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practical to use, as it is easily and objectively measured and semi-stable over time.
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Introduction

Unless one can predict accidents, in some sense, above the chance level, one
cannot meaningfully claim to understand the processes involved in accidents.

Levonian, Case & Gregory, 1963, p. 50.

The problem

The prediction of traffic accident liability has been an ongoing endeavor for
close to a hundred years. No great success has ensued, despite early and
many claims to the contrary (see for example Baker, 1932). Actually,
already in 1946, Johnson published a scathing criticism of more than a
hundred studies whose authors he deemed had overrated the predictive
power of the available tests, something which is closely related to the study
of what variables are associated with accident liability. Not much has
changed since then; in the beginning of the new millennium it was possible
to list more than a hundred studies on psychological predictors of accident
liability from the past fifty years, and find that an overwhelming majority
was of low methodological quality (af Wéhlberg, 2003a).

Some new principles, and better methodology, are obviously needed to
better tackle the problem of predicting' who is a dangerous driver before
accidents start to pile up. In the present work, one of the leading rules of
thumb was to measure as close to the accidents as possible. This means that
a host of methods usually employed by psychologists were ruled out as
being too unreliable, and probably invalid, because they measure variables
with doubtful relations to the traffic situation, like intelligence (e.g. Larson
& Merritt, 1991; Smith & Kirkham, 1982) or personality (e.g. Shoham,
Rahav, Markovski, Chard & Baruch, 1984; Pestonjee & Singh, 1980; Arthur
& Graziano, 1996; Furnham & Saipe, 1993).

It would seem that few researchers have taken seriously the variation in
human behavior that is present in driving (as pointed out by Stewart, 1958),
and what this means for the prediction of accidents; exceedingly few test the
stability over time of their predictor variables (af Wéhlberg, 2003a). Many
seem instead to take for granted that a bad driver at one time is a bad driver

"'Prediction' is in the present work mainly intended to denote methodology, not statistics.



all the time. However, some studies have found that accident liability seem
to rise when a person is under stress of some kind (Selzer & Vinokur, 1975;
Selzer, Rogers & Kern, 1968; McMurray, 1970; Holt, 1982; but see also
Isherwood, Adam and Hornblower, 1982), which is not a very stable state
for humans. People also adapt (or at least change) their driving to
environmental circumstances in many ways (e.g. Fuller, 1981; af Wahlberg,
2003b). These various sources of variance make it exceedingly difficult to
predict traffic behavior in general and especially accidents from small
amounts of data, for example tests, when administered only once.

Furthermore, there is also the problem of accidents having many causes,
and any number of specific variables being related to them (for reviews see
Golding, 1983; Lester, 1991; af Wahlberg, 2003a). Also, although some
people seem to have repeated accidents of the same type, this is not a strong
factor (Baker, 1929; Stewart, 1958). The predictive power of any specific
variable is therefore rather limited, and apart from the very few multivariate
studies on accident predictors (e.g. Hikkinen, 1958; Asher & Dodson, 1971;
Harano, Peck & McBride, 1975; McKnight & McKnight, 1999; see further
af Wahlberg, 2003a), any practically useful degree of explained variance has
rarely been found®. The same has been claimed for the German literature by
Noordzij (1990).

Due to the various problems listed here, there would seem to exist a need
for variables that have the properties of being stable over time, are easy to
measure (so that large amounts of data can be gathered), are general to their
nature, and are associated with traffic accident involvement. Taking a
different road (so to speak) than most other researchers concerning driver
behavior, it could be asked whether there is such a thing as 'driving style', i.e.
something which pervades most aspects of what a driver does, or could be
said to be a recognizable (preferably measurable) feature in the driver's
behavior? This question arises out of the many scattered results in accident
research; if predictive power is to be had without having to measure any
number of variables, we have to find the common thread of driver behavior.
It will here be suggested that this common property is driver celeration’®
behavior, i.e. all changes in speed in the plane of the road.

% What is practically useful does of course differ between situations, but as no single type of
measurement has been accepted by the transport industry or state agencies in many countries,
it would seem that at least these organizations do not consider them useful.

® There have been some changes in terminology throughout the work presented here. The use
of the word 'force' was erroneous in that the intended meaning was not that of force as used by
physicists. Also, 'acceleration' was used to denote both negative and positive change in
velocity, which might have created some confusion when it was sometimes used for positive
change only. The term driver celeration behavior is defined in Study I, and only that meaning
is intended. Other uses, within statistics for example, are not intended. In the present work,
'driver celeration behavior' denotes the theory and its implementation, while 'acceleration' and
'deceleration’' have no theoretical connotations but are the common physical terms, and are
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The dependent variable; accident history

One of the basic problems of traffic accident prediction is the scarcity of
crashes; it is very hard to get any statistical power in a sample of western car
drivers for the three-year period used by most researchers (af Wéhlberg,
2003a). Most of the subjects will have zero accidents, and the resulting
predictive power of any variable very low (Cobb, 1940; Peck, 1993). To
further complicate matters, it is close to impossible to get valid accident data
for private drivers; police records are notoriously unreliable apart from
where deaths are involved, hospitals only record injuries and deaths, and
insurance companies only claims made (about this type of problem, see for
example Fife & Cadigan, 1989; Hopkin, Murray, Pitcher, & Galasko, 1993;
Rosman & Knuiman, 1994; Rosman, 2001; Rosman, Ferrante & Marom,
2001; for a review, Hauer & Hakkert, 1988). And even if these sources were
pooled, there would probably still remain a large percentage of incidents
where none of these agencies had been notified (Harris, 1990), although
comparisons between insurance files and other sources are scarce.

The common solution to this problem is to use self-reported crashes as
dependent variable. However, self-reports concerning accidents are not that
reliable (correlations with other sources are seldom above .50, af Wahlberg,
2002b), as they are rapidly forgotten (Chapman & Underwood, 2000;
Maycock, Lockwood & Lester, 1991) and in general are badly contorted
when reported (Maycock & Lester, 1995; Pelz & Schuman, 1968; but see
also Dalziel & Job, 1997%), in number and details (af Wéhlberg, 2002b).
They also tend to give different results for associated variables as compared
to official sources (Smith, 1976; Arthur et al, 2001).

Some have suggested that the way to overcome this problem is by
measuring intermediate variables (Shaoul, 1976), like traffic conflicts (e.g.
Risser, 1985), which in principle would seem to be a reasonable method.
However, no great success seem to have been reported in the international
literature, probably because the amounts of data have been too small, and it
is kind of hard to study this variable for identified drivers.

There is, however, a source of incident data that is probably much more
reliable than any of those mentioned above; transport company records.
Given that there is a system for gathering reports and that the records are
well kept, a transport company has many advantages when it comes to
studying traffic accidents. The accident data used in the present work was
therefore collected from the local bus company in Uppsala, Sweden (for
details see af Wahlberg, 2002a; 2004; 2005).

used to denote research not guided by the celeration theory, and the pure physical
Ehenomenon of speed changes.

The high agreement between self-reports and archival material found by these authors was
probably due to methodological peculiarities that are usually not present in other studies;
mainly that the drivers were aware that their answers would be checked.
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A further problem in the study of traffic accidents is that of causation, or
culpability. Many researchers do not make any distinction between accidents
which a person has caused and those which he or she has had no part in as an
active part (see af Wahlberg, 2003a, for a review). However, apart from the
theoretical problems of predicting from your personal characteristics that
someone else will hit you, there are also a number of studies in the traffic
domain where culpable accidents have been shown to have stronger
associations with diverse individual differences variables (apart from
exposure) (e.g. Lajunen, Corry, Summala & Hartley, 1997; Gully, Whitney
& Vanosdall, 1995; Arthur & Graziano, 1996; Rajalin, 1994; see also
Garretson & Peck, 1982).

The final issue discussed here regards what time period should be used in
a study for calculating frequency (or number) of accidents, another issue that
has rarely been raised by traffic researchers (af Wahlberg, 2003a; see
McKenna, 1983, and Ball, Owsley, Sloane, Roenker & Bruni, 1993, for
discussions of this problem). Consider that accidents do not correlate well
between short time periods but better for longer periods (Hékkinen, 1958;
Schuster, 1968; Burg, 1970; Bach, Bickel & Biehl, 1975; Miller & Schuster,
1983; McKenna, Duncan & Brown, 1986; French, West, Elander & Wilding,
1993; Peck, 1993). What does this mean? Possibly that the accident variable
really is not very stable over time, or that the risk is so low that we cannot
achieve any true measure of its reliability without using decades of data. But
this in its turn mean that the time period used as dependent variable must be
chosen with care, because different time periods might yield vastly different
answers to your questions. This is especially evident if you consider that
behavior changes over time, which mean that any measurement has limited
predictive power over time. What you measure today may simply not be
representative for what things were like a few years ago. For accidents, you
therefore get two contrary effects; a longer time period will give you a more
stable dependent variable with better statistical properties, but it will also
probably give you a declining predictive power of the independent variable.

The independent variable; driver behavior

As there are many sources of variance in the traffic environment apart from
the individual driver, one of the main problems of psychological traffic
research is to sort out what could be said to be due to individual preferences
and abilities, and what is (for the purpose of the research) environmental
noise. For example, speed choice studies have the problem of deciding what
distance to other vehicles can be accepted as proof of volitional behavior,
unrestricted by other road users (e.g. Haglund & Aberg, 2000). Headway
research has similar problems (e.g. Evans & Wasielewski, 1982; 1983).
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Concerning speed changes, and especially given the way that celeration
behavior is conceptualized and measured in the present work, there are
probably differences between driving in dense versus light traffic and city
versus rural areas. It is therefore important to try to hold such factors
constant when trying to establish individual differences on this variable. In
this respect too, transport companies are very advantageous to study,
especially bus companies who run regular public services. In fact, a bus
running on a route is very much a moving laboratory, where the researcher
has automatic control of many factors (or at least they are held constant). For
example, the roads used are the same, and so is often the vehicle. If time of
day is deemed to be of importance, statistical and/or methodological controls
can be used, there is a steady stream of more or less willing subjects (for the
present work the drivers, for other purposes the passengers, see af Wahlberg,
in press, a), and research can often be totally covert. Also, many drivers and
passengers will return and can be measured again, with obvious advantages
for the zealous scientist. Most important though, drivers can be identified
and various background data gathered from the company.

Previous research

Several areas of research may be noted as predecessors of the present work.
In the most general sense, all studies, which have tried to predict traffic
accident involvement for individual drivers, may be noted. At least 150
papers fall into this category (for reviews see Signori & Bowman, 1974;
McGuire, 1976; Golding, 1983; Hansen, 1988; Lester, 1991; Elander, West
& French, 1993; Peck, 1993; Arthur, Barrett & Alexander, 1991; af
Wahlberg, 2003a). Predictive power has usually been very low for such
studies, which can be illustrated by the multivariate study of Harano, Peck
and McBride (1975); out of 27 variables entered into a regression, 15 turned
out significant at p<.10, yielding an R of .69. However, this was a contrasted
sample, so the predictive power was somewhat inflated. Also, R shrank to
47 at cross-validation.

A sub-group of these studies are those which have used variables that
may be interpreted in terms of speed changes, i.e. celeration, for example
close following (Evans & Wasielewski, 1982; 1983), sudden lane changing
(Gully, Whitney & Vanosdall, 1995), speed (Kloeden, McLean, Moore &
Ponte, 1997) and abrupt stops (Babarik, 1968). See also Quenault (1968a;
1968b), who reported that drivers convicted of careless driving carried out
more unnecessary maneuvers than other drivers, and Edwards, Hahn and
Fleishman (1977), who found a correlation between accident record and
some type of vaguely described braking variable in a simulator environment.

A further few have tried predicting accidents with an explicit acceleration
variable; Lajunen and Summala (1997), Lajunen, Karola and Summala,
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(1997)°, and Quimby, Maycock, Palmer and Grayson (1999). None of these
studies succeeded in showing any good evidence in favor of an acceleration-
accident association. Also, Malfetti and Fine (1962) included various
accelerations in their study of extremely safe drivers (and found them to be
low). Finally, there is the peculiar case of Robertson, Winnett and Herrod
(1992), who analyzed driver acceleration behavior in mathematical detail,
and stated that this type of variable should be associated with accidents, but
did not test the hypothesis or develop it beyond this basic statement. It might
also be added that none of the studies that explicitly tested acceleration as
predictor of crashes stated any reason for this, apart from mentioning the
Robertson et al study.

Very few researchers have explicitly used accelerations as a measure of
driver behavior, in terms of individual differences®. Apart from the accident
predictor studies above, Lewis (1956) studied the stability of driver behavior
on a test-track, concerning how they approached corners and similar
obstacles, while Aschenbrenner and Biel (1994) used acceleration and
deceleration patterns for the study of possible behavior changes due to ABS
brakes, and Godley, Triggs and Fildes (2002) validated aspects of a driving
simulator.

Regarding bus drivers, most research on this population has been about
stress and various medical conditions (e.g. Bartone, 1989; Duffy &
McGoldrick, 1990; Evans, 1994), although some have tried to predict their
accidents (e.g. Bacqueyrisse, 1935; Brandaleone & Flamm, 1955). However,
many of these studies used only age and experience (e.g. Cornwall, 1962;
Blom, Pokorny & van Leeuwen, 1987) as independent variables, and they do
not explain a lot of variance. Instead, the dissertation of Hékkinen (1958)
remain the seminal work in this area; bus and tram drivers were studied for a
long period of time regarding a large number of physiological and
psychological variables in relation to their accident rate (with a follow-up
two decades later; Hikkinen, 1979).

Study I: Theory

The first paper included in the present thesis describes the theory, one
prediction of which is tested in the other papers. It concerns the prediction of
accident record by an objective, quantitative measure of driving style;
celeration behavior. The first part of the theory describes this driver behavior
variable. The word 'style' implies certain characteristics that are important
for the understanding of the celeration behavior theory; it is a general, not

> The two studies by Lajunen et al seem to use the same set of data.
® Instead, technicians often seek some kind of mean behavior (across subjects) for the
establishment of driving cycles etc (e.g. Booth, 2002).
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specific behavior, like speed choice or mistakes. It is instead the common
part of a number of different driver behaviors, which all add up to a single
measure. As in principle all behavior of importance for safety in traffic
concerns vehicle control behavior, directly or indirectly, it would seem
natural to interpret this as changes in speed in various directions. In this way,
many different driver behaviors can feed into a common variable (see Figure
1), which is easily measured. The relation between celeration behavior and
other vehicle control variables can be exemplified by speed; a positive
correlation is expected to exist, but it is not necessarily high.

It is important to point out that celeration behavior is not just the
volitional acts of the driver, like speeding, but also for example reactions
that are forced upon him/her by bad planning (failing to foresee a change to
red at an intersection) or vigilance (failing to notice another road user) and
therefore having to brake hard. Another way of conceptualizing this variable
is as a measure of conflicts with the driving environment and other road
users. The theoretical specification of celeration behavior is described in
Formula 1.

Formula 1: Theoretical specification of all speed changes undertaken by a
driver during movement of vehicle, from start of driving to end. Under the
condition of v>0, where Av=a, the following formula describes driver
celeration behavior over a specified time of driving;

C= ].|a(t)|dt

where

C = total (individual) driver celeration behavior for the designated time
period

a = acceleration (positive and negative) in the plane of the road

dt = the time difference between two speed samplings

t,= time for start of driving

t,= time for end of driving

The second part of the theory concerns the relation of this summed behavior
to accidents. Many of the behavior variables found to be associated with
accidents in the previous section can be interpreted in terms of celerations,
and would thus feed into the general measure, as well as they add to the risk
for an incident. Therefore, a driver with a high level of celeration behavior
will also have a high level of accidents, given all else equal.

More specifically, the driver celeration behavior theory states that the
standardized celeration behavior value of a driver driving in a homogenous
driving environment for a very long time will be the same as his
standardized number of culpable accidents within a homogenous population
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driving in the same environment during the same time period. This relation
is specified in Formula 2.

Formula 2: Theoretical specification of the relation between a driver's
celeration behavior and his number of accidents for a very long time period
in a homogenous driving environment and driving population.

-y, ZC_/UC :>I=(C_ﬂc)xo-l+,u1
O Oc Oc
where

I = expected total number of culpable traffic incidents

C = total amount of celeration behavior, as defined in Formula 1
1 = the mean in the population

o = the standard deviation in the population

The homogeneity of the environment concerns the average risk encountered
by the driver that is not due to his own behavior, and the influence of the
environment on his celeration behavior. If the average on these variables are
fairly equal for the drivers in the specified population, homogeneity can be
said to exist. This means that homogeneity is really a relation between the
population and the environment; if all drivers are equally exposed for all
parts of a driving environment, this environment can be said to be
homogenous, despite it being very different between parts. Variables that
can be suspected to influence the risk and/or celeration behavior are type of
vehicle, weather, type of road and traffic density.

Accelerating Braking Close following Speed

\ Driver celeration

behavior

Skidding Overtaking Lane changing

Figure 1. Some of the many behaviors that add to the mean celeration behavior value
of a driver.

It is important to point out that celeration behavior is only in existence when
the vehicle is moving (v>0), and data should therefore not be collected from
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standstills. Furthermore, the total of celerations (over a specified stretch of
road) is the value that should be correlated with accidents, due to the logic
behind; every behavior that causes a change in speed also carries an
infinitesimal risk of accident, and these add up to a sum total, which should
be the total number of accidents experienced. However, for methodological
reasons, the mean over a specified stretch of road is used instead of the total.

A limitation of the theory and the predictive power of the celeration
variable may be the information-processing capabilities (in a very wide
sense) of the driver. For example, a half-blind person may have accidents
that another person could have evaded during the same circumstances.
However, it would also seem probable that this type of situation would be
more frequent for the weak-of-eye driver, but avoided with the use of more
forceful maneuvers, thus contributing to a higher celeration value. In the
end, it is therefore uncertain which force will get the upper hand.
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Methodology

General

Three studies were undertaken to test the main prediction of the theory; there
is a positive correlation between celeration behavior and accident record.
The method used was basically the same throughout all studies, but the
differences will be described in detail. None of these make the data
incomparable. Data was gathered from one bus route in Uppsala. Study II
was mainly a testing of the methods involved. In general, it can be said that
there were no unsurpassable problems, although the measuring equipment
used meant riding buses 12 hours a day. In this and Study III, the data came
in three variants; longitudinal (Gas/Brake), lateral (Left/Right) and resultant
acceleration.

As Study II did not yield any clear results, another (Study III) was
undertaken to gather more data, to calculate how stable the celeration
variables are over time, and to test a correction procedure for traffic density;
holding celeration constant for time for standstill along the route, a variable
that should be closely associated with number of passing cars.

In Study IV, celeration behavior was measured automatically from the
speedometer by a hidden computer, resulting in a change in variables. In this
study, (longitudinal) celeration is the same as the Gas/Brake in the previous
projects, while Left/Right and the resultant were dropped. Instead, the
longitudinal variable was split into three; acceleration, deceleration and even
speed (actually percent time for zero acceleration). This was due to technical
limitations and the finding in Study III that almost all the variation in the
resultant was contributed by the longitudinal acceleration variable.

Accident data

Incident reports were available from the bus company's records. All such
where some physical damage (including injuries) resulted, apart from very
minor scratches and accidents within the company's grounds, were coded
into a database (see af Wahlberg, 2002a; 2004; 2005). In the first two
studies, two variants of accident variable were used; All and Responsible,
while in the last paper only Responsible were included. The criterion for
being responsible was that the bus driver behavior had in some way

18



contributed to the accident, something that was often very hard to ascertain
(inter-rater reliability 70 percent, see af Wéhlberg, 2002a). Some error
variance is therefore bound to have crept in to the calculations from this
source. In Table 1 can be seen the mean number of accidents in one of the
samples used, as well as that of the population at that time.

Subjects

All studies were carried out at the bus company Gamla Uppsalabuss in
Uppsala, Sweden. The subjects were drivers who drove route number eight
and happened to turn up when measurement was being undertaken, making
the samples semi-random. This includes a majority of all drivers, as number
eight was the busiest route, and the duties scattered among several of the
subgroups’ of drivers. Drivers were identified by their working schedule in
the first two studies, and thereafter from passenger data registered by the
vehicles (this includes logging into the system by the driver). In Table 1 can
be seen some descriptive data on the summed samples in Study III. The
population values tend to change very little, despite there being a large
turnover rate. As any sample used was also a substantial part of the
population (>10%), the differences on any variable were always small.
However, one persistent and unavoidable difference concerned the number
of hours worked. Drivers who worked more time were more likely to be
included, as they turned up more frequently, and all samples therefore had
more hours of driving than the population. Furthermore, this lead to some
systematic differences on other parameters, especially accidents. As
incidents are positively associated with exposure, the samples also had more
accidents on record per year. Similarly, as drivers with non-Swedish names
tend to work more, they also had a slightly higher incidence in the samples.

Procedure and technical equipment

In Studies II and III, the data were gathered by a researcher traveling on a
bus, using an accelerometer equipment from Valentine Research, measuring
speed changes with 10 Hz in two variables; longitudinal and lateral if placed
along the center line of the vehicle. The data was sent to a laptop computer,
and the whole equipment was hidden in a suitcase. The researcher would
enter the bus at the end stop as any passenger and place the case on a flat

7 A subgroup work on a specific so-called list, rotating between 10-20 different duties
involving different routes and times of the day. However, these duties tend to have something
in common; all can be early, midday or late or even weekends only. Weekend data has not
been included in the present work, as it is not known whether the driving environment might
be different (traffic density tend to be lower, and the time table is different).
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surface at the end of the bus and start the measurement. In Study II, the
measurements ended at the center of town, while in Study III they were from
terminus to terminus. Drivers were identified from the duty schedule.

Table 1: Descriptive data on the sample in Study III and the population of bus
drivers. The means, maximums, minimums and standard deviations of age (years),
number of responsible accidents and hours worked in the full sample and in the
population (bus drivers at Gamla Uppsalabuss) in 1999. Age computed as of 1999-
05-01. Sample A traveled from south to north of Uppsala, B the other way.

Sample A+B, N=125, 1999

Variable Age Number of accidents Hours worked
Mean 43.9 0.320 1438.0
Maximum 59.6 3 2258.6
Minimum 214 0 288.3

Std 9.27 0.590 462.7
Population, N=416, 1999

Variable Age Number of accidents Hours worked
Mean 43.8 0.209 1167.2
Maximum 68.1 3 2258.6
Minimum 21.2 0 3.0

Std 10.6 0.473 635.0

In Study IV, vehicle computers were installed in five buses, measuring
continuously whenever the electricity was turned on. The signal from the
rear axle to the speedometer was tapped, and speed calculated with 10 Hz.
Thereafter, acceleration was calculated with 2.5 Hz (see Appendix). Drivers
were identified by the use of ticket data, as they have to log into the system.

The use of different measurement systems may have added some error in
terms of different absolute levels of celeration between studies (see Table
11, where the values of Study III are much higher than all other, possibly
due to an erroneous or forgotten calibration procedure). However, this is of
no consequence for the present research, as these data are not compared
between samples. Positive correlations between measurements of the same
drivers at different times have also been noted (af Wahlberg, 2003b),
although those between Study II and III tended not to be significant.
However, these intercorrelations increase strongly when data are aggregated
(af Wéhlberg, in press, b; submitted).

Mathematical treatment of data

The raw data is a string of values over time. The celeration behavior theory
states that it is the sum of all such behavior that gives the total accident risk
and should be the best predictor of accidents during the same time period.
However, as it is only possible to sample behavior in very small amounts, it
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is necessary to estimate the total by calculating a mean of celeration
behavior during movement over a specified stretch of road, under the
assumption that amount of exposure is fairly uniform, and multiplying for
the exposure of the time period for which accidents are predicted. A long
measurement is thus condensed into a single value, a data point.

However, if behavior is variable between measurements, it is necessary to
use several data points for the estimate, taking the mean of these. Out of this
procedure, it is also possible to make an estimate of how well the total has
been estimated by calculating the standard error over data points. If the value
is large, there is not yet enough data gathered to predict the accident
frequency of this individual.

Statistical methods

The association between accidents and celeration behavior can be analyzed
in a number of ways. The method of choice in the present work is Pearson
correlations, as this computation gives a single value which directly tells
how much variance can be explained, which is of prime importance, and also
a regression equation for the prediction of one variable from the other
(which is not used here). The alternatives used by traffic researchers include
Poisson regressions (e.g. West & Hall, 1995), phi coefficients (e.g. Kunce,
1967), logistic regression/odds ratio (e.g. Violanti & Marshall, 1996) and
percentages (e.g. Stradling, Parker, Lajunen, Meadows & Xie, 1998).
However, this is mainly due to the use of short time periods for accident
frequencies and car drivers as subjects, resulting in a Poisson distribution,
i.e. the majority of drivers have zero crashes. The bus drivers in the present
work have much higher accident frequencies (see Table 1). Another method
sometimes used is that of contrasted groups, comparing drivers with no
accidents and those with several (e.g. Quenault, 1968a).

A large number of correlations were computed in the present work, and it
might be argued that some sort of correction method (i.e. Bonferroni) should
have been used in such a situation. However, this is only applicable if a
number of different variables are used, and conclusions drawn from the few
significant correlations that show up. This is not what was done in these
studies. Instead, the theory predicts that celeration is the best possible
predictor; all others (including similar ones) should be inferior. However, a
number of variants of the accident variable were tested, as it is unknown
which is the optimal time period to use for calculation of the dependent
variable.
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Results

Study II: Pilot

Associations were computed between Responsible accidents and All
accidents for time periods of two to five years on one hand, and longitudinal,
lateral and resultant acceleration on the other. Correlations ranged from .51
to -.11, with lateral (Left/Right) acceleration as the best predictor®, as can be
seen in Table 2. In general, the results were inconsistent.

Table 2: The Pearson correlations between the three acceleration variables, Driving
time and the two accident variables for the four time periods used. N=47.
Measurement was from the south terminus to center of town only, equaling stretch
Al in Study III.

Variable All accidents Responsible accidents

Time period | 1997- | 1996- | 1995- | 1994- | 1997- | 1996- | 1995- | 1994-
98 98 98 98 98 98 98 98
Resultant -.08 A2 .04 .18 -.24 22 A1 .19
Gas/Brake -.08 -.06 -.11 -.02 -.24 -.02 -.07 -.01
Left/Right -.06 38* 25 40* -15 | 51** | 36* 44*
Driving time | -.05 -.20 -22 | -36* .24 -.16 -21 -.28

* p<.02, ** p<.001.

Study III: Methodological development

It was found that split-half correlations for the three variables (i.e. variants of
mean celeration behavior for half of the measuring stretch correlated with
the other half of the same run) were in the range of .37-.64, while two
measurements with a mean of 36 days between them ranged .33-.57, with the
resultant achieving the strongest association in the latter calculation, while in
the first it was similar.

The associations between celeration behavior and accidents were
inconsistent between the two samples, where one had correlations from -.05
to .32, while the others were essentially zero. This situation was switched,
however, when a correction procedure was used (values divided by time for
total standstill to hold constant the influence of traffic density), see Table 3.

¥ In all cases where Left/Right was significant, it was also the only significant predictor in a
forward stepwise multiple regression (when Resultant and Gas/Brake were included).
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Table 3: The correlations between the number of Responsible accidents for time
periods of one up to eight years and the three acceleration variables in sample A
corrected for (divided by) total time of standstill. Sample A traveled from south to
north of Uppsala, B the other way.

Time period 1999-00 | 1998-00 | 1997-01 | 1996-01 | 1995-01 | 1994-01
N 55 47 42 41 41 40
corrected Resultant 25 31* 35% 37* .30 27
corrected Gas/Brake .26 32% 36% 36% .29 25
corrected Right/Left 24 .29 33%* .38%* 31* 28

* p<.05, ** p<.0l

The stability of celeration behavior over environment and time was also
studied, by correlating drivers' behavior in different measurements. The first
calculation was a split-half, associating the behavior during the drive from
the terminus to city with the rest of the route (city to other terminus).
Thereafter, behaviors on drives from terminus to terminus about a month
apart were correlated. As can be seen in Tables 4 and 5, all correlations were
fairly strong.

Table 4: The Pearson correlations between mean driver acceleration behavior on
stretches A1l versus A2 and B1 versus B2. Overlap between samples was 19
subjects. Sample A traveled from south to north of Uppsala, B the other way, with 1
designating the first part of the drive (from terminus to the center of town).

Sample Resultant Gas/Brake Right/Left
A1/A2 (N=81) O] F** 2% ¥ G4HH*
B1/B2 (N=65) 43%%* 30%%% 37
% p< 005

Table 5: The Pearson correlations between mean driver acceleration behaviors of
first measurement versus second measurement on stretches A and B pooled. Overlap
between samples was 3 subjects. Mean time between measurements 36.6 days.
Sample A traveled from south to north of Uppsala, B the other way, with 1
designating the first part of the drive (from terminus to the center of town).

Sample Resultant Gas/Brake Right/Left
A/A+B/B (N=31) 57 HaE 54 xxE 33wk
% p< 003

Study IV: Enlargement

In this study, drivers were measured repeatedly over more than three year's
time. Data was split into samples gathered in three time periods (fall, winter,
spring’), see Table 6. Correlations with accidents for differing time periods

? Summertime data was excluded, due to there being very little traffic and few accidents, thus
violating the theoretical axiom of homogeneity of driving environment.
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were run, but only two-year periods yielded associations of any practically
useful strength, and only those are shown in Tables 7-9.

Table 6: The grouping of data in samples. The first sample of each period contains
the first measurement of all drivers who yielded any data during that time, the
second and third are repeated measurements on those in the first, which leads to a
shrinking N within any sampling period. Not all of these samples were used in the
present paper, due to very small N's.

Samples Time period Season
1-3 August-December 2001 Fall
4-6 December 2001-February 2002 Winter
7-9 March-June 2002 Spring

10-15 August-December 2002 Fall
16-18 January-March 2003 Winter
19-21 April-June 2003 Spring
22-26 August-December 2003 Fall
27-28 January-March 2004 Winter

Table 7: The Pearson correlations between the celeration variables and the number
of Responsible accidents in 2001-2002 for drivers in samples 1-9. In the last
column, the mean of these correlations, calculated as the square root of the mean of
the squared correlations, unweighted for N.

Sample 1 2 3 4 5

N 203 142 80 169 81
Celeration 125 .203* J11** 23%* .106
Acceleration 112 152 310%* 223%* .094
Deceleration -.094 -226%* -247* - 227** -.085
Sample 6 7 8 9 Mean 1-9
N 54 163 107 70 118.8
Celeration .197 175% .193* 332%* 220
Acceleration 181 .179* .206* 355%* 217
Deceleration -217 -.139 -.163 -.235 -.191

* p<.05, ¥* p<.01, *** p<.001

It can bee seen that although the correlations differ quite a lot between
samples, the mean in all three groupings is fairly similar, indicating a level
of association of about .20 at this level of calculation refinement. Also, the
celeration variable consistently comes out as the best predictor, in
accordance with theory.

The celeration data could also be analyzed as differences between groups
of drivers specified by their accident record. This is shown in Table 10. It
would seem that the increase in mean celeration level is fairly low at first,
with the last group (very highly accident liable drivers) differing to a much
larger amount. However, as this group is very small, the observation needs
some further corroboration. It is of some theoretical importance, as it implies
non-linearity of the effect.

24



Table 8: The Pearson correlations between the celeration variables and the number
of Responsible accidents in 2002-2003 for drivers in samples 11-21. In the last
column, the mean of these correlations, calculated as the square root of the mean of
the squared correlations, unweighted for N. Samples 10 and 18 excluded due to too

few cases.

Sample 11 12 13 14 15

N 145 71 174 143 108

Celeration 200%%* 146 139 204*%* | D3]*

Acceleration | .274%** .079 161* 252%* 203*

Deceleration |-280***| -226 -.102 -240** | -236*

Sample 16 17 19 20 21 Mean 11-21
N 149 93 130 73 40 112.6
Celeration 250%* 185 225%* 151 266 225
Acceleration | .246** .193 .200%* .119 207 .216
Deceleration | -.232%* -.140 -.189* .009 =211 -.197
* p<.05, ** p<.01, *** p<.001.

Table 9: The Pearson correlations between the celeration variables and the number
of Responsible accidents in 2002-2003 for drivers in samples 22-27 (sample 28
excluded due to too few cases). In the last column, the mean of these correlations,
calculated as the square root of the mean of the squared correlations, unweighted for

N. 10

Sample 22 23 24 25 26 27 Mean 22-27
N 181 149 123 100 78 80 118.5
Celeration 193%% | 246%* | 261** | 129 150 173 .198
Acceleration | .187* | 247** | 214* .146 .067 120 174
Deceleration | -.154* | -192% | -247** | - 078 | -.177 | -.222%* -.186

* p<.05, ** p<.01.

Table 10: The difference in mean celeration (m/ s° ) levels (aggregated over
samples) among groups of drivers with differing numbers of accidents during 2001-
2002 (1-9) and 2002-2003 (11-27). Analysis of variance calculated.

Number of accidents 0 1 2 3-4 F Significance
N 159 53 23 8
Mean celeration 1-9 0.526 | 0.531 | 0.553 | 0.575 | 4.08 p<.01
N 143 57 16 8
Mean celeration 11-21 | 0.491 | 0.500 | 0.518 | 0.548 | 3.45 p<.01
N 121 48 12 6
Mean celeration 22-27 | 0.475 | 0.483 | 0.494 | 0.537 | 3.58 p<.05

In Table 11 are shown the Ns and mean longitudinal celeration behavior for
some samples in the three empirical studies reported on here. It can readily
be seen that IIIA and IIIB deviates strongly from all other values. The only
explanation would seem to be that the measurement equipment had not been
properly calibrated.

19 1n Table 9, each of the three predictors turned out to be strongest two times out of the six
samples when forward stepwise multiple regressions were run.
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Table 11: The Ns and means of longitudinal celeration behavior in the some of the
samples of the three empirical studies, with the roman numbers denoting study.

Sample II ITA 111B vl V2 V3
N 47 65 54 208 144 81
Mean 0.511 0.578 0.608 0.530 0.531 0.531
Sample V4 V5 IVé Iv7 V8 V9
N 171 82 55 166 108 70
Mean 0.519 0.519 0.532 0.533 0.519 0.521
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General discussion

From the data in the three empirical studies presented here it may be
concluded that there is some support for the driver celeration behavior
theory, despite the mainly weak correlations found, and some unresolved
questions. However, most of the problems involved would seem to be fairly
logical, and possible to overcome. They also lead to testable hypotheses
about driver behavior and its measurement. It is therefore argued that the
main reason that associations are low are due to methodological problems
involving mainly the variability of driver celeration behavior.

However, some conclusions may be drawn from the existing results. It
should be fairly clear from the last study that the time frame used for
prediction is fairly short, obviously due to the instability of driver celeration
behavior over time. As accidents too are fairly unstable during such a short
time frame, this is not an argument against the theory presented in this work.

Regarding limitations of conclusions, it could be argued that the present
results are only applicable to bus driving, as this is were the results have
been found. However, the theory predicts the same kind of relationship for
all vehicle users (actually, maybe even all road users); the use of bus drivers
as subjects of study is due to the methodological advantages of this
population. Therefore, it is claimed that significant associations'' would be
found for other vehicle drivers too, given that a reasonably valid accident
history could be found, and driving behavior was sampled repeatedly (>10)
over at least a year.

The results in the last study would seem to differ somewhat from the
previous two regarding the optimal accident prediction time frame. No really
satisfactory explanation for this state of affairs has been found, although it is
possible that the change of method for gathering data could be suspected. In
the first two studies, measuring was done with the same apparatus, not
totally unobtrusive, while in the last, data was gathered from the systems of
five different vehicles, possibly with some differences in their calibrations.
These latter measurements were also totally undetectable for the drivers.
However, no clear differences between vehicles could be ascertained, and no
further predictive power could be had by analyzing data from each bus
separately. This does not exclude the possibility of some small amount of

" The preferred measure of Pearson correlations in the present work would probably not be
optimal for low-accident groups like car drivers.
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error having its source in the change of method, but it does not seem to be
big enough to explain the differences mentioned.

Some other possible confounding differences between the studies are
daylight and weather, as the last study used data from a wider range of
circumstances. However, tentative trials did not show any clear effects, and
this question remains to be explored. It would seem probable that here too it
would be possible to reduce error variance somewhat, the other chief target
being traffic density.

The celeration behavior theory is mainly about the relation between
measurable driver behavior and traffic accidents, i.e. why high-celeration
behavior is dangerous. This is all that is necessary for the prediction of
crashes. However, some further speculations may be useful for clarifying the
wider picture. It is possible that people have some kind of preferred or
highest acceptable level of celerations during their driving. This has so far
mainly been expressed as stability of behavior, i.e. an observational term, but
for any stability to exist there must be some type of internal control which
compares the experienced levels of celeration (and possibly anticipates those
that will be experienced in the near future due to current maneuvers) to some
type of internal benchmark. Although this type of thinking may be more
familiar (and acceptable) to psychologists in general, it does not add much to
the more basic statement about traffic behavior. It is possible that such a
level could be established, but this would not be very useful, if it did not
predict accident involvement, or could lead to some way of changing
people's acceptable level towards something safer.

In connection with the above statements about possible mechanisms
behind driver celeration behavior it could be of some interest to discuss the
principle of testing hypotheses by the use of association measures and
similar statistical techniques. Unfortunately, the falsification principle of
Popper (1968) seems to have had little impact in psychology and related
disciplines (Hirsch, 1980; 1981a; 1981b; Hecht, 1996; af Wahlberg, 2001).
Some would perhaps argue that we have not yet reached such a level of
knowledge that we can make exact, testable statements, and that falsification
is not a working scientific principle for us. However, the basic tenet of
falsification, that a theory that can explain any outcome but not actually
predict anything is scientifically worthless, would still seem to hold good.

However, how can this be applied to correlations and other association
measures? Taking the present work as example, the theory predicts a
positive correlation between celeration behavior and accidents, but it does
not specify an acceptable range. Does this mean that any positive correlation,
however low, could be interpreted as corroborating the theory? In principle
yes, as so far the theory only excludes negative associations. This kind of
situation does not seem to have been anticipated by Popper, and therefore
need some further rule. For the present work, the principle suggested is that
of practical use; if the correlations found can predict accident involvement to
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a practically useful degree, and also betters the predictions made from other
data sources (violations, previous accidents, sex, age etc), the theory is
valuable. If not, it may be scrapped, because however correct it may be at a
low level of association, it is of little practical interest (this view is similar to
that of Lakatos, 1978).

These observations and statements lead to another area of interest; how
can the celeration measure be further developed, theoretically and
methodologically? Starting with the stability of the celeration variable,
further tests of environmental influences would seem to be a primary area
for study. It is not known how or how much various aspects of the traffic
environment add or subtract from the celeration measure. Weather would
seem to have some effect (af Wahlberg, 2003b), as does possibly darkness.
Any number of other variables could also be tested; type of vehicle, number
of passengers, time pressure etc. However, at this moment, intra-individual
variables would seem to be the chief suspects as the source of variation in
celeration behavior. Mathematically, the use of means as predictor may seem
crude, and this could possibly be developed, especially when a long series of
measurements is available. Many different variants of celeration
measurements have been suggested through the years by colleagues and
reviewers; the top ten percent of values (extreme behavior), selected parts of
the route (for example corners), or deceleration (less restricted values than
acceleration). However, apart from the last suggestion (which was tested in
Study IV and found erroneous), these ideas all have two things in common;
they are mathematically or methodologically more advanced than the current
method, and they have no theoretical underpinnings.

The associations found so far are not very impressive, and it may be
doubted whether the celeration measure is practically useful in its present
state, explaining possibly five percent of accidents only, for a two-year
period. However, small effects is the rule in accident prediction (e.g. Smith
& Heckert, 1998; Stradling, Parker, Lajunen, Meadows & Xie, 1998; Jonah,
Thiessen & Au-Yeung, 2001), while strong associations (>.30 correlations)
are rare if only one predictor variable is used (Williams, 1977, is among the
few exceptions). However, comparisons are hard to make, due to the
differing statistical methods used by various researchers, as discussed in the
method section. Anyway, the low predictive power in the present material
does not preclude substantial improvement, something that has begun to
materialize (af Wéhlberg, submitted).

Apart from the main goal of predicting accident involvement, the
celeration measure would probably be useful in various research and
practical settings as a general measure of driver behavior (for example af
Wahlberg, 2002¢). So far, only a few seem to have hit upon this idea, as
referenced in the introduction, although variables with some similarity to
celeration, for example the standard deviation of speed, are sometimes used.
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However, the best use of the celeration measure would probably be in
professional settings, where a surveillance system would monitor behavior
and automatically detect drivers who stray from the safe path, giving direct
and long-term feedback. Incidentally, this would probably also have a
positive effect on fuel consumption (i.e. it would decrease), as these
variables are correlated (af Wahlberg, 2002c). The problem of driver
variability would also be countered, as monitoring would be continuous.

It should also be noted that there is a vast difference in effect between
selection procedures based on a variable measured once, and the continuous
monitoring of driving and feedback. In the first instance, a strong
relationship between variables is needed, unless the selection is very strong
(i.e. very few are chosen). For the continuous situation, it does not matter if
most of the behaviors targeted are perfectly safe, because the feedback does
not have any adverse effect. This is fairly apparent concerning the case of
speed limits; all are affected, not only those few who really need
interference. By applying a rather weak predictor, a fair safety effect can be
had anyway (Baum, Wells & Lund, 1991; Farmer, Retting & Lund, 1999)
because all drivers are included. Incidentally, celeration behavior probably
has a higher predictive power than speed (af Wahlberg, in press, b), as
predicted.

It could seem that this way of predicting accident involvement is a bit
cumbersome, with measurement apparatus, downloading data, identifying
drivers etc. However, as compared to a number of other studies utilizing
various predictors this is not so. Actually, many variables are so hard to
measure (e.g. Andersson, Nilsson & Henriksson, 1970; Avolio, Kroeck &
Panek, 1985; Arthur, Barrett & Doverspike, 1990; Maag, Vanasse, Dionne,
& Laberge-Nadeau, 1997) or so many are used (e.g. Hakkinen, 1958;
Harano, Peck, & McBride, 1975; De Raedt & Ponjaert-Kristoffersen, 2001)
that they would not be feasible for practical use. Similarly, instrumented cars
usually have much more advanced setups than what is actually needed to
measure celeration behavior (e.g. Wilson & Greensmith, 1983), especially
the longitudinal variable. Also, today many new vehicles are already
equipped with electronic systems that can be tapped for information which
can be transformed into celeration data. Celeration measurement may
therefore actually be a very practical alternative, yielding continuous data in
large quantities, with the amount of manual work involved inversely related
to the quality of the technical system. Also, given that the influence of the
driving environment is small (which may be suspected from af Wéhlberg,
2003Db), this kind of measurement would even work for private drivers.

Apart from accidents, it can also be noted that a number of other variables
should be correlated with driver celeration behavior, as noted in the theory
section. These are testable statements; for example, close following could be
measured continuously along with celeration. Actually, any variable which is
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related to (responsible) accidents should have a similar association to
celeration behavior.

In the present work, accidents for which the driver was considered at least
partially responsible have been used as dependent variable. However, this is
not necessarily the optimal way of constructing an accident index, although
the present state of the art has no directions to give regarding this problem.
For example, one possible way of tackling this problem is to give accidents
different weights due to their severity. Very little such research has been
undertaken on this topic, however, and there is no theory about how and why
such weighting should be undertaken. Those who have employed such
methods include Hartley and El Hassani (1994) (composite index of
different aspects of violation and accident history), Smith and Heckert
(1998) (near-accidents), and Kahneman, Ben-Ishai and Lotan (1973)
(summed ratings of the severity of the error of the driver in each accident).
Unfortunately, none of these papers discussed their choice of methods.
Furthermore, it is uncertain whether accidents of different severity are
predicted by different variables, as the results differ between studies
(Garretson & Peck, 1982; Begg, Langley & Williams, 1999).

The use of company accident data and measurements unknown by the
drivers might be viewed as unethical by some. However, the activities of bus
drivers are not private; anyone buying a ticket may observe them (and reach
similar conclusions about a driver as the measurement equipment, as shown
in af Wahlberg, in press, a). Furthermore, the work for the last paper was
commissioned by the bus company, and the union representatives were
informed beforehand.

At the end of this work, several conclusions of a general nature might be
drawn. For some reason, few traffic researchers seem to use instrumented
vehicles for the gathering of ecologically valid data, i.e. non-experimental
setups where the subjects are unaware of the study. Although these
requirements in unison are a bit hard to satisfy, there are good reasons for
advocating them. On a general level, way too many traffic psychologists
(and others) rely on questionnaires and fancy statistics to 'test' their
hypotheses, while dodging the question of validity. Soft data is the rule.
Also, experimental setups, while yielding hard data, often disregard the
ecological side; would people really behave this way if left to their own
devices?

Given the technology of today, this is somewhat strange. It is therefore
suggested that traffic research should aim less at fuzzy 'psychological'
concepts and instead target explicit, measurable road user behavior.
Celeration is one such measurable behavior, which is still in its infancy as a
research concept. Hopefully, the use of such objective variables will give a
new impetus and a more practical orientation to psychological traffic
research.
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The celeration behavior theory is at its present stage fairly well
developed; one basic assumption generates several testable predictions, and
a set of formulas, which specify the exact relationships expected. The testing
of these predictions has only begun, and although the results in the first two
empirical studies related here add little to the positive evidence for
celeration's impact on accident liability, the third is stronger. Furthermore,
aggregation of celeration data does have a positive impact, as expected (af
Wahlberg, submitted), and different variants of speed choice do not seem to
predict accidents with more power than celeration behavior (af Wahlberg, in
press, b). Time will show whether this fairly positive start will continue into
a substantial scientific backing for the theory of driver celeration behavior.
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Appendix: Technical specification of
measurement equipment and ordering of
measurements in Study IV

Technical specification

All predictor variables in Study IV came from the same data; measurement
of pulses from the speedometer system of the buses. These pulses signify
that a certain length of road has been traveled (for the buses in the present
study 1/6900 of a kilometer). By counting the number of pulses for a time
period (given by the internal clock of the measurement system), it is possible
to calculate speed during this time period.

Example
Puls 0 Puls 1 Puls 2
AN N N J |
i Y Y Y i
! Cycletime T Cycletime T, Cycletime T, !
N J
Y

Measurement interval 100ms
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Example
t=To+T,+T,
n=3

The speed signal is tapped from the vehicle's speedometer with a
frequency of 10Hz, an interval of 100 ms. During this interval, the number
of complete puls-cycles is counted, and speed and acceleration calculated
with the formulas below.

Speed calculation formula

v = ((n/t)/w)*1000

where

v=speed (m/s)

n= number of pulses from the speedometer
t= time for n pulses to accumulate (seconds)
w= pulses per kilometer

Acceleration calculation formula

an) = ((Van) T V) + Vani2) T Vins)/4 - (Van) T Vann) T Vano) + Vans)/4) /
2,5

where

a= acceleration (m/s”)

v= speed (m/s)

n= number of acceleration measurement points

Ordering of measurements

As measuring was operative during several years, drivers who worked a lot,
and on certain duty rotation lists, tended to be measured several times, while
others were rarely so. To utilize as much data as possible, but still retain a
data arrangement that was ordered in time, these repeated measurements
were ordered into samples within time periods. One such period can be seen
in the first table below (where numbers designate measurement order, i.e. 1
is the first measurement of this driver). It can be seen that the driver Nilsson
was measured three times during the fall season. These three measurements
were easily ordered into the three samples of this period. Driver Jonsson, on
the other hand, was only measured twice, and he is therefore absent from the
third sample. Note also that despite that the first measurements of Nilsson
and Jonsson are a month apart, these will still both be ordered into the first
sample. Finally, although Andersson was among the last to be measured
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during this period, his single value will still be put with other first
measurements in Sample 1.

When the season was finished (decided by the weather), a new grouping
would start, in the example below winter, with three new samples (4-6),
where the first measurement of each driver this season was ordered into
sample 4, and so on.

Driver August September October November | December
Nilsson 1 2 3
Jonsson 1 2

Pettersson 1 2 3
Andersson 1
Driver Sample 1 Sample 2 Sample 3
Nilsson 1 2 3

Jonsson 1 2

Pettersson 1 2 3
Andersson 1
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