel- time variable appears 
in the departure-time model whereas the travel-cost 
variable is divided by the wage rate and appears in 
the modal-choice model. Some simplifying assump
tions are required to compute the value of time. 

The observable utility for modal choice can be 
written as follows: 

Vm = . . • -0 .044 TCPTWRm + . . . 0.597 Dm * (3) 

Since D*m = ln eVEdlm, if we assume that all depar
ture-time utilities have the same attributes, then 

Dm • =In 12 exp(V d Im) 

=Jn 12 + Vd Im 

= In 12 + (-0.04 1 TIM Em+ ... ) 

Thus, 

v = m - 0.044 TCPTWRm + 0 .597 (In 12 - 0 .041 TIMEm ... ) 

(4) 

(5) 

Now that all variables of interest are in the same 
expression, the value of time can be derived as 

(dV m/dt)/(dV m/dc) = 0 .597 (-0.04l) y/-0 .044 (6) 

where y is the after- tax wage rate expressed in 
cents per minute. To convert y to dollars per hour, 
we multiply by 0.6, which results in 

Value of time= 0.597 (-0.041) (0.6) y/-0.044 = 0 .334y (7) 

where y is the wage rate in dollars per hour. This 
result compares quite favorably with the accepted 
ballpark commuter value of time of 35-40 percent of 
the hourly wage rate and helps to support the valid
ity of the estimated models. 

Three conditional choice tests of IIA violation 
were conducted on the modal-choice model, and one 
alternative mode was el iminated from each test. The 
null hypothesis is that the IIA assumption holds; 
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the results showed that, for all tests, the hypothe
sis cannot be rejected at the 0.05 level. 

Reliability-related attributes are represented in 
the modal-choice decision in the departure-time in-

clusive term variable (D*) and the peak transit head

way variable (HEADWAY). D* (which denotes the ccti
mate of D*) is the term computed from the estimated 
departure-time model that represents the utility of 
the optimal departure time for each mode. This en
ters into the modal-choice model because of the be
lief that, when a commuter makes a modal-choice de
cision, he or she takes account of the optimal 
nPpnrturP.-time circumstances for each mode. Recall 
that D* is the log of the sum of the exponentiated 
utilities for the departure-time alternatives. 
Thus, D* includes explanatory effects of work flexi
bility, occupational characteristics, income, age, 
Bay Bridge travel, travel time, and arrival-time ex
pected loss as they relate to departure-time choice. 

It is well known that transit travel-time vari
ance can be related to the variance of the headway 
distribution and that headway variance can be re
lated to mean headway. Therefore, it was felt that 
peak transit headway might be a good proxy for un
certainties independent of arrival-time considera
tions. Furthermore, it was felt that the frequency 
of excessively long delays might also be related to 
the peak transit headways. Thus, peak transit head
way was included in the transit alternative to rep
resent those previously omitted transit reliability 
problems that are not present in automobile-related 
modes. It was recognized, however, that the headway 
variable might also serve as a proxy for other omit
ted transit effects (i.e., discontinuities of tran
sit service) related to transit headway. 

Three rather interesting research results emerge 
from an examination of the modal-choice model. The 
first is that the model provides insight into the 
interdependence of commuters' departure-time and 
modal-choice decisions. For a nested legit model of 
departure time and modal choice, the coefficient for 
the inclusive term D* provides information on the 
random component in the modal-choice specification, 
•m (19). If the coefficient for D* is equal to 
one, Var (&ml = O, and the only random component 
present in the model ls earn• the joint random 
component of the cond itional departure-time deci
sion. If this were the case, a joint departure-time 
and modal-choice structure would be appropriate. 

The estimated coefficient is equal to 0.572, with 
a standard error of 0. 292. Use of a t-test shows 

- • • ..... - - __ ___ .._ ___ .r:.!.~--- '-""-'- '-h,.. ,..~ .. ;-tnat one can oe o:> ~~.Lt.:t=ul- l;u11.L.J.U'=:'ll"-' L.uc:n .. '"' .. c ~ ........ ~ 

mated coefficient differs from one. However, the 
true standard error of the coefficient for D* is 

likely to be higher than 0.292, since D* itself is an 
estimate subject to error. Nevertheless, it would 
still seem likely that Var (•ml f O. This result 
suggests that modal and departure-time decisions 
should be structured as a nested choice rather than 
as a joint choice. 

The second result is inferred from the signifi
cance of the headway variable. Recall that this 
variable is a proxy for transit unreliability inde
pendent of arrival-time considerations and the fre
quency of e xcess! ve delays (as well as a proxy for 
other omitted transit effects). The significance of 
the headway coefficient suggests that these modal
reliability attributes may have a separate and sig
nificant effect on the modal-choice decision. 

The third result is derived from examination of 
the estimated coefficient for the variable FLEXARR 
in the modal-choice model. This variable represents 
the individual's perceived arrival-time flexibil
ity. The statistical significance of this variable 
in the modal-choice model suggests that arrival-time 
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considerations affect modal-choice as well as 
departure-time decisions. 

SUMMARY 

This research has focused on understanding the im
pact of service reliabili Ly on woi:k-travel behav
ior. Since work-trip frequency and destination are 
fixed, the research problem was narrowed to a study 
of the impact of service reliability on commuter de
cisions in regard to modal choice and trip departure 
time. The problem was further restricted by study
ing only home-to-work travel, in part because of the 
1 nr.k of available data on the afternoon (evening 
peak) return trip. By working with the hypothesis 
that service reliability is an important attribute 
in explaining departure time and modal choice, mea
sures of service reliability were proposed that cap
ture the impact of this attribute on work-travel de
cisions. The theory was subsequently tested empiri
cally through the estimation of departure-time and 
modal-choice models. 

A number of conclusions were drawn based on the 
departure-time model results and related analyses. 
It was found that reliability-related arrival-time 
variables have significant coefficients and appear 
to lend additional explanatory power to the depar
ture-time model. Since the arrival-time variables 
consist of loss derived from arriving at work at a 
particular time and the uncertainty of arrival about 
that time, the estimation results imply that the im
plications of when the traveler will arrive at work 
and the uncertainty associated with it, as well as 
the perceived penalties for arriving about that par
ticular time, are a departure-time consideration. 
It is also apparent that this effect arises primar
ily from traveler sensitivity to arriving at a par
ticular time and much less so from the uncertainty 
of arrival about that time. This result is somewhat 
surprising but may perhaps be attributable to the 
quality of the UTDFP data and reliance on previous 
studies that used inadequate data (either of which 
might lead to the lack of variation in the reliabil
ity data) or other methodological problems rather 
than an indication that reliability is truly of mar
ginal importance. 

Another important finding was that reliability
related arrival-time variables in the departure-time 
model are not highly correlated with explanatory 
variables used in existing models and that most of 
the implications of on-time arrival and related un
certainty are omitted effects absorbed into con
stants in existing moae.Ls. This implies that the 
independent variables in existing models may not 
have biased coefficients because of the omission of 
reliability-related arrival-time variables, but ex
isting models will still provide biased forecasts 
for any policy changes that alter the existing cor
relation between arrival-time conditions and inde
pendent variables in existing models. 

Three rather interesting research results emerged 
from an examination of the estimated modal-choice 
model: 

1. Departure time and modal choice appear to be 
interrelated in a way that suggests structuring 
departure-time and modal-choice decisions as a 
nested choice rather than as a joint choice. 

2. It appears that arrival-time considerations 
affect modal-choice decisions as well as departure
time decisions. 

3. The significance of the estimated headway co
efficient suggests that additional reliability con
siderations independent of arrival-time considera
tions may have a significant effect on modal-choice 
decisions. However, the explanatory effect of this 
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variable may also be attributable to other transit 
effects that were omitted. 

Through the devel opme n t of a sequential depar
ture-time and modal- choi ce decision structure and 
the subsequent estimation of departure-time and 
modal-choice models, the interdependencies of these 
decisions can be represented in the planning pro
cess. This gives planners the capability of pre
dicting both modal shift and peaking responses to 
service changes. 

The estimated models should also enable planners 
to consider how strategies for improving service re
liability affect travel decisions. Since reliabil
ity-sensitive variables were not previously included 
in t r avel demand models, until now there was no way 
to ana l y ze the pot e nti al impacts of re l i abi lity
related polic ies . Furthermore, use of these models 
should lead to improved forecasts in general, since 
the explanatory effect of a previously omitted vari
able will be included in the model. 

Another contribution has been the definition and 
use of objective measures of service reliability. 
Past research had demonstrated that the inclusion of 
scaled reliabil i t y variables was statistically sig
nificant, but q uestions were raised concerning the 
transferability of scaled measures and how they 
could be used to eva l uate r eli ability improvement 
policies. The mea s ur es developed in this research 
are not only behaviorally appealing but should also 
alleviate the problems encountered in the use of 
scaled measures. 

It is important, however, to note that the re
sults and implications of this research should not 
be interpreted as conclusive but rather as indica
tive of directions transportation researchers should 
pursue more vigorously in future travel demand re
search. In particular, future research should be 
directed at improving the quality of data collection 
on reliability, developing simpler measures of reli
ability, s tudyi ng how the problem i s a •ff ec t ed by 
discontinu i ties i n t i:ans it service and i:eturn-t rip 
reliabili t y c om;ide r ations , examining t he i mpact of 
reliability on nonwork trips , a nd cond uc ting addi
tional model validati o n ef f o r ts . 
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