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A B S T R A C T

A current issue within the driver distraction community centres around different findings regarding the impact
of mobile phone conversation on driving found in driving simulators versus instrumented vehicles employed in
real-world naturalistic driving studies (NDSs). This paper compares and contrasts the two types of studies and
aims to provide reasons for the differences in findings that have been documented. A comprehensive review of
literature and consultations with human factors experts highlighted that simulator studies tend to show de-
gradation in driving performance, suggestive of increased crash risk as a result of mobile phone conversation.
Whilst NDSs, at times, present data suggesting that mobile phone conversation distraction actually reduces crash
risk. This study identifies that these differences may be attributed to behavioural hypotheses associated with
driver self-regulation, arousal from cognitive loading, task displacement and gaze concentration – all of which
need to be explicitly tested in future driving studies.

Metric estimation and application was also revealed to be polarising results and the subsequent assessment of
the crash risk. A common metric applied in this domain is the ‘Odds Ratio’, particularly prevalent in NDSs. This
study presents a detailed investigation into the assumptions and application of the Odds Ratio which revealed
the potential for over- and under-estimation of the metric depending on the core data and sampling assumptions.
Furthermore, this research presents a comparative analysis of select driving simulator studies and an NDS
considering only driving behaviour data as a means to consistently compare the findings of both methodologies.
The findings from this investigation implores the need for greater consistency in the application of analysis
methods and metrics across both simulator and NDSs. Improvements can yield a more robust platform to sys-
tematically compare and interpret data across both approaches, ultimately leading to enhanced planning and
safety regarding mobile phone use while driving.

1. Introduction

Driver distraction is a significant road safety issue. Recent estimates
in the US indicate that the phenomenon contributed to approximately
9% of crashes in 2017 which led to a fatality (National Highway Traffic
Saftey Administration, 2017). In New South Wales, Australia, there has
been a threefold increase in distracted driver crashes that resulted in
injury or fatality since 2008 (Centre for Road Safety, 2017), leading to
increasing safety concerns surrounding driver distraction.

Although defined in the literature in a number of ways, driver dis-
traction is commonly conceptualised as one mechanism of driver

inattention and has been defined as “…the diversion of attention away
from activities critical for safe driving toward a competing activity, which
may result in insufficient or no attention to activities critical for safe driving”
(Regan et al., 2011). As such, this diversion of attention to a competing
source can result in driver inattention (Regan and Strayer, 2014).

A particularly common, and risky, source of driver distraction is
mobile phone use (Beanland et al., 2013; Dingus et al., 2016). This is
perhaps unsurprising given not only the increasing range of function-
ality (text messaging, music, navigation, social media) accessible
through the devices themselves, but also considering their ability to
‘pair’ or connect with in-vehicle systems (e.g., through Bluetooth) over
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the past decade. Driver actions involved in using such functions (e.g.,
hold the phone, view device and content, type/press keys to write a text
message) require attention to be diverted away from the primary task of
operating the vehicle and, thus, can impair activities critical for safe
driving (see, for review, Cunningham et al. (2017)).

The impact of a secondary activity, such as using a mobile phone, on
activities critical for safe driving, can be quantified by measuring
changes in driving performance or changes in the level of risk asso-
ciated with driver engagement in that activity. Historically, there have
been a number of methodologies used for this purpose including:
driving simulator studies, on road testing, test track experiments and
naturalistic driving studies (NDSs). This paper focusses on the con-
trasting results obtained from driving simulator studies and naturalistic
driving studies (NDSs).

Driving simulator studies are conducted in controlled laboratory
environments. They offer researchers the ability to assess the impact of
driver engagement in a secondary activity on driving performance by
measuring changes in driving performance metrics (going from the no-
distraction to the distracted condition) such as reaction time, eye
tracking, lane position, speed, inter-vehicle headway, and gap accep-
tance.

On the other hand, NDSs record the real-world driving behaviour of
participants, including their engagement in secondary activities, over a
specified period of time (generally 3–12 months). These studies have
the ability to monitor driving behaviour and performance, as well as
record crash and near-crash events, allowing researchers to gauge the
likely safety risk (e.g., crash risk) associated with driver engagement in
different secondary activities.

With these two methodologies in mind, the following sections pro-
vide a brief overview of the literature that have investigated changes in
driving performance and safety risk associated with driver conversa-
tions using a mobile phone.

1.1. Mobile phone conversations and driving performance

A plethora of research has been undertaken to investigate the im-
pact of mobile phone conversations on driving performance. For ex-
ample, an early meta-analysis of this research by Horrey and Wickens
(2006) concluded that conversing on a mobile phone was associated
with longer response times to critical road hazards or stimuli. Fur-
thermore, the authors note that, although the magnitude of this im-
pairment in reaction time was seemingly small (an average delay of
0.130 s), it was the considerable variance in reaction times that was
most concerning. The study also found similarly delayed reaction times
across both conversations using handheld and hands-free mobile
phones. In contrast, costs in lane-keeping or tracking performance were
much smaller (Horrey and Wickens, 2006).

A more recent meta-analysis conducted by Caird et al. (2008) mir-
rored the above findings of Horrey and Wickens (2006). This study
found that mobile phone conversations were associated with delayed
reaction times to road events. Moreover, the mean reaction time was
argued to be within the range of 0.14-0.33 s, depending on the cogni-
tive demands of the conversation, with higher demand conversations
being associated with a greater delay in reaction times. In addition, like
Horrey and Wickens (2006), Caird et al. (2008) found that these delays
in reaction time did not differ as a function of the mobile phone type
(e.g., handheld vs. hands-free).

Caird et al. (2018) reported the outcomes of a comprehensive re-
view of studies examining the impacts of mobile phone conversations
on driving performance. Their meta-analysis, building on the work of
Horrey and Wickens (2006) and Caird et al. (2008), covered 93 studies
which consisted of 106 experiments. They found a moderate dete-
rioration in reaction time, stimulus detection, and an increase in col-
lisions when drivers engaged in mobile phone conversations (either
handheld or hands-free) compared to baseline driving. However, no
significant impact was found on driving performance metrics such as

lateral and longitudinal variability, and little evidence that drivers
compensated while conversing on a mobile phone by increasing
headway or reducing speed.

Cognitive distraction, such as that deriving from a phone con-
versation, has been shown in a number of driving simulator studies to
reduce a driver’s ability to respond to critical cues and traffic signals in
the roadway environment (e.g., Strayer et al. (2003); Strayer and
Johnston (2001)). In addition, drivers that are cognitively distracted
tend to have longer visual fixations and a denser gaze concentration
(i.e. drivers’ eyesight is directed at forward roadway) in the centre of
the forward roadway, which may result in failures to perceive im-
portant information in peripheral vision (Recarte and Nunes, 2003;
Regan et al., 2011).

1.2. Mobile phone conversations and safety risk

The link between driver engagement in mobile phone conversation
and safety risk (i.e., the risk of being involved in a safety-critical event,
such as a crash or near-crash) is inconclusive.

Naturalistic driving studies, which analyse data from real-world
instrumented vehicles over an extended period of time, are typically
used to estimate the risk of a safety-critical event (SCE) occurring (e.g.,
crash or near-crash) when the driver is engaged in a specific secondary
task. For example, a number of NDSs have found that conversing on a
mobile phone is not associated with any change in safety risk, sug-
gesting that the activity poses no more of a safety risk than just driving
(Simmons et al., 2016). Some NDSs have even yielded data suggesting
that conversing on a hands‐free mobile phone may actually decrease
crash risk (Fitch et al., 2015; Hickman et al., 2010; Olson et al., 2009).
For example, Victor et al. (2015) found that driving during a con-
versation using any kind of mobile phone was ten times safer than
driving while not engaged in a phone conversation. On the other hand,
Dingus et al. (2016) found that conversing on a handheld mobile phone
was associated with a 2.2 times increase in crash risk. But more recently
Dingus et al. (2019) presented another analysis of NDS data that in-
dicated neither hands free or handheld mobile phone conversations had
a significant impact on crash risk, highlighting the inconsistencies in
findings within these studies.

Following on from the contrasting results above, a key research
question was raised within the Caird et al. (2018) paper that closely
aligns with the focus of the research presented in this paper - “Are the
results on mobile phone conversation from naturalistic, epidemiolo-
gical, and driving simulation studies convergent or divergent?”. Caird
et al. (2018) indicates, from a statistical perspective, that there appears
to be a general convergence of results from simulated driving studies
(e.g., delayed reaction time), however the safety risk associated with
mobile phone conversations remains unclear and varies considerably
across NDSs. This begs the question as to why the degraded driving
performance associated with this secondary activity observed in simu-
lated driving studies may not reliably translate into increased safety risk
in real-world driving studies (i.e., NDSs).

The research presented in this paper suggests that the incon-
sistencies of the impact of mobile phone conversation between driving
simulator studies and NDSs may be attributed to psychological phe-
nomena and the diversity in methodological practices. Thus, the focus
of this paper is to postulate what psychological and/or methodological
factors may be contributing to these inconsistencies. With this in mind,
the remainder of this paper is structured in the following manner.

First, Section 2 presents a summary of the methodology applied in
this study. Second, Section 3 presents some psychological hypotheses
that may account for the discrepancies observed. Third, Section 4 dis-
cusses the potential methodological intracacies involved in measuring
safety risk using data from NDSs. Then, Section 5 presents a direct
comparative analysis of driving performance data from simulator stu-
dies and NDSs offering a like for like comparison between the two
approaches. Finally, the paper will conclude with some remarks that
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may assist in reconciling the differences between the studies and
highlights the value of both forms of studies in understanding the im-
pact of mobile phone conversation on driving performance and safety.

2. Methodology

Fig. 1 presents a flow chart of the methodology used to conduct this
study. Initially, a literature review was conducted to determine the
discrepancies in findings related to driving behaviour phenomena
across NDSs and driving simulator studies. As described in Section 1,
the differences may be attributed to data collection methods, experi-
mental design and data analysis procedures (Caird et al., 2018). In
addition, the authors believe that these differences in the impact of
mobile phone conversation on driving behaviour may be attributed to
the gap in knowledge regarding cognitive processes associated with the
driving task. Accordingly, the study is separated into two parts: the first
part focusses on psychological hypotheses concerning driving beha-
viour in the context of mobile phone distraction, while the second part
investigates the impact of methodological and analytic differences be-
tween NDSs and simulator studies.

Psychological factors were hypothesised in an effort to explain the
existence of the discrepancy between the study methodologies. These
were derived from targeted consultations with international distraction
and human factors experts who assisted in exposing these factors, as
well as an extensive review of existing psychological literature. (The
experts, acknowledged at the end of this paper, were interviewed in
small groups, by telephone. All had research expertise in driver dis-
traction, and in researching driver distraction using driving simulators
and/or instrumented vehicles in naturalistic driving studies. They were
grouped according to the international times zones in which they re-
sided, and each interview lasted for, on average, 1.5 h.) These factors
propose a variety of behavioural explanations for why certain protec-
tive qualities of mobile phone conversation may exist whilst driving a
vehicle. Details of the various hypotheses proposed are presented in

Section 3 of the paper.
In general, driving simulator studies report differences in driving

performance metrics with and without the presence of distractions and
conduct standard statistical analyses to determine whether these dif-
ferences are significant. On the other hand, NDSs derive metrics, such
as the Odds Ratio, as an estimate of risk relative to a defined baseline
scenario. It is essential to understand how these risk metrics are cal-
culated, as differences in the way they are calculated may account for
the degree of variation in results presented within NDSs. This is dis-
cussed in detail within Section 4.

The final analysis conducted in this study aimed to compare avail-
able results of driving simulator studies and NDSs in an effort to re-
concile the discrepancy. Both NDSs and driving simulator studies col-
lect driving performance data and available data were compared to
understand the existence of measurement inconsistencies. The findings
of the analysis are discussed in Section 5 of the paper.

The methodology highlights the presence of the discrepancy and
attempts to provide reasoning for its presence. Upon gaining this un-
derstanding, it is envisaged that processes can be developed to obtain
consistency across the assessment of the impact of mobile phone dis-
traction on driving behaviour between NDSs and simulator studies.

3. Hypotheses for the discrepancy

Conversing on both hand-held and hands-free mobile phones can
degrade driving performance in simulated environments. However, as
noted, a majority of NDSs suggest that mobile phone conversations may
not necessarily increase safety risk (e.g., Klauer et al. (2006)); and, in
some cases, may even improve safety (e.g. Victor et al. (2015)). A
number of psychological hypotheses regarding the existence of this
discrepancy have been suggested by international experts in human
factors and driving behaviour as well as being detailed within the lit-
erature. The following section of the paper presents a summary of the
psychological hypotheses identified in the study.

Fig. 1. Methodology flow chart.
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3.1. Self-regulation

In real-world driving situations, drivers make decisions about using
the mobile phone while driving and thus can exercise self-regulation.
Self-regulation refers to how well a driver can change their behaviour to
maintain adequate driving performance in the face of competing tasks
(Young and Regan, 2007). For example, self-regulation can be pre-
paratory in nature, which involves a driver preparing themselves a priori
for the likely effects of potential distraction (e.g., turning off a cell
phone before driving in case it rings during the drive). Self-regulation
can also be reactive, in which case the driver strategically behaves in a
way that compensates for the effects of an existing source of distraction
(e.g., asking a passenger to stop talking when navigating a turn at a
busy intersection).

However, within simulated environments, participants are essen-
tially coerced into using mobile phones through instruction. It is fea-
sible that these same sets of participants, when placed in real driving
conditions, would not have used the mobile phone due to their
awareness of the safety risk. Thus, this coercion through experimenter
instruction may exaggerate the negative safety outcomes of simulator
studies relative to NDSs. In naturalistic driving studies, drivers have
some latitude to decide whether to engage in phone conversation, and
therefore may choose not to do so in situations that they perceive to be
risky.

There are several specific ways in which a driver may commonly
attempt to self-regulate in response to distraction. For example, drivers
may partake in behaviours perceived as being ‘safer’ such as reducing
speed (Engström et al., 2005; Törnros and Bolling, 2005) or increasing
headway to a lead vehicle to compensate for the engagement in sec-
ondary tasks (Hosking et al., 2009; Fitch et al., 2013). Another simple
and common self-regulation strategy that drivers tend to use includes
taking shorter glances away from the road when driving demand in-
creases (e.g., keeping eyes on the road when the road is foggy)
(Tivesten and Dozza, 2014; Tsimhoni et al., 2004).

Tivesten and Dozza (2015) used naturalistic driving data to de-
termine how the intensity of the driving task moderated drivers’ self-
regulation in terms of their engagements with visual-manual (VM)
phone tasks. Findings showed that drivers were more likely to engage
with the VM task when the driving task was less intense (e.g., not when
navigating sharp turns, roundabouts, etc). Through this self-regulation
strategy of varying their engagement in VM phone tasks in response to
changing roadway demands, drivers may reduce the level of inter-
ference between driving performance and interacting with the VM
phone task.

3.2. Arousal

Mobile phone conversations may be arousing and help drivers to
maintain alertness and counteract the effects of drowsiness and fatigue.

The differences observed between NDS studies and simulator studies
may be attributed, at least in part, to the context in which distraction
occurs. For example, a person who receives an emotional phone call
(such as winning a prize or the passing of a loved one) whilst driving in
the real world will most likely be distracted, in contrast to a person
receiving a phone call in a driving simulator about a mundane topic,
who may not be affected at all. Cognitively loading tasks, such as mo-
bile phone conversation, have been shown to reduce crash risk asso-
ciated with drowsiness and fatigue, which may be a factor behind the
“protective” effect of such tasks found in several NDSs. There may be
more scope for this effect to operate in the real world than in driving
simulators. This proposition has been made for the studies of driving
large vehicles carried out by Olson et al. (2009) and Hickman et al.
(2010). However, Victor et al. (2015) contrasts the above findings in
their study of light vehicle driving where drowsiness was rarely en-
countered in either baseline driving or immediately preceding SCEs. In
a similar vein, Wiegand et al. (2008), in a study of fatigue in

commercial motor vehicle drivers, found that the majority of the safety-
critical incidents in their study occurred while the driver was alert.

3.3. Gaze concentration

The gaze concentration induced by cognitive load and the con-
sequent focus on the forward central field of view may lead to a greater
chance of detecting a sudden closing in of a vehicle ahead (Carsten and
Merat, 2015). Cognitive loading tasks have been shown to induce gaze
concentration to the forward roadway (Recarte and Nunes, 2000, 2003)
and gaze concentration has been observed in a number of simulator
studies (Victor et al., 2005; Engström et al., 2005; He et al., 2014; Boer
et al., 2016; Li et al., 2018) and real-road studies (Victor et al., 2005;
Yang et al., 2018). It can be viewed as an autonomic response to the
cognitive load of the conversation. This gaze concentration may lead to
a greater chance of responding automatically to looming cues created
by rapidly decelerating lead vehicles, and in turn may increase the
likelihood of a successful forward avoidance manoeuvre (Engström
et al., 2017). This is more likely to occur in NDSs as opposed to simu-
lator studies that present more hazards in the periphery (such as with
peripheral detection tasks).

3.4. Task displacement

It is generally not possible to carry out two distracting activities
simultaneously, and phone conversations may therefore act to suppress
any possibility of engaging in other, more risky, activities, such as
texting.

In a simulated environment, all distractions except for mobile phone
use are controlled for between baseline and distracted conditions. Thus,
in the distracted condition, the task of using the mobile phone becomes
the only distraction and reduces performance. In the real world, these
same participants may be distracted by a number of other activities.
The interruption of a phone call during the performance of such ac-
tivities may be displacing one distraction task with another, which is
less risky. Victor et al. (2015) extend this task displacement to a pro-
position of glance displacement: while a conversation is being con-
ducted on a mobile phone there are comparatively few glances away
from safety-relevant scanning. Drivers still consult their mirrors and
peripheral areas in the windscreen, and while doing so may still be
capable of peripheral detection of the looming of the lead vehicle.
However, from their data, the size of this effect looks to be rather small.

3.5. Controlled versus automatised performance

The apparent inconsistences between simulated driving studies and
NDSs may be reconciled based on the distinction between automated
and controlled task performance. Automatic performances occur
without cognitive effort and are generally unconscious, and thought to
be the product of repetition between, and the learning of, certain sti-
muli and their appropriate responses (Engström et al., 2017). By con-
trast, controlled performances are cognitive demanding, requiring at-
tentional effort to deal with novel or unlearned tasks (Engström et al.,
2017). The Cognitive Control Hypothesis, put forward by Engström
et al. (2017), posits that cognitive loading tasks (e.g., a mobile phone
conversation) will impact controlled driving performance, but not au-
tomatized driving performance. Therefore, it may be argued that, since
simulator experiments often require the driver to perform tasks that
rely on executive attention/cognitive control (e.g., responding to arti-
ficial stimuli, maximising performance on lane keeping), while real-
world crash avoidance may be more governed by more automatised
skills such as braking in response to a looming braking lead vehicle,
mobile phone conversations have increased potential to impact on
performance in the former, but not safety risk in the latter.

Self-regulation, arousal, gaze concentration, task displacement and
the contextual differences between controlled and natural driving
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environments are all potential explanations for the differences in results
observed between simulator and NDSs; and there may be others.
However, as indicated by Caird et al. (2018), both these approaches
have methodological differences which need to be investigated to fur-
ther understand the variety of reporting that has been documented.

4. Assessment of methodological differences

Driving simulator and laboratory-based studies attempt to de-
termine the safety impact of mobile phone conversation using driving
performance metrics. Examples of these metrics include reaction time,
headway and lane positioning and the studies report absolute and
percentage changes to these metrics, going from the undistracted to the
distracted driving condition, suggestive of an increase or decrease in
safety.

In contrast, NDSs have access to documented crash statistics and use
these to derive risk ratios, commonly the “Odds Ratio”, which compares
“crash conditions” to “baseline conditions” (typical driving, non-crash,
scenarios) indicating the relative change in likelihood of crash events
occurring. Odds Ratio determination involves categorisation of data as
well as applying an estimation process to calculate the ratio which may
change across the different studies. Furthermore, research has used the
Odds Ratio as evidence to present both heightened crash risk (Dingus
et al., 2016) and protective qualities (Fitch et al., 2013) with regards to
mobile phone distraction while driving. Accordingly, it is imperative to
understand the assumptions and mechanics of the Odds Ratio metric
used in NDSs.

4.1. Odds ratio calculation method

Several available NDSs which investigated the impact of mobile
phone conversation on driving behaviour have been reviewed (Dingus
et al., 2016; Farmer et al., 2015; Fitch et al., 2015; Hickman et al.,
2010; Klauer et al., 2014; Olson et al., 2009; Victor et al., 2015; Dingus
et al., 2019) to understand the derivation of results and presentation of
conclusions within these studies.

Klauer et al. (2006) presents a clear definition of the odds ratio in
the context of safety studies. The odds ratio measures the frequency of
event occurrence (e.g. number of times a driver is distracted by a mo-
bile phone) relative to the frequency of event non-occurrence (e.g.
number of times a driver is not distracted by a mobile phone). In other
words, the odds of an event occurrence can be considered as the
probability of occurrence divided by the probability of non-occurrence.

Consider the generalised event matrix presented in Table 1. Baseline
conditions reflect non-crash events experienced during the driving
period, while crash conditions reflect all crash and near-crash events
that occur within the sample. Let the probability of a distraction oc-
curring during baseline conditions be denoted by =

+
π n

n n1
11

11 12
, and the

probability of a distraction not being present be defined by
− =

+
π(1 ) n

n n1
12

11 12
. Therefore, under baseline conditions, the odds of a

distraction event occurring can be expressed as =
−

π
π

n
n1

1
1

11
12
. A similar

set of definitions can be formed for crash conditions, assuming that the
probability of distraction occurring is denoted by π2. Thus, under crash
conditions, the odds of a distraction event occurring can be expressed as

=
−

π
π

n
n1

2
2

21
22
.

Consequently, the odds ratio is defined as the odds of distraction

resulting in a crash event divided by the odds of a distraction not re-
sulting in a crash event (baseline conditions).

= =

=
×

×

Odds Ratio OR
Odds of Distraction crash conditions

Odds of Distraction baseline conditions

n n
n n

( )
( )

( )

n
n
n
n

21 12

22 11

21
22
11
12

An odds ratio value less than 1 indicates that the distraction has
protective qualities, while an odds ratio value in excess of 1 suggests
that risk has increases as a result of the distraction. In addition to
presenting the odds ratio, many studies present the 95% confidence
interval of the odds ratio, which is calculated using an estimate of the
standard error of the natural logarithm of the odds ratio (as shown
below):

= + + +Standard Error LN OR
n n n n

( ( )) 1 1 1 1
11 12 21 22

=
− × + + + + × + + +

Confidence Interval %

e e

(95 )

( , )LN OR n n n n LN OR n n n n( ) 1.96 1 1 1 1 ( ) 1.96 1 1 1 1
11 12 21 22 11 12 21 22

As an example, Dingus et al. (2016) present the odds ratio statistic
for ‘Cell talk (hand-held)= 2.2 (1.6–3.1)’. This indicates that the esti-
mated value for the odds ratio is 2.2; however, for 95% confidence of
the estimate, the odds ratio value may range between 1.6 and 3.1. This
statistic provides an indication of the reliability of the estimate and is
critical in evaluating the final conclusions of NDSs.

All NDSs reviewed applied the above methodology to determine the
odds ratio in relation to different mobile phone uses, including making
hand-held phone calls, hands-free phone calls, texting and browsing the
phone. There are a number of aspects of the calculation of the odds
ratio metric which can affect the interpretation of the impacts of mobile
phone distractions on crash risk. Thus this could potentially be a source
for the inconsistency associated with findings across NDSs as well as the
discrepancy between driving simulator studies and NDSs. These aspects
associated with the calculation are discussed in the following sub-sec-
tion.

4.2. Factors contributing to Bias of odds ratios

Recently, Young (2017) presented a re-analysis of the SHRP-2 NDS
data completed by Dingus et al. (2016), which clearly articulates the
potential for bias in estimating the odds-ratio. Young (2017) posits that,
by removing selection bias and confounding bias associated with driver
behaviour errors from the sample, this resulted in a reduction of the
odds ratio from 2.2 (as documented in Dingus et al. (2016)) to 0.72, a
shift from an at risk scenario to a protective one. This clearly highlights
the need to investigate the procedure for estimating the odds ratio and
potentially calling for a set of standards that all driving behaviour re-
search should follow to maintain consistency.

4.2.1. Identification and application of safety critical events
NDSs identify safety critical events (SCEs) to define crash conditions

which are essential for the estimation of odds ratios and other crash risk
estimates. SCEs aim to account for both crash and near crash events
present within the data set (Simmons et al., 2016). However, there are
issues in both the identification and application of SCEs to estimate
crash risk. Identification of SCEs is an evolving field that aligns with
advances in video image processing (Dozza and González, 2013). Ac-
cordingly, depending on the level of technology available in analysing
NDS data there is the potential for variability of identification of SCEs
across different NDSs resulting in inconsistencies between studies.
Furthermore, a majority of SCEs identified in NDS data are associated
with crashes related to following vehicles interacting with a lead ve-
hicle. Thus, this will not capture the breadth of crashes present on a

Table 1
Generalised event matrix.

Frequency of
‘Distraction’ events

Frequency of ‘No
Distraction’ events

Total
conditions

Baseline conditions n11 n12 +n n11 12
Crash conditions n21 n22 +n n21 22
Total events +n n11 21 +n n12 22
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road and crash risks estimated are those related to a particular type of
crash (lead vehicle interactions) (Knipling, 2017).

A key assumption of the Heinrich Triangle, a theory of accident
prevention, is that ‘crashes within the triangle have identical or highly
similar causal factors regardless of the outcome severity’ (Knipling,
2017). Road crashes are heterogeneous in nature and as such contradict
this assumption. However, as NDSs generally capture SCEs, which are
mainly non-crash dynamic events and minor crashes, the Heinrich
Triangle assumption is explicit in the analysis of NDS data. Accordingly,
crash risk estimates derived from existing NDSs may not reflect the
crash risk associated with injury crashes or fatalities (Knipling, 2017),
limiting the impact of the crash risks measured through the odds ratio
and the conclusions derived from such studies.

4.2.2. Sampling procedures used to determine baseline conditions
Estimation of odds ratios within NDSs generally require a “case-

control design” to investigate the impact of distractions on driving
behaviour (Klauer et al., 2006). In the context of driving behaviour
research, this metric measures the association between the presence of
cases (defined in a number of studies as SCEs) and the controls, which
are defined as baseline driving periods. The baseline driving periods
consider the scenario where all non-driving secondary tasks are ex-
cluded. The intention is to remove all other sources of distraction - for
example, eating and drinking or smoking while driving -and focus on a
specific distraction. Even though this case-control approach allows for a
degree of isolation of the focal distraction source, the method to derive
the baseline frequencies can affect the calculation of the ratio.

Data reduction procedures are necessary to identify the presence of
SCEs and also gain an understanding of the impact of the distraction.
Though this is a necessary process, it may be eliminating data essential
to the understanding of the problem; and if this approach is not stan-
dardised across NDSs, it can potentially result in the discrepancy ob-
served across the studies as further evidenced with the study completed
by Young (2017).

The method of collecting ‘baseline frequency data’ (conditions
where there are no distractions and no crashes are recorded) is gen-
erally done by employing a sampling procedure. This procedure in-
volves sampling baseline data events for each participant as a propor-
tion of driving time relative to the total driving time of all participants
in the study (Fitch et al., 2013). For example, in (Fitch et al., 2013), the
total number of hours driven in the data set was calculated and then the
number of baseline periods sampled from each driver is determined by
multiplying the driver’s percentage of driving time (relative to total
hours in the data set) with the total number of baseline periods. Con-
sider a single driver comprised 10% of the total driving time of the pool
of participants and the total number of baseline periods obtained is
1000, then the number of baseline periods sampled from the driver is
10% of 1000, which would be 100 samples.

The issue concerning this method is that the total number of base-
line periods is pre-defined based on a separate sampling procedure that
is not clearly explained in the literature reviewed. In Fitch et al. (2013),
for example, the study simply states ‘The study’s timeline facilitated the
selection and reduction of 2000 baseline periods’, without any clear
description of the validity of using 2000 as a sample size. Variation in
sample sizes of the baseline period can affect the estimation of the odds
ratio, as shown in the example presented in Table 2. In this example, if
the sample size of the baseline periods doubled (from 1000 to 2000),
but the frequency of distraction events did not exactly double, the odds
ratio would change. Table 2 shows that the odds ratio increases from a
protective value of 0.91 to an enhanced crash risk value of 1.11,
highlighting the concerns regarding the estimation procedure. Ac-
cordingly, it is imperative to, clearly define baseline conditions and also
ensure the validity of the sample size used for baseline periods in order
to obtain stability in the odd ratio calculation process.

4.2.3. Definition of ‘baseline driving conditions’
The definition of ‘baseline driving conditions’ varies from study to

study. In Fitch et al. (2013), base condition data are extracted 30 s prior
to the start of mobile phone usage while Victor et al. (2015) considered
base lines of 12 s prior to a crash event or form of distraction. This has
been undertaken by the authors to ensure that the environmental
context for baseline and mobile phone use periods are similar, which is
a reasonable argument. However, there is doubt as to whether the “30 s
prior to mobile phone usage” is appropriate to define base conditions
(Simmons et al., 2016; Young, 2017). There is a possibility that parti-
cipants are anticipating a phone call or distracted by an entirely dif-
ferent event that is not being recorded by the study, and 30 s prior to
the event may not be an accurate reflection of base conditions. The 30 s
value was selected without clear justification, and similar assumptions
have been made within other NDSs when deriving the odds ratio, po-
tentially acting as a source of error. Furthermore, baseline driving
conditions are affected by the state of prevailing traffic. Driver beha-
viour during highly congested stressful peak periods differ from beha-
viour present during lower levels of road congestion (Hennessy and
Wiesenthal, 1997, 1999). This change in behaviour results in variation
between baseline data points and could potentially bias metrics derived
from the data set. There may be the need to account for traffic char-
acteristics through a standardisation approach which to date has not
been documented in the literature. These are aspects that require fur-
ther study to identify the true meaning of base conditions in the context
of these NDS studies.

4.2.4. Independence of variables in the odds ratio
Further to this, it is evident that another key confounding factor of

using the odds ratio is the assumption of independence between the
categories of data defined to calculate the value of the odds ratio. For
example, there is a separation of distracted (mobile phone use) and not
distracted (not using mobile phone) data, when in reality it is possible
that participants may be shifting from one form of distraction to an-
other (task displacement (see Section 3.4): for example, texting or using
the Visual Display Unit). These types of interactions and other cause-
and-effect relationships within driving behaviour are generally not
captured using the odds ratio approach.

4.2.5. Equivalence of ‘Risk rate ratio’ definition with that of Odds ratio
Another confounding factor is the use of the ‘risk rate ratio’ derived

from a risk rate approach as a proxy for the odds ratio (Dingus et al.,
2016). Unlike the case-control approach, the risk rate approach does
not isolate the distraction and considers a baseline which contains the
presence of other distractions (Fitch et al., 2013). The risk rate estimate
can be computed by dividing the number of SCEs during mobile phone
use by the total number of minutes spent using a mobile phone while
driving. This rate is then compared to the risk rate of general driving.
Unlike the odds ratio, the risk rate approach considers the possibility of
distractions other than mobile phone use being present during the

Table 2
Example of the impact of underestimating baseline frequency.

Incorrect Value Frequency of
‘Distraction’ events

Frequency of ‘No
Distraction’ events

Baseline Conditions 220 1000
Crash Conditions 30 150
Total Events 250 1150

Odds Ratio = ×

×

30 1000
220 ‵50

=0.91

Correct Value Frequency of
‘Distraction’ events

Frequency of ‘No
Distraction’ events

Baseline Conditions 360 2000
Crash Conditions 30 150
Total Events 390 2150

Odds Ratio = ×

×

30 2000
360 150

=1.11
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driving activity. Fitch et al. (2013) computed the number of SCEs
during non-mobile phone use divided by the total number of minutes
driving without mobile-phone use. A regression model was then de-
veloped to investigate whether the risk rate for mobile phone use dif-
fered from the risk rate for the baseline conditions. Furthermore, a risk
rate ratio can also be calculated serving as an approximation to the odds
ratio. This approximation may lead to inconsistencies between NDSs
(Fitch et al., 2013). It is not possible to determine whether this ap-
proach is overestimating, underestimating or even accurately assessing
crash risk. However, the different methods affect the estimation of the
odds ratio.

Table 3 presents a summary of the confounding factors which may
potentially impact the calculation of the odds ratio and ultimately the
assessment of safety in the context of the distraction.

4.3. Methodological factors affecting simulator studies

Finally, it is also important to discuss factors that may influence the
results and conclusions of simulation studies. Across the studies that
were reviewed (for example: Beede and Kass (2006); Strayer and Drew
(2004)), the definition of the ‘distracted state’ varied. There were in-
stances where distractions were defined by the action of picking up the
phone while other studies focussed on identifying distracted states
through measurements of deviations in awareness through eye tracking.
These differences in definition can result in variability in the results of
simulation/laboratory-based approaches.

However, upon reviewing both NDSs and simulation/laboratory
studies, the most fundamental observation is the contrasting approach
to measuring the safety implications of mobile phone conversation,
which may be of more importance than any of the above factors.

All NDSs investigated safety from a crash risk perspective.
Simulation studies assessed safety by observing changes to performance
metrics such as speed, reaction time and lateral movements, as these
studies do not have access to real world crash or near-crash event data.
Thus, to appropriately compare the findings between these two forms of
studies, it is essential to distinguish between them based on a ‘perfor-
mance metric’ by extracting relevant data from NDSs and simulation
studies alike.

5. Comparative analysis of driving simulator studies and NDSs

A demonstration comparative analysis of results from NDSs and
simulation studies obtained from available literature is presented in the
following section.

In general, simulation studies completed in the past have not col-
lected or observed real world crash or near-crash data. Accordingly, it is
not feasible to determine odds ratios for these studies. Thus, the re-
analysis involved comparing performance metric data of NDSs and si-
mulation studies.

Across the 11 NDSs investigated, the only set of performance me-
trics available for comparison was obtained from Fitch et al. (2013),

which provided the following data:

• speed (km/hr)

• headway (s)

• time to collision (s)

• standard deviation of lane position (m)/ percentage deviation of
lane position (%).

Simulation studies provided additional performance metrics such as
reaction time, perception response time and following distance.
However, these were not considered for comparison as they could not
be extracted from the NDSs.

5.1. Results of the comparative analysis

Table 4 and Table 5 present a summary of the comparison data for
the simulation approach and naturalistic driving approach, respec-
tively. The tables present the raw mean and standard deviation results
extracted directly from the literature for ‘baseline’ conditions, where no
distractions are present, and ‘distracted’ conditions, where users are
engaged in mobile phone activity. Consistency in the comparison is
maintained as the NDS applied a case-control approach and baseline
conditions were observed by removing the impacts of all other possible
distractions (Fitch et al., 2013).

To understand the impact of the distractions, the percentage dif-
ference in means and the percentage difference in the coefficient of
variation (CV) have also been calculated. The CV, also known as the
relative standard deviation, is a standardised measure of dispersion of
the data set and is calculated by dividing the sample standard deviation
by the sample mean of a data set. The CV provides another measure of
the degree of difference between baseline and mobile phone usage
scenarios.

It is important to highlight that simulator-based studies focus on the
variation in performance metric for a given driving manoeuvre; for
example, a study will measure the variation in speed with and without
the distraction of the mobile phone. In contrast, NDSs will focus on the
impact of a particular mobile phone task and the subsequent impact on
the performance metric. This emphasises the differences between the
approaches.

The analysis of the performance data suggests some similarities
between the two forms of studies. Though some simulator studies in-
dicated an increase in speed with the use of mobile phones, in general,
both sets of data suggest that mobile phone distractions result in a
minor reduction in speed, generally between 2% to 5%. Visual-manual
phone interactions (such as reading, browsing and texting) contained
the greater reductions in speed relative to the auditory-vocal interac-
tions (talking on the phone) which had lesser effect. Furthermore,
mobile phone usage also results in drivers leaving greater headways,
with mean differences between baseline and distracted conditions
varying from 10% to 40%. These are both intuitive conclusions as
drivers are likely to be more cautious whilst multitasking between

Table 3
Confounding factors potentially affecting Odds Ratio calculation.

Confounding Factor Potential Impacts

Identification and Application of Safety Critical Events (SCEs) As SCEs are commonly used as a proxy for crashes in existing NDSs, crash risk estimates may not reflect the crash
risk associated with injury crashes or fatalities reducing the impact of the conclusions.

Sampling of ‘baseline driving conditions’ Underestimation of baseline frequency of ‘no distraction’ events resulting in an underestimation of the odds
ratio.

Definition of ‘baseline driving conditions’ Possibility that baseline conditions include distracted conditions and accordingly reducing the impact of the
distraction and hence a lower odds ratio.

Independence of variables in the odds ratio Inability to capture interactions and cause and effect relationships due to the categorisation of data resulting in
an incomplete perspective of risk by only considering the odds ratio. This could potentially lead to an
overestimation or underestimation of crash risk.

Equivalence of ‘Risk rate ratio’ definition with that of Odds
ratio (Dingus et al., 2016)

Risk rate ratio has been used as a proxy for the odds ratio within Dingus et al. (2016) study, potentially causing
biased results in comparison to other NDS studies.
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manoeuvring the vehicle and using the mobile phone. A remarkable
consistency was observed with the ‘lane positioning variable’ which
indicates that, in both forms of studies, the lane position improved
while drivers communicated using the phone (hand-held communica-
tion). The degree of improvement varied between 5% and 25%. This
could be suggesting that the hypotheses of task displacement and for-
ward gaze concentration allow drivers to focus better on the driving
task at hand. Such a finding is supported by a past driving simulator
study undertaken by Atchley and Chan in 2011 where young drivers
attention to a monotonous road environment improved as a result of
multi-tasking (Atchley and Chan, 2011).

However, there are also differences in trends between the two forms
of studies. The single simulator study which recorded time to collision
reported a 4.7% reduction in time with the presence of a mobile phone
(Strayer et al., 2006). Even though Fitch et al. (2013) show a reduction
in time to collision for three phone activities (dial, browse/read; talk/
listen; end task), two of the activities (locate and answer; talk and
listen) indicate an increase in time to collision. This could be an artefact
of variations in time to collision measurements between studies, but
could also be suggesting that some mobile phone usage activities are
stimulating the driver and heightening his or her awareness, which in
turn increases safety (consistent with the hypotheses of task displace-
ment and arousal presented in Section 3).

The changes in the coefficient of variation highlight the differences
in the magnitude of impact between the two forms of studies. Driving
simulator studies reveal percentage differences of the coefficient of
variation between baseline and distracted conditions that are in some
cases more than 80%, highlighting the significance of the change in
performance metric. However, within the NDS data, the percentage
change in coefficient of variation remains less than 75% in all cases.
Though still significantly different, there is less change within the NDS
performance data analysed. These findings are consistent with the
reasonable conclusions raised by a number of NDS studies (Caird et al.,
2018; Simmons et al., 2016), suggesting that mobile phone usage in the
real world does not pose as great a risk to the driver as what is proposed
in some driving simulator studies.

6. Discussion and conclusions

The overarching aim of this study was to highlight several possible
explanations for the apparent inconsistency in findings between nat-
uralistic driving studies and experimental/simulator studies with re-
gards to the impact of mobile phone conversations. A significant lim-
itation to the study has been access to raw data sources from both NDSs
and simulator studies. Though this paper has provided a demonstration
of the possible approach to reconciling the inconsistency between NDSs
and simulator studies, further detailed research must be conducted to
confirm the approach and the observations presented in this paper.
Overall, the research has provided a foundation of possible psycholo-
gical and methodological reasons that can cause the identified dis-
crepancies.

There may be a number of psychological factors that contribute to
these inconsistencies. These include hypotheses concerning:

• Self-regulation: The possibility for a driver to self-regulate mobile
phone use in the real-world to a greater extent than what may be
allowed in highly controlled experimental settings.

• Arousal: Phone conversations being of higher significance and
arousal in NDSs relative to a simulated environment leading to
greater real-world compensatory driver behaviour.

• Gaze Concentration: Real-world phone conversations enhance en-
ough cognitive loading to improve gaze concentration and as such
longitudinal hazard detection in NDSs.

• Task displacement: Phone conversations may prevent drivers from
engaging in other, more risky, activities in real world scenarios
which cannot be captured in a simulation environment.Ta
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• Controlled versus Automatised performance: Cognitive loading tasks
(e.g., a mobile phone conversation) will impact driving performance
in controlled environments (driving simulator studies), but may not
have an impact on automatized driving performance (NDSs)
(Engström et al., 2017).

It is difficult to offer firm judgements on which of these theories
may be more ‘plausible’ than others in accounting for changes in
driving performance when cogntively loaded simply due to a lack of
empirical research that has set out to test these theories against each
other. However, one recent driving simulator study examined whether
changes in lane keeping performance, when drivers are cognitively
loaded, could be better accounted for by increased arousal or gaze
concentration towards the forward roadway, two of the theories noted
above (Li et al., 2018). While the study found that cognitive load was
associated with improved lane keeping performance, the authors con-
cluded that this effect was likely a result of both increased arousal and
gaze concentration towards the forward roadway ‘working’ simulta-
neously. This prelimimnary research suggests that changes in driving
performance due to cognitive load are likely to be complex, multi-
faceted, and due to multiple mechanisms (e.g., increased arousal and
gaze concentration) being simultaneously active (Li et al., 2018).

From a methodological perspective, it is important to understand
that the two approaches are inherently different and each provides
important information. However, as a result of the differences, they are
difficult to reconcile. NDSs collect real world data of actual day-to-day
driving events whereas driving simulator studies present a controlled
environment in which a researcher can monitor driving performance in
the context of a distraction stimulus. Though the realism of NDSs pre-
sent a rich data source for analysis there is a limitation in understanding
crash risk assessments derived from these studies. Generally, crash
types that are observed and analysed in NDSs are low severity, non-fatal
and non-injury instances and thus crash risks are associated with these
crash types and not serious or harmful crashes which are considered to
have a greater community wide impact. A potential option to reduce
this constraint is to conduct more extensive NDSs that capture high
severity crashes from a larger fleet of vehicles. Furthermore, this lim-
itation can be resolved within simulator studies as a variety of crash
scenarios and distraction events can be tested. However, the weakness
of simulator studies is that the stylised environments may result in
participants displaying behaviour that they would not normally con-
duct in a real scenario. Though these differences exist and reconcilia-
tion is difficult it is important to obtain consistency in the conclusions
concerning the impact of mobile phone conversation on driver safety.

In addition, inconsistency in the analysis of data between NDSs and
driving simulator studies may help account for their discrepant find-
ings. NDSs are designed to measure crash risk while simulator studies
measure changes in driving performance. Once this inconsistency is
resolved, the discrepancies in conclusions from these studies may re-
duce. It was possible, however, to compare speed, headway, time to
collision and lane positioning variables across simulator studies and the
NDS considered in the analysis. There were consistent trends across all
NDS and driving simulator studies for these variables. However, the
degree of difference between baseline and distracted conditions was
greater in magnitude within simulator studies compared to NDSs,
suggesting more significant risks for the driver when partaking in mo-
bile phone use during simulator studies as well as small sample con-
tributions. This is consistent with the relatively moderate performance
results presented in most NDSs.

A fundamental difference between NDSs and driving simulator
studies is the assessment of risk. Driving simulator studies do not in-
vestigate crash risk. They collect driving performance data with and
without the presence of distractions and provide an assessment on the
potential risks associated with the change in performance. In general,
these studies do not collect crash data and, thus, it is not feasible to
obtain a crash risk assessment of the impact of the phone conversation,

especially based on the odds ratio measurement.
There are three future research directions, deriving from the re-

search discussion, which will be of benefit for crash risk assessment
using NDSs and driving simulators in the future:

• Accessing raw NDS data to investigate the calculation of the
Odds ratio: As highlighted in the report, there are many confounds
related to the estimation of the odds ratio. Accordingly, a beneficial
study would be to conduct an in-depth investigation of the methods
used to derive the odds ratios metric with a particular focus on
understanding the sensitivity of the metric based on the different
interpretations and measurements of baseline conditions in NDSs.

• Simulator studies investigating crashes and near-crashes: As
noted within the paper, the greatest hurdle in comparing simulator
studies and NDSs is the fact that simulator studies do not collect
real-world crash data. Further research should be conducted into
relating performance metrics that are generally extracted from si-
mulator studies, which can also be collected in NDSs to understand
relationships with crash risk.

• Simulator studies which attempt to replicate crash and near-
crash events observed in NDS studies: Replication of crash events
and near-crash events in simulator studies can provide the ideal base
to compare the results of NDSs and simulator studies to identify if
there are systematic differences between the two data collection
methods.

It must be acknowledged that there are systematic differences be-
tween simulator and naturalistic driving studies which both contain
strengths and weaknesses.

Simulator studies provide control, while naturalistic studies provide
greater realism; and, as suggested by (Caird et al., 2018), both meth-
odologies are key to understanding more about driving safety. How-
ever, as explained in the present paper, there must be standardisation
and transparency surrounding both simulator studies and NDSs to en-
sure comparable and replicable research into the future. Specifically,
standard guidelines for the estimation of the odd-ratio will reduce the
potential for bias that can overestimate or underestimate crash risk. In
addition, ensuring common performance metrics across studies offers
comparability and consistency of evaluations between the two formats.
Improved appraisal of crash risk and safety assessment in the context of
mobile phone conversation will yield to improved and, most im-
portantly, globally consistent legislation surrounding mobile phone use
in vehicles potentially leading to a safer road environment for all users.
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