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A dramatic increase in talking on the phone whilst driving has been seen over the past decades, which posed a significant safety
threat on the whole society consequently. Studies on the topic regarding the effect of phone conversations on drivers’ driving
performances have never come to a cease, especially on the studies of drivers’ brake response times. However, few studies focus on
the relationship between situation criticality and the effect of cognitive load on drivers’ brake responses. To better understand it, a
driving simulator experiment with two braking scenarios corresponding to two levels of situation criticality was conducted in this
study. Participants were asked to follow a lead vehicle as they normally did and answer arithmetic problems (simple and complex)
in three phone modes (baseline, hands-free, and handheld) in the meantime. Drivers’ brake response times to the lead vehicle
under five conditions were collected and fitted in accumulator models, in which visual looming and brake lights onset were
included as the sensory cues. Results demonstrated that the previously proposed mechanistically explicit simulation model was
able to predict drivers’ brake response times on different levels of cognitive load and the increased effect of cognitive load on
drivers’ brake response times in less critical situations was demonstrated in this paper as well.

1. Introduction

Driver distraction is one of the main reasons for road ac-
cidents, accounting for 10%, 37%, 10.7%, and 16% in New
Zealand, Spain, Canada, and the USA, respectively
[1, 2, 3, 4]. Among all types of distractions, while driving, the
distraction caused by cell phones is relatively high [5]. In a
survey conducted by Wogalter and Mayhorn [6], it was
reported that 81% of the participants (n� 191) used a cell
phone while driving. In China, the proportion of road in-
cidents caused by cell phone use in 2014 is 47.2% [7]. Due to
the common use of cell phones and the potential risk they
may cause, approximately 44 countries have banned the use
of handheld phones while driving [8, 9, 10].

Studies focusing on the effect of cell phones conversation
whilst driving over the past decades have shown that driving
performances were greatly degraded [11, 12, 13, 14,
15, 16, 17, 18], for example, reaction time to events, lateral
and longitudinal vehicle control, and glance behaviour. One
of the most often studied performances, as a result of cell
phone conversations, is the reaction time. Generally, drivers’
reaction times became larger while involved in cell phone
conversations [19, 20, 21, 22, 23, 24]; for example, Caird et al.
[23] found an average increase of 0.25 s in reaction time for
all types of phone-related tasks in a comprehensive meta-
analysis study. Haque and Washington [24] found that
drivers’ reaction times were 40% longer in the distracted
condition compared with the baseline (not distracted).
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In addition to the comparison between cell phone
conversation and no phone conversation, the effect of dif-
ferent cell phone types (hands-free vs. handheld) on reaction
time has been studied as well [19, 25, 26, 27, 28]. Some
studies found that talking on a handheld phone had a longer
reaction time than talking on a hands-free phone [25, 29].
However, different opinions existed as it was found that
talking on a hands-free phone did not offer any advantages
on drivers’ responses when compared with a handheld one
[19, 26, 27, 28]; for example, by conducting a peripheral
detection task while driving on the motorway, Patten et al.
[26] found no benefit of a hands-free phone over a handheld
phone. Instead, a significant increase in reaction time was
found when the conversation content is complex compared
with a simple conversation. It seems that the content and the
level of emotional intensity attached to the conversation
have a significant influence on the reduction of drivers’
brake responses [30]. ,e same conclusions could be found
in the studies of Caird et al. [23] and Choudhary and Velaga
[31] as well.

As summarised here, both the effects of conversation
mode and conversation complexity on drivers’ reaction times
have been studied by dozens of papers. However, it seems that
few researchers focus on the relation between situation
criticality and the effect of phone conversation on drivers’
brake response time. Actually, the phone conversation dis-
tracted drivers by producing cognitive load on the drivers
[16, 19]. Engström [32] verified that the effect of cognitive
load on drivers’ brake responses could be affected by situation
criticality by conducting a simple linear regression model.
Initial time headway was adopted in the linear regression
model to measure the situation criticality. Results demon-
strated that the longer the initial time headway, the larger the
effect of cognitive load on drivers’ brake responses. However,
why does this effect depend on initial time headway and how
drivers perceive time headway information and use it to
determine when to apply braking were still not clear. To
further explain the key underlying mechanisms, Engström
et al. [33] outlined amechanisticmodel with the data from the
meta-analysis. Visual looming, which is produced by the
sudden braked lead vehicle moving towards the subject was
adopted in this model to measure situation criticality. ,e
results obtained in this study offered a straightforward ex-
planation for why the effect of cognitive load on drivers’ brake
responses depends on situation criticality. However, of the
studies included in the data, both Alm and Nilsson [34] and
Strayer and Drews [20] conducted studies between younger
and older drivers. Slower reactions were found for older
drivers in both of the two studies, which made it difficult to
distinguish whether the effect of long reactions was attributed
to cognitive load or the age, or a mixed effect of them. Xue
et al. [35] conducted a comparison between the multilevel
model and the accumulator model. ,e accumulator model
tested in that paper not only provided a powerful means of
predicting drivers’ brake response time, but also a plausible
account of the mechanism underlying drivers’ uses of visual
looming information for deciding on brake activation.

To further test the relation between situation criticality
and the effect of cognitive load on drivers’ brake responses

and better understand the underlyingmechanism on drivers’
brake responses, data collected from a driving simulator
study was fitted in the accumulator model in this paper.
Comparing with the study of Engström et al. [33], this paper
developed in three principal ways. (1) Participants’ ages were
restricted in this experiment to eliminate the possible effect
of age on drivers’ responses. (2) ,ree phone types and two
kinds of conversation complexity were included in the ex-
periment to examine whether the proposed model in
Engström et al. [33] could provide a good prediction for
different combinations of cognitive load levels. (3) ,e lead
vehicle would brake twice in each conversation condition,
with the first brake assumed to be less critical and the second
brake assumed to be more critical. ,e increased effect of
cognitive load on drivers’ brake response in noncritical lead
vehicle braking scenarios would be tested (see Section 2.2 for
detailed experiment design).

2. Methods

2.1. Equipment. ,e equipment used in this experiment is
Beijing Jiaotong University (BJTU) driving simulator (as
shown in Figure 1).,e simulator was produced by Realtime
Technologies Inc., USA. It is composed of a realistic cabin of
Ford Focus and automatic gearbox, gas/brake pedal, and
other components are in full accordance with the real ve-
hicle. ,e simulator with a shaking simulation system and a
linear motion base is capable of operating with a single
degree of freedom (the rotation of pitch). ,e simulator
adopted in this study was very similar to the one used by the
Western Transportation Institute (WTI), where both its
physical and behavioural fidelity were demonstrated. Studies
have shown that no statistically significant difference was
found for the brake response time between simulator studies
and test track, which supported the relative validity of the
driving simulator. ,e driving scenarios are designed with
SimVista and projected on five screens to realise a driver’s
300-degree field of front view, each screen with a resolution
of 1400×1050 pixels.

2.2. ScenarioDesign. ,e experimental road designed in this
study was a two-lane urban road with a speed limit of 80 km/
h.,e lead vehicle was stationary on the driving lane with its
brake lights on. When the participant was 55m behind the
lead vehicle, the lead vehicle began to accelerate and fol-
lowed the predefined speed (as shown in Figure 2). ,e lead
vehicle braked (always with its brake lights on) twice in each
drive, with the deceleration rate of 4m/s2 and 6m/s2, ac-
cordingly. ,e first deceleration point was 465m away from
the lead vehicle’s start point (around 40 s), and the second
deceleration point was 210m away from the first one. ,e
lead vehicle reduced its speed when it drove to the decel-
eration point and followed the predefined speed until it
reached the next one. High-density traffic flow was designed
on the other lane to simulate the real traffic situation.

,e purpose of this study is to see the role of situation
criticality in affecting the effect of cognitive load on drivers’
brake response. ,ree cell phone conversation modes, that
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is, baseline (no cell phone conversation involved), hands-
free cell phone, and handheld cell phone, together with two
conversation contents (simple vs. complex) were designed to
produce different levels of cognitive load on participants.
,e cell phone adopted in this study was a Nokia E5 one,
with dimensions of 115mm× 58.9mm× 12.8mm. ,e
phone conversion distracted drivers by asking some simple
arithmetic problems, that is, single-digit and double-digit
addition and subtraction, corresponding to the two levels of
conversation difficulty. Participants were instructed to an-
swer the phone as fast and accurate as they could. For the
formal experiment, the duration of one drive was about
5min, and each participant drove five times under five cell
phone use conditions so that participants in this experiment
had a total driving time of about 25min. To eliminate the
experiment order effect, the order of each drive was
counterbalanced between each participant. Definitions of
the two conversation modes and the two conversation
contents are stated below.

Hands-free conversation with simple content (HFS): the
cell phone was placed on the dashboard and drivers can hear
through a loudspeaker without using a hand to hold it.
Drivers were asked to answer problems of single-digit ad-
dition and subtraction; for example, what is the answer to
two and five?

Hands-free conversation with complex content (HFC):
the only difference between HFS and HFC is the difficulty of

arithmetic problems; for example, what is the answer to
twelve and twenty-seven?

Handheld conversation with simple content (HHS): the
cell phone should be held in the driver’s hand and positioned
close to the ear. ,e arithmetic problems were similar to the
ones in HFS.

Handheld conversation with complex content (HHC):
the conversation mode is the same as in HHS while the
conversation content is similar to the ones in HFC.

2.3. Participants and Procedure. A total of 45 participants
were recruited for this experiment. ,ree of them were not
able to complete the experiment due to the motion sickness.
,us, behaviour data of 42 participants (21 males and 21
female) aging from 30 to 40 years (M� 34.33, S.D.� 2.99)
were collected eventually. Each participant held a valid
Chinese driving license and had driving mileage of
30,000 km at least. Upon arriving at the BJTU Driving
Simulator Lab, participants were briefed on the require-
ments of the experiment and completed an informed con-
sent form. Participants were told to follow a white vehicle as
they normally would and they were given at least 10 minutes
of driving training, including accelerating and decelerating
to a specific speed. Participants were not aware of the sudden
brake of the lead vehicle in the formal experiment and they
were not allowed to overtake the white vehicle as well. For

(a) (b)

Figure 1: Illustration of the driving simulator system.
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the formal experiment, each participant had to drive five
times and would rest for at least 5min between the drives.
Participants who completed the experiment successfully
would receive 200 RMB (around 28 USD) as their payment.

2.4. Modelling Drivers’ Brake Response Time

2.4.1. Accumulator Model. In this study, drivers’ brake re-
sponse time was measured from the lead vehicle’s brake
onset to the brake response of the following vehicle. ,e
model adopted here to investigate drivers’ brake response
mechanism underlying was the accumulator model, which
was based on the evidence accumulation framework de-
veloped by Markkula [36]. In the accumulator model, there
is a gradual process of accumulation of evidence over time.
And the accumulator model included both looming cues and
brake lights provided a better model fitting than the
looming-only version of the model [35]. ,us, in this study,
both visual looming and the lead vehicle’s brake light onset
were included in the accumulator model, as two types of
sensory evidence. ,e looming signal in this paper was
represented by _θ and τ− 1, respectively. ,e angular pro-
jection of an object on the subject’s retina is defined as θ,
with _θ being the angular expansion rate [37]. And τ− 1 � _θ/θ ;
the optical variables θ and _θ can be calculated by the fol-
lowing formulas [37]:

θ � 2 · arctan
W

2d
 ,

_θ � −
Wvrel

d
2

+ W
2/4 

,

(1)

in whichW is the width of the lead vehicle, d is the distance
from the driver’s eyes to the tail of the lead vehicle, and vrel is
the relative speed of the two vehicles. And the brake lights
input was represented by b, which is set to 1 from the lead
vehicle’s brake onset. An accumulator model including both
visual looming and drivers’ reactions to brake lights was thus
defined:

dA(t)

dt
� WlL(t) + WBb + C − M + ε(t), (2)

where Wl and WB are weights of the two inputs and ε(t) is
noise, which follows ε(t) ∼ N(0, σ). A braking response is
generated when A(t)≥A0 � 1. L(t) is one piece of looming
evidence and represented by _θ(t) or τ− 1(t). C represents five
phone conversation conditions, that is, CB is no phone
condition; CHF_S and CHF_C are hands-free conversations
with simple and complex content; CHH_S and CHH_C are
handheld conversations with simple and complex content,
respectively. −M can be interpreted as the sum of negative
gating together with all the other available evidence for and
against the drivers’ brake action [36]. To performmaximum-
likelihood fitting of the mechanistic models on the dataset,
all model parameters were searched on a uniformly spaced
grid. For each combination of parameters, 200 simulations
were run for each of the five conversation conditions. A
numerical distribution of predicted brake response time was

thus generated per scenario, for each combination of pa-
rameters and the maximum-likelihood parameterisation;
that is, the one which yielded probability distributions under
which the observed data were maximally probable, was
retained. To simplify the best parameterisation searching
process, WB and −M are combined into one parameter,
represented by WB and the search range for each parameter
was listed in Table 1.

2.4.2. Data for Model Fitting. In this experiment, 210
(42× 5) recordings were collected in total. However, as the
headway distance was not controlled in the experiment, not
all the participants were able to follow the lead vehicle when
the lead vehicle’s brake onset. Recordings with time headway
larger than 5 s were thus excluded. ,erefore, only 84 re-
cordings were included for the first braking scenario and 132
recordings were kept for the second braking scenario. As a
follow-up study of Engström et al. [33], recordings within
each drive were sorted into nine groups regarding their
initial time headways (ITHWs). Drivers’ mean brake re-
sponse times (BRTs) within each ITHW group were cal-
culated as the observations to fit the accumulator model.
Table 2 shows the data prepared for model fitting.

3. Results

3.1. ?e First Braking Scenario. Figure 3 shows the distri-
bution of BRTs under baseline and four conversation con-
ditions. ,e black squares and whiskers show average BRTs
and related standard deviation on 95% confidence interval,
respectively. Paired t-tests were conducted between each of
the two conditions with a significant level at 0.1. Significant
differences can be found between baseline and all the other
four conversation conditions. Overall, drivers’ brake response
times increased when they were involved in conversation
tasks, whatever phone mode and conversation content are.
But when drivers are involved in phone conversations, the
difference between phonemodes (hands-free vs. handheld) or
conversation content (simple vs. complex) is not significant.
For the same conversation content, for example, for the
simple group, no significant difference is found between
hands-free conversation and handheld conversation. Even for
the same conversation type, the difference between simple
and complex content is not significant.

As Engström [32] tested, the effect of cognitive load on
drivers’ response to the lead vehicle depends heavily on the
ITHWs. ,e correlation between BRTs and ITHWs in this
experiment was then examined by Spearman’s nonpara-
metric test. As shown in Figure 4, significant correlations
between ITHWs and BRTs are found in all the five condi-
tions. To further explore the effect of cognitive load on the
stimuli-response mechanism underlying, accumulator
models fitting on the mean BRTs within each ITHW group
using _θ and τ− 1 are adopted, respectively. Table 3 shows the
best parameterisation obtained for the grouped dataset using
grid search with maximum-likelihood estimation. ,e AIC
here indicated that the model with visual looming repre-
sented by _θ fitted slightly better than the one represented by
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τ− 1 (197.8 vs. 202.4). With the best parameterisation listed in
Table 3, Figures 5 and 6 show the mean BRTs generated by
the simulation for different groups of ITHWs, using _θ and
τ− 1, respectively. ,e shaded areas represent the standard
deviation of the modelled BRTs and the lines in the central
shaded areas represent the average modelled BRTs. Ob-
served mean BRTs are included in the plots as well, indicated
by asterisks. Generally, mean BRTs become larger with the
increase of the ITHWs and the BRTs variabilities increase
with the ITHWs as well. Meanwhile, when comparing no
phone with hands-free conditions, the effect of cognitive
load on BRTs increases with the ITHWs (reflected by the
steeper slope). However, the increased effect of cognitive
load on BRTs is not significant between no phone and
handheld conditions, especially for the handheld conver-
sation with complex content.

3.2.?e Second Braking Scenario. Figure 7 shows all the 132
recordings of the second braking scenario under five con-
versation conditions. It should be noticed that drivers react
faster in this group compared to the first braking scenario. In
the first braking scenario, drivers generally spent 1.5 s to
respond to the lead vehicle’s sudden brake when they were
involved in a phone conversation. In the second braking
scenario, drivers reacted faster even when they were talking
on the phone, and it could be found that drivers’ mean BRTs
in five conditions are very close to each other. No significant
difference is found between each of the five conditions by
conducting a paired t-test. Again, significant correlations
between ITHWs and BRTs could be found in all the five
conditions. Results are shown in Figure 8. Table 4 shows the
best parameterisation for the second braking scenario. With
the results shown in Table 4, better model fitting could be
found when using τ− 1 compared with _θ (143.4 vs. 167.6).,e
modelled mean BRTs and related variabilities are shown in
Figures 9 and 10. Similar to the first braking scenario, both
modelled mean BRTs and the variabilities increase with the
ITHWs. However, no increased effect of cognitive load on
BRTs is observed between no phone and any type of con-
versation conditions, using neither _θ nor τ− 1.

4. Discussion

One goal of the study was to investigate whether the model
proposed in Engström et al. [33] could be implemented on
different levels of cognitive load. A driving simulator ex-
periment with three phone conversation modes (baseline,
hands-free, and handheld) and two conversation contents
(simple and complex) was designed to produce different
levels of cognitive load. Results in Section 3.1 and Section 3.2
indicated that the previously proposed stochastic mecha-
nism model fitted well on different levels of cognitive load.
,e two measures adopted in the accumulator model to

Table 1: Parameter search range.

Parameter
Searched values

_θ τ− 1

Wl {20, 21, 22, . . ., 40} {1, 2, 3, . . ., 10}
WB {−1, −0.9,−0.8, . . ., 1} {−1, −0.9,−0.8, . . ., 1}
CB {0, 0.02, 0.04, . . ., 0.3} {0, 0.02, 0.04, . . ., 0.3}
CHF_S {0, 0.02, 0.04, . . ., 0.3} {0, 0.02, 0.04, . . ., 0.3}
CHF_C {0, 0.02, 0.04, . . ., 0.3} {0, 0.02, 0.04, . . ., 0.3}
CHH_S {0, 0.02, 0.04, . . ., 0.3} {0, 0.02, 0.04, . . ., 0.3}
CHH_C {0, 0.02, 0.04, . . ., 0.3} {0, 0.02, 0.04, . . ., 0.3}
σa {0.12, 0.14, . . ., 0.4} {0.12, 0.14, . . ., 0.4}

Table 2: ,e dataset for analysis.

First braking scenario Second braking scenario
Lead vehicle’s speed (m/s) 13.88 11.11
Lead vehicle’s deceleration rate (m/s2) 4 6
Following vehicle’s average speed (m/s) 14 11.28
Lead vehicle’s width (m) 2 2
Time headway range (s) {1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5}
Number of recordings 84 132
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Figure 3: Drivers’ brake responses to the first braking scenario
under five conditions (black square and whisker indicate the mean
value and standard deviation on 95% CI, resp.).

Journal of Advanced Transportation 5



N = 23

rs = 0.66
P < 0.01

0

5

Br
ak

e r
es

po
ns

e
tim

e (
s)

0 5
Time headway (s)

(a)

N = 20

rs = 0.50
P = 0.03

0

5

Br
ak

e r
es

po
ns

e
tim

e (
s)

50
Time headway (s)

(b)

N = 13

rs = 0.74
P < 0.01

0

5

Br
ak

e r
es

po
ns

e
tim

e (
s)

50
Time headway (s)

(c)

N = 13

rs = 0.68
P = 0.01

0

5

Br
ak

e r
es

po
ns

e
tim

e (
s)

0 5
Time headway (s)

(d)

N = 15

rs = 0.83
P < 0.01

0

5

Br
ak

e r
es

po
ns

e
tim

e (
s)

50
Time headway (s)

(e)

Figure 4: Drivers’ brake response times as a function of time headway, in the first braking scenario. (a) No phone N� 23. (b) Hhands-free
(simple) N� 20. (c) Hands-free (complex) N� 13. (d) Handheld (simple) N� 13. (e) Handheld (complex) N� 15.

Table 3: Best parameterisation for accumulator model using _θ and τ− 1, for the first braking scenario.

Parameter
Looming signals

_θ τ− 1

Wl 37 8
WB 0.4 −0.2
CB 0.14 0.22
CHF_S 0 0
CHF_C 0 0
CHH_S 0.04 0.14
CHH_C 0.16 0.22
σa 0.3 0.36
AIC 197.8 202.4
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quantify visual looming, _θ and τ− 1, both increase as the
threat draws nearer. Although the two measures have been
adopted in many previous studies [38, 39, 40], few of them

compared the two measures and drew a conclusion on the
efficiency of the two measures in quantify looming. In both
of the two braking scenarios designed in this study,
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Figure 5: Simulation results versus observations obtained from simulator experiments, using _θ. (a) No phone. (b) Hands-free (simple). (c)
Handheld (simple). (d) Hands-free (complex). (e) Handheld (complex).
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Figure 6: Simulation results versus observations obtained from simulator experiments, using τ− 1. _θ. (a) No phone. (b) Hands-free (simple).
(c) Handheld (simple). (d) Hands-free (complex). (e) Handheld (complex).

Journal of Advanced Transportation 7



accumulator model fitted better by using τ− 1 (see AIC values
listed in Tables 3 and 4). Although in the first braking
scenario, a smaller AIC was obtained for model fitted with _θ,
the τ− 1 AIC between the two models was in the range of four
to seven, indicating that the τ− 1 model could be plausible as
well [41, 42]. In this way, the results generated here were
consistent with the findings in Xue et al. [35], which sug-
gested that the visual looming information drivers adopted
to take a brake response was more similar to τ− 1.

Generally, in both of the two braking scenarios, drivers’
mean BRTs and related variabilities increased with ITHWs
in any conversation conditions. When making a brake
decision, both cognitive loaded and nonloaded drivers have
to rely on automatic responses to looming, and the time
when looming accumulated to a threshold depends heavily

on ITHW. If the looming at lead vehicle’s onset is weak, that
is, large ITHW, it would take a long time for drivers to
accumulate to the threshold [35]. And a longer accumula-
tion process allows more random drifts till reaching the
accumulation threshold, which made the variabilities in-
creased with increased ITHWs as well.

In addition, drivers’ BRTs in hands-free conditions in-
creased faster with the increase of ITHWs compared with
baseline in the first braking scenario; that is, the effect of
cognitive load on drivers’ BRTs increased with the increase
of ITHW. For example, when the ITHW equals 1.5 s and
BRTwas 0.94 s for baseline and 1.06 s for HFS, the difference
between the two conditions was 0.12 s. But the difference
between the two conditions could be 0.83 s (1.59 s vs. 2.42 s)
when ITHW equals 4 s. And the increased effect of cognitive
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Figure 7: Drivers’ brake responses to the second braking scenario under five conditions.
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Figure 8: Drivers’ brake response times as a function of time headway, in the second braking scenario. (a) No phoneN� 29. (b) Hands-free
(simple) N� 27. (c) Hands-free (complex) N� 22. (d) handheld (simple) N� 29. (e) Handheld (complex) N� 25.

8 Journal of Advanced Transportation



load on BRTs went slightly faster in HFc than in HFS.
According to the cognitive control hypothesis proposed by
Engström et al. [43], cognitive load impaired aspects of
driving rely on cognitive control but left the automatized
aspects unaffected. Brake lights function as an alarm signal
indicating the lead vehicle’s brake; drivers were not likely to
brake automatically once they saw the brake lights onset in
their real-world driving. However, after repeated exposures
to the lead vehicle’s sudden brake, drivers may learn to brake
once they saw the lead vehicle’s brake lights onset. ,is
aspect of stimuli-driven response can be regarded as

cognitive control resources [44]. For a nonloaded driver, the
driver’s response partly relies on the top-down orienting of
attention triggered by brake lights and partly relies on
bottom-up driven by visual looming. However, for the
cognitively distracted drivers, their abilities to respond to the
brake lights were affected, which made them have to rely
more on looming information. ,e findings here seemed to
be consistent with the idea that cognitive load affects drivers’
brake responses by impairing their use of specific predictive
cues [22, 44, 45]. However, no significant increased effect of
cognitive load on drivers’ BRTs was found between baseline

Table 4: Best parameterisation for accumulator model of brake response time using _θ and τ− 1, respectively.

Parameter
Looming signals

_θ τ− 1

Wl 23 3
WB 0.2 0.2
CB 0.24 0.08
CHF_S 0.2 0.08
CHF_C 0.22 0.06
CHH_S 0.24 0.06
CHH_C 0.22 0.06
σa 0.24 0.22
AIC 167.6 143.4
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Figure 9: Simulation results versus observations obtained from simulator experiments, using _θ. (a) No phone. (b) Hands-free (simple). (c)
Handheld (simple). (d) Hands-free (complex). (e) Handheld (complex).
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and handheld conversation conditions, reflected by the more
parallel lines in Figures 5 and 6. For handheld conversations,
drivers could be more cautious with their eyes always on the
lead vehicle while driving. Once the lead vehicle’s brake
lights onset is seen, drivers may prefer to brake firstly while
the secondary task is ignored. Drivers’ eye movement be-
haviour could be investigated in further study to explore
whether the results found in this paper were related to
drivers’ fixations on the lead vehicle.

It should be noticed that the increased effect of cog-
nitive load on BRTs in the second braking scenario can be
barely seen as well, whatever the phone mode and content
are. No benefit of hands-free phone over hand-held phone
was observed in this braking scenario. Two aspects could be
taken into consideration with respect to the results ob-
tained in the second braking scenario, that is, situation
criticality and braking scenario exposure order, or a mixed
strategy of them. Actually, the lead vehicle decelerated
more moderately (4m/s2) in the first braking scenario
compared with the second braking scenario (6m/s2).
Looming in the second braking scenario thus increased
faster, due to the harder brake induced by the lead vehicle.
Drivers may rely more on automatic cues (visual looming)
than brake lights, which made the cognitively loaded

drivers less affected. Another possibility for this is the
exposure order. ,e second braking scenario always came
after the first one, which made the second braking scenario
expected to some extent. Drivers’ responses could be de-
veloped with expectation [44, 46], which made the dif-
ference between baseline and cognitive load conditions
become relatively small. However, as the phone conver-
sation was within subjects factor, the effects of repeated
exposures on drivers’ BRTs have not been examined in this
study. ,e order of the phone conversations was coun-
terbalanced between participants in this study; the number
of samples included in each conversation for the strin-
gently first unexpected brake was less than nine. ,e
sample size was too small to conduct a statistic analysis.
Besides, the effect of exposure order should be tested on the
same situation criticality; the driving speed, lead vehicle’s
deceleration, and ITHW were different, that is why the
effect of braking exposure order was not tested in this
study.

5. Conclusions

Aiming to see how the situation criticality affects the effect of
cognitive load on drivers’ brake responses, a driving
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Figure 10: Simulation results versus observations obtained from simulator experiments, using τ− 1. (a) No phone. (b) Hands-free (simple).
(c) Handheld (simple). (d) Hands-free (complex). (e) Handheld (complex).
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simulator experiment with two braking scenarios was thus
conducted in this paper. Accumulator models fitting on both
of the two braking scenarios with two measures ( _θ and τ− 1)
were compared. Overall models using τ− 1 as the visual
looming cue seemed to be preferable over the models using
_θ. And no benefit of hands-free phone over handheld phone
on drivers’ brake responses was observed in this study due to
the situation criticality. A consistent conclusion could be
drawn from both of the two braking scenarios; that is, the
effect of cognitive load on drivers’ BRTs decreased with the
increase of situation criticality. Generally, results generated
by the stochastic mechanism models in this paper replicated
the key findings in Engström et al. [33] and demonstrated
that the model could be used to model drivers’ BRTs on
different levels of cognitive load. ,e mechanistic model
tested here can be adopted for the design of Forward
Collision Warning (FCW) systems. By examining drivers’
cognitive load and detecting the surrounding situation ur-
gency, the timing of a FCW can thus be calculated and the
strengths of FCW can be designed to better remind the
drivers of the potential collisions.
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