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Background: Driving under the influence of alcohol severely increases crash risk. Impairment
detection during driving is therefore key to improve traffic safety. However, future detection
systems need to capture impairment for more reasons than alcohol intoxication and must also
function in all driving modes (manual, assisted, autonomous). Driver Monitoring Systems (DMS)
are promising candidates for such broader impairment detection.

Method: A test track study investigated the effects of alcohol intoxication on drivers’ visual
behavior both when just driving and when engaged in a non-driving related task. Twenty-six
participants performed two drives: 1) sober baseline, 2) with a target blood alcohol concentra-
tion of 0.1%. The participants drove in either manual, assisted, or autonomous drive (AD) mode.
Results: Intoxication influenced glance behavior in all driving modes. It was most evident during
visually demanding non-driving related tasks where it resulted in longer single and total off-path
glance durations. Additionally, when just driving in manual mode, almost one third of the drivers
displayed gaze concentration to the forward roadway when intoxicated. For sober driving, the
difference in visual behavior between manual and assisted mode were moderate. In contrast,
there was a huge shift towards longer off-path glances, lower percent road center, and lower off-
path glance frequency in AD mode.

Conclusions: Intoxication clearly affects drivers’ on/off road glance behavior. However, it is
necessary to account for both driving mode and engagement in non-driving related tasks to
reliably distinguish sober from drunk driving. Glance metrics has the potential to serve as a sub-
set of indicators for a broader DMS-based detection of impaired driving, which can inform the
decisions on when to activate in-vehicle countermeasures.

1. Introduction

The detrimental effects of alcohol on road safety are well-known and empirically established. For example, according to the
Swedish national road administration, 28% of Swedish fatal crashes in 2020 involved an intoxicated driver (SNRA, 2020). Of those,
19% involved alcohol only, while the remaining 9% involved drugs or a combination of alcohol and drugs. These numbers correlate
well with global statistics, which estimate that up to 35% of the motor vehicle fatalities are related to alcohol impairment (NHTSA,
2017; Valen et al., 2019; World Health Organization, 2018). Additionally, there is a well-established dose-dependent increase of
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relative crash risk as a function of blood alcohol concentration (BAC). Relative crash risk is clearly elevated at BAC 0.04-0.05%, and
increases exponentially for BAC greater than 0.1% (Blomberg et al., 2009).

Many types of countermeasures to combat drunk driving have been tried, ranging from public education campaigns to alcolocks in
vehicles (Ferguson, 2012). However, given the current crash statistics for Sweden and other countries, it is safe to say that more needs
to be done.

From a car manufacturer’s perspective, the most straightforward way to minimize risk when drivers are impaired is to apply
countermeasures directly in the vehicle. For instance, recent advances have been made using passive breath analyzers for in-vehicle
detection of alcohol specifically (Lukas et al., 2017; Zaouk et al., 2019). However, since impairment can stem from more sources than
alcohol (e.g., other drugs, sudden sickness, sleepiness), it is important to develop detection methods that go beyond detecting alcohol
specifically. A broader detection method that captures impaired driving in general, regardless of the underlying cause, will cover more
impaired states and have a higher positive impact on traffic safety.

To address impaired driving, one must solve two problems. The first is detection, i.e., being able to empirically determine when
drivers are deviating so far from their normal behavior that they can be classified as impaired. The second is what to do once
impairment is detected, i.e., how to leverage a vehicle’s Advanced Driving Assistance Systems (ADAS) in such a way that the risk
elevation that stems from impaired driving is mitigated without causing too much driver irritation in case of false detections. In this
study, while acknowledging the difficulties of the second problem, we only focus on the first, i.e., finding ways to reliably detect
impairment while driving.

Numerous laboratory studies have demonstrated that BAC has a negative effect on the cognitive functions and skills essential for
safe driving, such as the capacity for divided attention, executive functions, perception, psychomotor skills, reaction time and vigi-
lance. Furthermore, these effects occur at BAC levels equal to, or much below, the legal limit in many countries (e.g., see reviews by
Garrisson et al., 2021; Jongen et al., 2016; Moskowitz & Fiorentino, 2000; Moskowitz & Robinson, 1988).

In driving simulator studies, BAC has been shown to influence a wide range of performance measures including standard deviation
of lane position (SDLP), the number of lane excursions, response times to unexpected safety—critical events, car-following performance,
and standard deviation of speed (Irwin et al., 2017; van Dijken et al., 2020; Yadav & Velaga, 2019, 2021). A review by Irwin et al.
(2017) concluded that SDLP is both the most studied and the most sensitive of these metrics.

Additionally, a review by Martin et al. (2013) concluded that BAC and task complexity are the most relevant variables when trying
to observe impaired driving performance. While a visually demanding non-driving related task (NDRT) can reduce driving perfor-
mance in terms of SDLP in its own right (Irwin et al., 2015), the combined effects of alcohol and NDRTs interact to further reduce
driving performance (Harrison & Fillmore, 2011; Rakauskas et al., 2008; Van Dyke & Fillmore, 2015). Also, a recent driving simulator
study by Ahlstrom et al. (2023) found that with increased levels of alcohol, drivers adopted smaller safety margins (e.g., speed, time
headway) and a higher engagement in a self-paced NDRT.

Given the findings cited above, one might conclude that metrics related to operational control are highly promising when trying to
detect alcohol impairment (Lee et al., 2010). However, when looking into the future of driving, one can see that assisted driving (where
the vehicle performs most of the control tasks while the driver supervises driving) and autonomous driving corresponding to SAE level
3 (SAE, 2021), are taking over a larger share of the total driving. Since the vehicle performs the majority of the operational control in
assisted and autonomous driving, metrics based on operational control are not a viable option. Still, detection of driver impairment
remains important in both modes. Consequently, a broader approach that can capture impairment for reasons beyond alcohol
intoxication in all three driving modes (manual, assisted, and autonomous) is needed.

A promising technology candidate for achieving broad impairment detection in all driving modes is what is often referred to as
Driver Monitoring Systems (DMS), see Hayley et al. (2021). DMS refers to any set of in-vehicle sensors aimed to determine the driver’s
state and typically includes eye tracking sensors that can track visual behavior patterns. DMS are expected to be widely introduced on
the market and to make a significant contribution to road safety in the coming years (Hayley et al., 2021; Lenné et al., 2020).

The reason DMS are expected to have an impact on traffic safety is because the driving task is to a considerable extent guided by
visual input. Consequently, visual attention is essential for safe driving. For example, it has been shown that long off-path glance
durations increase crash risk in naturalistic driving (Liang et al., 2014). Hence, a number of metrics that capture drivers’ visual patterns
have been developed to study safety in driving, including percent road center (PRC, the percentage of time drivers spend with their
eyes on the forward path), the number of off-path glances and the distribution of off-path glance durations (Horrey & Wickens, 2007;
1SO, 2020; Klauer et al., 2006; Liang et al., 2014; Morando et al., 2019; Victor et al., 2015). Maximum off-path glance duration during a
NDRT is another metric that captures long off-path glance durations (ISO, 2020). In a similar fashion, the NHTSA design guidelines for
manual-visual in-vehicle tasks include metrics such as the percentage of off-path glance durations longer than 2.0 s and total eyes off
road time to assess which NDRTs are safe to perform while driving (NHTSA, 2013).

Given the importance of vision for safe driving and the ability of DMS-based systems to analyze drivers’ gaze patterns, a DMS-based
approach could provide the basis needed for the type of broad impairment detection discussed above. The aim of this study is therefore
to investigate the effect of alcohol on drivers’ visual behavior in manual, assisted and autonomous driving mode.

Research on how alcohol influences visual behavior in driving is limited, but some insights exist. Moskowitz and Ziedman (1979)
showed in a simulator study that drivers take longer time to read route signs while using fewer and longer fixations when influenced by
alcohol. Ahlstrom et al. (2023) found that drivers increased their engagement in a self-paced NDRT with increasing alcohol intake, and
they directed more and longer glances towards the NDRT.

It is also known that the influence of alcohol on cognitive and motor processes (e.g., perceptive/motor abilities, memory, executive
functions) causes decreased oculomotor accuracy/speed (e.g., smooth pursuit, saccade latency and velocity), and alters the number of
fixations and dwell time needed during tasks such as visual exploration or decision-making (Maurage et al., 2020). Exactly how these
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effects manifest themselves in driving is, however, less clear. On one hand, alcohol intoxication can lead to increased gaze concen-
tration to the road center and fewer fixations to the peripheral areas (Belt, 1969; Moskowitz & Robinson, 1988). On the other hand, it
may also lead to more dispersed and erratic visual scanning patterns as indicated by gaze entropy measures (Shiferaw et al., 2019).

The present study specifically targets severe impairment, i.e., impairment that corresponds to a BAC above the legal limit in most
countries and a severely elevated crash risk. We investigate the effect of alcohol intoxication in different driving modes by comparing
two repeated drives: 1) sober baseline and 2) intoxicated (target BAC 0.1%), with participants assigned to either manual, assisted or
Autonomous Drive (AD) mode.

The following research questions were posed:

1) What is the effect of alcohol intoxication on drivers’ glance behavior when just driving in manual mode (i.e., when not performing a
specific NDRT)?

2) What is the effect of alcohol intoxication on drivers’ glance behavior in different modes (manual, assisted, AD) when performing a
visual-manual NDRT?

3) What is the effect of mode (manual, assisted, AD) when performing a NDRT when driving sober and when driving intoxicated?

2. Material and methods

The study has a mixed study design. All participants performed two drives, first a sober baseline drive and then a second drive while
influenced by alcohol. Participants were also divided into three driving mode groups (see section 2.1).
The study was reviewed and approved by the Swedish Ethical Review Authority (Dnr: 2019-05395).

2.1. Participants

All participants (N = 32) were Volvo Cars employees who did not work as test drivers, had a Body Mass Index (BMI) of 19-30,
followed a regular sleeping-pattern (i.e., only working regular daytime hours) and had driven at least 5,000 km during the last year.
Furthermore, all participants consumed alcohol at least twice a week and had a moderate intake of standard drinks as defined by
NIAAA (2020), corresponding to 2 to 9 units/week for women and 3 to 14 units/week for men. Six participants were excluded from the
analysis, two because gaze coding was not possible due to the driver wearing sunglasses and four due to missing data. The final sample
contained twenty-six participants, including seventeen male and nine female between the ages of 25 and 66 years (M = 42.9, SD =
12.5). The participants were divided into three driving mode groups including manual (n = 10), assisted driving (n = 8), and AD (n =
8), as described in section 2.2.

2.2. Test environment and equipment

The study was conducted at the AstaZero rural road test track, located outside of Gothenburg, Sweden. The test track has two travel
lanes and is designed to resemble a typical Swedish rural road with posted speeds of 70 km/h and 90 km/h. See AstaZero (2023) for
more details. The test vehicle was a Volvo XC90 MY 2017. The vehicle had its maximum speed limited to 50 km/h and was equipped
with an additional set of pedals on the passenger side, allowing a safety driver to intervene if needed. For data acquisition, the test
vehicle was equipped with a data logger that recorded vehicle signals and video data including views of the drivers face and the
forward roadway. A breathalyzer was used to measure breath alcohol concentration (BrAC) to estimate the participants’ blood alcohol
concentration (BAC).

Participants were divided into three groups using different levels of automation (SAE, 2021): manual driving (SAE Level 0), assisted
driving (SAE Level 2) and autonomous drive (SAE Level 3-4). In manual mode, the participants drove manually without any assisted
driving systems engaged. In assisted mode, test participants drove with Volvo’s Pilot Assist system engaged. Pilot Assist performs both
longitudinal and lateral control but requires drivers to always supervise as well as to keep their hands on the steering wheel. If the
function cannot detect any hands on the wheel, a warning sound is issued together with the visual message “Apply steering”. For AD
mode, the Pilot Assist system was used with the “hands-on-wheel”-reminder disabled to simulate an autonomous drive experience.
Participants were also informed that the vehicle took full responsibility for the driving task, but that the driver needed to be prepared to
resume manual driving if requested to do so by the vehicle. Consequently, the driver was free to completely disengage from the driving
task in AD mode.

A test leader was present in the rear right seat during all drives. In addition, a safety driver was present in the front passenger seat
for all drives except the baseline drives in manual and assisted mode.

2.3. Procedure

At recruitment, the participants were given a brief description of the test setup and an estimation of the amount of alcohol to be
consumed during the test. The day prior to their participation, each participant performed a drug test and had their weight recorded at
a health care center. The drug test was performed to ensure that the participants would not be affected by any unreported substances
that could affect the outcome of the study. The weight was needed to estimate the alcohol required for the test.

Upon arrival, all participants received general information about the experiment and were asked to sign an informed consent form.
All participants also performed a breathalyzer test to verify that they were sober before starting the procedure.
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Table 1
Overview of selected segments included in the analysis from the baseline (BL) and the intoxicated (IN) drive, including selected driving mode in
manual (M), assisted (A), or AD.

Drive Mode Segment NDRTs Duration Lap

BL M S1 - 30s 1
M, A, or AD S2 Radio 12-50 s 2
M, A, or AD S3 Dialing 13-30s 2
M, A, or AD S4 Temperature 5-23s 3

IN M S1 - 30s 1
M, A, or AD S2 Radio 13-54s 2
M, A, or AD S3 Dialing 11-114 s 2
M, A, or AD S4 Temperature 6-32s 3

2.3.1. Non-driving related tasks (NDRTs)

The participants were instructed to perform three visual-manual tasks during each drive using the center stack display. The tasks
were performed in the following order: 1) Manually tune the radio to a specified frequency, 2) Call your own phone by entering the
phone number manually, 3) Set the car heater to a specific temperature.

The participants received instructions on how to perform the tasks and got the opportunity to practice them while seated in the test
vehicle at stand still. They were informed that if they did not successfully complete a task they needed to start over. Participants
assigned to assisted or AD mode were instructed on how to activate these modes.

2.3.2. Baseline drive

Each participant drove sober for four laps around the test track at 50 km/h taking approximately 30 min. The baseline session
started with 5 min manual driving followed by 25 min of the assigned driving mode (manual, assisted, or AD).

Once the participants finished their first lap, they were asked to perform the NDRTs. All tasks were initiated during straight road
segments. The radio and dialing tasks were performed during the second lap and the temperature task was performed at the beginning
of the third lap. The participant reported their sleepiness using the Karolinska sleepiness scale, KSS (Akerstedt & Gillberg, 1990) at the
start of the drive and at the end of each lap.

2.3.3. Drinking session

After the baseline drive, a drinking session took place in an office space. The participant was offered their share of alcohol, aiming
for a target BAC of 0.1%. Each participant received a total amount of 4 ml of 37.5 vol% vodka per kilogram body weight.

The participants were provided with soft drinks, juice, and ice to mix with the alcohol. They were instructed to consume the alcohol
within 45 min, to keep the consumption at a high pace while maintaining the risk of discomfort of nausea low. After the participants
had finished their drinks, they were instructed to wait for 15 min before rinsing their mouth with water to reduce any remaining
alcohol residue. Then, participants were transported back to the test track and got seated in the driver seat of the test vehicle. Just
before driving, the participants assessed their KSS value and performed another breathalyzer test to establish their BrAC level. The
drinking session, including the waiting time, was designed so that the second drive would start close to an estimated peak blood
alcohol, and that the measured BrAC would be a good estimation of actual BAC based on a previous study presented by Lukas et al.
(2017).

2.3.4. Intoxicated drive

A second drive while intoxicated was then performed, repeating the baseline drive procedure during the first four laps. The
intoxicated drive was extended compared to the baseline drive and lasted for up to nine laps on the test track, and the drivers continued
driving in their assigned mode. The session ended after completing nine laps, or earlier if the participant either fell asleep, felt unwell,
or if the safety driver assessed the driving as too unstable. All twenty-six participants completed the first four laps (corresponding to the
baseline drive), twenty-five participants completed seven laps, and twelve participants completed the full distance of nine laps.
Another breath analyzer test was performed immediately after the drive, with the exception of one participant that felt unwell.

The BrACs measured just before the drive were in most cases close to the target of 0.1% (n = 26, M = 0.100, SD = 0.018, Min =
0.067; Max = 0.139 %) while a larger mean and standard deviation was observed for female drivers (n = 9, M = 0.107, SD = 0.020,
Min = 0.083; Max = 0.139 %) compared to male drivers (n = 17, M = 0.096, SD = 0.016, Min = 0.067; Max = 0.126 %). The BrACs
after the intoxicated drive were on average slightly lower (n = 25, M = 0.095, SD = 0.015, Min = 0.065; Max = 0.123 %), although the
individual change during the drive ranged between —0.041 to + 0.013 %.

2.4. Data processing and coding

Four video segments were extracted for manual annotations from each drive (Table 1). The first 30-second segment (S1 in Table 1)
was selected on a specific stretch of road during the first lap on the test track. Segment S1 was selected to get reference data for all
participants in manual mode when not performing a specific NDRT. The following segments (S2-S4 in Table 1) included the NDRTSs
that the participants were instructed to perform while in the driving mode according to their assigned group. The start of the task
segments S2-S4 was defined by the onset of the first off-path glance towards the center stack display, and the end was defined by the
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Table 2

Overview of the results on the effect of intoxication, and the effect of driving mode during the baseline (BL) and intoxicated (IN) drive, respectively.
The star symbols indicate the comparisons that were statistically significant at 0.05 (*), 0.01(**), and 0.001 (***) level after adjusting for multiple
tests. The A-symbols indicate the effect sizes that were either moderate (A) or high (A A), while small effect sizes are not shown. The grey symbols
indicate the effect sizes that were not statistically significant. See Appendix A for test statistics.

Effect of intoxication Effect of mode (BL)  Effect of mode (IN)
Segment M- M- A4- M- M- A4-
Metric (task) Manual Assisted  AD  Mode AD A AD Mode AD A4 AD
PRC S1(No) w3k A
[%] S2(Radio) sk AA | k% AA  ®x s | wxxAA kk Hok
S3(Dial.) sk AA | kxxAA ok sk | Rk AA ok Hok
S4(Temp.) sk A Hk x| kxkAA ke
GF-off S1(No) wxk AA
[N] S2(Radio) * A *A * wkx AN xk *%
S3(Dial.) * A | kxR AA ks sk | wxAA ek Hok
S4(Temp.) #EAA kx ok sk A ok *
TGT S2(Radio) *EAA *AA
[s] S3(Dial.) *AA #kAA
S4(Temp)
MaxGD S2(Radio) *EAA #EAA kAN | R AA Hk wk | REAA S wk *%
[s] S3(Dial.) #xAA *AA #xAA | wEEAA w% s | kERAA Rk w3k
S4(Temp) #xAA wAA - w% * %A * *
GD>2s S2(Radio) *xAA *AA #EAA |k ANk * | kRAA ek *%
[%] S3(Dial.) *EAA sk AN ok ®kAA - Hk ok
S4(Temp.) * A w3k AA k% * sk A\ *

end of the last glance towards the display. Only the completed tasks were included in segment S2-S4. One participant failed at the first
attempt to perform the dialing task while intoxicated but completed this task from start to end during the second attempt. The par-
ticipants successfully completed all other tasks on the first attempt.

Video views of the drivers face and the forward roadway were used to assess the drivers’ gaze direction. The gaze direction was
coded for each video frame during the selected segments, creating a time series at 20 Hz corresponding to the sampling frequency of
the recoded video. A specific area of interest (AOI) was coded for each frame inspired by the UDRIVE Annotation Codebook (Bargman
et al., 2017). The AOI categories were then merged into three categories: eyes on path, off path, or unknown if the drivers’ gaze di-
rection could not be determined. Gaze directed to the forward roadway was considered as on path, and other directions as off path. The
category unknown was treated as missing data.

2.5. Analysis

The effects of intoxication and driving mode on participants’ visual behavior were analyzed using descriptive statistics and non-
parametric statistical tests. The metrics PRC (percent road center) and GF-off (off-path glance frequency) were investigated for all
segments. PRC was defined as the percentage of time with eyes on path, and GF-off defined as the number of ongoing off-path glances
during each segment. Additionally, three metrics were investigated for the NDRT segments S2-S4. These were: TGT (total glance time)
defined as the sum of all off-path glance durations [s], GD > 2 s defined as the percentage of off-path glances longer than 2 s [%], and
MaxGD defined as maximum off-path glance duration [s] during each segment.

Differences in glance metrics between driving modes (manual, assisted, AD), and drives (baseline, intoxicated) were visualized for
each segment using boxplots. In addition, cumulative off-path glance distributions were plotted for all glances during the NDRT
segments (S2-S4) with individual curves for each driving mode (manual, assisted, AD) and drive (baseline, intoxicated).

The effect of intoxication was evaluated by performing a within-subject comparison for each metric during the intoxicated drive
compared to the baseline drive using Wilcoxon signed rank test. A separate comparison was applied for each segment and driving
mode. The effect of automation was evaluated by comparing the three driving modes (manual, assisted, AD) for each segment during
the baseline and intoxicated drive separately using a Kruskal-Wallis test. The Benjamini-Hochberg false discovery rate (Benjamini &
Hochberg, 1995) was applied to all tests to adjust for multiple testing to determine which tests that were statistically significant when
using an accepted false discovery rate (FDR) of 5%. The tests that were accepted by the FDR procedure and had a raw p-value less than
0.05 were labelled as statistically significant at the level according to the raw p-value. The Mann-Whitney U post-hoc tests were
performed to make pairwise comparisons between the three driving modes when the Kruskal-Wallis test was statistically significant,
and Bonferroni corrections were applied to the post-hoc tests to adjust for multiple testing for each pairwise comparison. The effect size
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Fig. 1. Boxplots of PRC (left) and GF-off (right) including individual markers for segment S1 (30 s, no tasks, manual mode). Each panel includes the
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Fig. 3. Cumulative frequency distributions for all off-path glance durations during the three task segments combined. Solid lines represent the
baseline (BL) drive, and dashed lines represent the intoxicated (IN) drive. The grey scale represents manual, assisted, and AD mode, respectively.
The total number of off-path glances for each curve is presented in the legend.

was estimated by calculating the r-value for Wilcoxon signed rank test and the epsilon-square value (EZ) value for the Kruskal-Wallis
test according to Tomczak and Tomczak (2014).

3. Results

This chapter presents examples from the descriptive statistics, and an overview of the results from the statistical tests in Table 2.
Appendix A presents details on all test statistics.

3.1. The effect of alcohol when just driving in manual mode

In manual mode, when just driving and not performing any specific NDRT, intoxicated drivers spent more time looking on the road
and had fewer off-path glances. The boxplots in Fig. 1 illustrate the difference in PRC and GF-off between the sober baseline drive
(white boxes) and the intoxicated drive (grey boxes) during the 30-second non-task segment (S1). Almost one third (n = 7/26) of the
drivers showed gaze concentration towards the road (PRC > 92%; Victor and Larsson, 2004) during the intoxicated drive, while this
was not present during baseline (n = 0/26). The results from the Wilcoxon signed rank tests showed statistically significant differences
in segment S1 between the baseline and intoxicated drive, with moderate effect size for PRC (Mdnp; = 73, Mdnjy = 84,Z = —-2.93,p =
0.002, r = —0.41) and high effect size for GF-off (Mdng; = 9.5, Mdn;y = 4.0, Z = —3.95, p < 0.0001, r = —0.55).

3.2. The effect of alcohol when performing NDRTs in the different driving modes

In all driving modes, when performing NDRTs the median PRC and median GF-off were lower during the intoxicated drive. The
boxplots in Fig. 2 show the difference between the baseline (white boxes) and intoxication (grey boxes) on PRC and GF-off during the
radio task (S2) for each driving mode. The same trends were present for the dialing (S3) and the temperature task (S4). However, these
differences were not statistically significant except for the radio and dialing task in AD mode, where both metrics were significant, and
the effect size was high (r = -0.63, see Appendix A for complete test statistics).

Furthermore, the median TGT was longer during the intoxicated drive compared to baseline for all tasks and driving modes, except
for the temperature task in manual mode that had similar TGT during both drives (Appendix A). On average, the dialing and radio tasks
both had approximately twice as long TGT and twice as many off-path glances as the temperature task across drives and modes. The
effect of intoxication on TGT was only statistically significant in four out of six comparisons for the radio and dialing task, and in no
comparisons for the temperature task (Table 2, Appendix A). Two extreme outliers during the intoxicated drive for the dialing task in
assisted mode (TGT = 68.1 s) and in AD mode (TGT = 74.8 s) are worth noting. The TGT outlier in assisted mode had longer and
approximately twice as many off-path glances during the intoxicated drive compared to the baseline, while the outlier in AD mode
consisted of one short and one exceptionally long off-path glance (73.4 s).

The glance duration metrics were more sensitive in detecting differences between baseline and intoxicated drives during the two
more demanding tasks (radio and dialing), as indicated by the statistically significant differences and effect sizes shown in Table 2 and
Appendix A. The MaxGD metric showed statistically significant differences and high effect size between the intoxicated and baseline
drive for all driving modes during the radio and dialing tasks. The difference between the drives were smaller during the temperature
task and only statistically significant in the assisted mode as illustrated in Table 2. The GD > 2 s followed a similar pattern, but with
lower effect sizes and slightly fewer statistically significant results compared to MaxGD as shown in Table 2 (see Appendix A for
complete test statistics).
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3.3. The effect of driving mode during NDRTs when sober and when intoxicated

The median PRC and median GF-off were highest in manual mode, slightly lower in assisted mode, and significantly lower in AD
mode for all task segments (S2-S4) during both drives (Appendix A). The Kruskal-Wallis tests revealed a statistically significant effect of
driving mode on both PRC and GF-off during all the task segments. For these twelve comparisons (two metrics, three tasks, two drives),
the post-hoc tests showed statistically significant differences between manual and AD mode for all comparisons (n = 12/12), in most
comparisons between assisted and AD mode (n = 10/12), while none of the comparisons between manual and assisted mode as shown
in Table 2 (and Appendix A). The estimated effect size for PRC was moderate to high during the baseline task segments (0.49 — 0.65),
and even more pronounced during the intoxicated task segments (0.57 — 0.73). The GF-off during the task segments mirrored the
findings for PRC, although the estimated effect size was slightly lower during baseline (0.31 — 0.63), as well as the intoxicated drive
(0.49 — 0.67). On the contrary, there appears to be no effect of driving mode on TGT during any of the drives.

The off-path glance distribution was shifted toward slightly longer durations in assisted mode, and much longer in AD mode,
compared to manual mode during both drives as shown in Fig. 3. Consequently, driving mode affected the long off-path glance du-
rations, which was most evident when comparing AD mode to manual and assisted mode as illustrated in Table 2. There was a sta-
tistically significant effect of driving mode on both MaxGD and GD > 2 s for all task segments. The more demanding tasks (radio,
dialing) showed greater differences across driving modes than the temperature task. Furthermore, there was a similar effect of driving
mode on MaxGD and GD > 2 s, while a slightly stronger effect was observed for MaxGD (Table 2, and Appendix A).

4. Discussion

The aim of this study was to investigate the effect of alcohol on drivers’ visual behavior in manual, assisted and autonomous driving
modes as a first step towards understanding whether Driver Monitoring Systems that measure visual behaviors can provide a viable
path toward general detection of severe driver impairment.

Overall, the results show that BAC, driving mode and NDRT engagement all influence drivers’ glance behavior. Section 4.1-4.3
discusses the results, section 4.4 discusses the overall implications for a DMS-based impairment detection approach, and finally Section
4.5 discusses future work and limitations.

4.1. The effect of alcohol when just driving in manual mode

About one third of the drivers showed gaze concentration effects when intoxicated and driving manually, which is in line with the
previous finding that BAC is associated with gaze concentration to the road center (Belt, 1969). Alcohol intoxication increased PRC and
decreased off-path glance frequency during the 30-second non-task segments in manual mode. Metrics that capture gaze concentration
thus seem a promising candidate for impairment detection.

This corresponds well with other studies of risk associated driver states. For example, the multi-distraction detection algorithm (Lee
etal., 2013; Victor & Larsson, 2004) uses PRC values exceeding 92% (over a 60-seconds moving window) to detect gaze concentration
associated with cognitive distraction. The same metric and threshold was also found as one of the indicators of overreliance in assisted
automation (Tivesten et al., 2019).

This suggests that using an in-vehicle DMS to compute PRC or similar metrics in-real time may reliably capture gaze concentration
that could be due to alcohol intoxication as well as other forms of impairment or disengagement from the driving task. Since PRC
naturally fluctuates when computed over a moving time window and variability decreases with increasing window size, we suggest
using a longer time window than applied in this study (e.g., a 60-second rather than a 30-second window) to increase robustness. Also,
including the number of off-path glances per minute may further improve the ability to detect different forms of driver impairment.

4.2. The effect of alcohol when performing NDRTs in the different driving modes

When drivers were performing NDRTs, the effect of intoxication on PRC pointed in the opposite direction compared to the non-task
segment. The participants had both lower PRC and fewer off-path glances during the intoxicated drive compared to baseline, for all
NDRTs across all three driving modes. Intoxication also resulted in longer total glance time and longer off-path glances.

It follows that understanding context will be important if one wants to detect impairment using visual behavior metrics. Since the
effects go in opposite directions depending on whether the driver is engaged in a visual NDRT or not, keeping track of task engagement
becomes a prerequisite to being able to interpret changes in visual behavior.

These results mirror the findings from the simulator study by Moskowitz and Ziedman (1979) who found that drivers needed more
time to read road signs, using fewer glances and longer dwell times, when influenced by alcohol. This suggests a considerable reduction
in the performance of cognitive functions and skills at BAC 0.1% (Garrisson et al., 2021; Jongen et al., 2016; Moskowitz & Fiorentino,
2000; Moskowitz & Robinson, 1988), that becomes more evident when the driver needs to divide attention between the NDRT and
driving.

Ahlstrom et al. (2023) also found that increasing BAC led to longer off-path glances during a self-paced NDRT, but also that the
drivers directed more glances to the task, in contrast to the present study. However, the off-path glance frequencies in Ahlstrom et al.
(2023) were associated with an increased engagement in a NDRT during a complete drive as opposed to off-path glance frequency for
specific tasks as investigated in the present study.

The effect of intoxication was stronger for the more visually demanding tasks (i.e., radio, dialing). This is not surprising since
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previous studies have found that BAC and task complexity (in general) are the most important factors for detecting alcohol impairment
(Martin et al., 2013; Moskowitz & Robinson, 1988).

Overall, the metric most sensitive to BAC in the present study was maximum off-path glance duration. TGT and GD > 2 s showed
more varied results. The metric GD > 2 s also has limitations in the current analysis since most drivers had fewer off-path glances
during the NDRTs when driving intoxicated. For instance, when a task is completed using two off-path glances, the percentage of
glances longer than 2 s can only assume three values (i.e., 0%, 50%, or 100%). This was most evident in AD mode where participants
could disengage completely from the driving task, enabling them to complete a NDRT using a single off-path glance. This makes GD >
2 s a less robust metric when applied to short visual time-sharing segments.

To overcome this problem, another approach may be to look for extreme off-road glance durations. For instance, in manual and
assisted mode, only one of seventeen participants had off-path glances longer than 4 s during the baseline tasks segments, while twelve
of seventeen had off-path glances longer than 4 s during the intoxicated task segments.

However, in AD mode, since there was no need to quickly return the gaze to the road, several outliers were recorded. For instance,
one driver performing the dialing task in AD mode had a maximum off-path glance duration of 9 s in baseline and 73 s while
intoxicated. Measuring extreme off path glance durations will thus be of limited use in AD mode, especially for drivers that decide to
look away from the road during the complete AD duration as observed in Pipkorn et al. (2022). Relying on extreme off-path glance
durations to detect alcohol impairment should therefore be reserved for manual and assisted driving.

4.3. The effect of driving mode during NDRTs when sober and when intoxicated

The effect of assisted mode on glance behavior during NDRTs was moderate while the effect of AD was exceptionally large when
compared to manual mode.

While Morando et al. (2020) found no difference in PRC between manual and assisted mode during visual time-sharing segments in
naturalistic driving, here the median PRC was slightly lower in assisted compared to manual mode for all NDRTs. It is possible that the
relatively low driving demand, combined with more demanding NDRTs and the assisted mode itself being experienced as quite reliable
invited participants in the present study to spend less time with their eyes on road in assisted mode, compared to Morando et al. (2020).

In AD mode, the PRC and number of off-path glances dropped significantly during NDRTs compared to manual and assisted mode.
For instance, the median PRC during NDRTs in AD mode was only at 4-7% in baseline. Similarly, Klingegard et al. (2020) found that
PRC was on average at 20% during visually demanding NDRTs during AD mode in real traffic. Many participants also reported that
they could disconnect from the driving task with ease.

In the present study, the effect of AD mode on glance behavior was even more pronounced during the intoxicated drive. Half of the
more demanding tasks (i.e., radio, dialing) were performed using a single off-path glance (i.e., PRC = 0 %; GF-off = 1), in contrast to at
least two glances being used for completing these tasks during the baseline drive.

The TGT needed to complete the NDRTs did not reveal any statistically significant differences across driving modes. Participants
used fewer and longer glances in AD mode which could potentially make the tasks easier and faster to complete. On the other hand, AD
mode does not create the same sense of urgency to look back at the road as in manual or assisted mode. Overall, TGT does not seem to
be sensitive to driving mode when investigating specific tasks, but it could be a more revealing metric when analyzing all visual time-
sharing segments in naturalistic driving.

The shift in off-path glance distribution is moderate when comparing assisted to manual mode (as illustrated in Fig. 3). A similar
moderate shift in glance distribution for assisted mode has also been found in naturalistic driving studies (Morando et al., 2020; Noble
etal., 2019) and on the test track (Llaneras et al., 2013). This highlights that the effect of assisted mode on visual behavior is quite small
in comparison to the effect of intoxication at the level of BAC 0.1%. The very large shift in glance distributions toward long glances in
AD mode in the present study has also been observed in AD mode on public roads (Klingegard et al., 2020; Pipkorn et al., 2022) who
also reported a high percentage of off-path glances longer than 2 s.

4.4. Overadll implications of results for a broader impairment detecting strategy

The introduction of DMS in production vehicles offers the opportunity to identify when eye and head movements deviate from
normal attentive driving, and thus creates a potential for detecting visual behavior effects that stem from diverse types of impairment
(e.g., alcohol and drugs, sudden sickness, severe sleepiness, mind off driving).

The present findings suggest that extreme off-path glance durations and gaze concentration metrics may be useful to distinguish
severe alcohol intoxication from sober driving in assisted and manual driving. They are less helpful in AD mode, though, since drivers
may look away from the road for extended periods of time.

These metrics also seem sensitive to other types of impairment, such as visual and cognitive distraction or mind wandering. This
supports the idea of a more general, DMS-based, impairment detection system where the selected metrics aim to identify driving
epochs where the visual behavior deviates from normal safe driving. Different thresholds for these metrics could potentially indicate
the severity of the impairment and consequently which type of intervention would be reasonable given the current situation.

Given that BAC influences visual behavior metrics depending on the context (such as whether the driver is performing a NDRT or
not), glance-based metrics need to be combined with additional sources of information. For instance, other vehicle signals that can
illuminate the driving context (e.g., driver steering input, infotainment use, or passenger interactions) could improve impairment
detection performance. Furthermore, using active probing by issuing requests or reminders and evaluating the drivers’ visual and
operational response to these, may provide additional information on whether the driver is able to drive safely.
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The present study specifically analyzed changes in visual behavior due to BAC under very controlled circumstances, i.e., during
uneventful driving on a test track. Additional experimental and naturalistic driving studies that include different driving contexts,
specific types of driver impairments, along with analysis of what normal, safe driving looks like, will be needed to provide a more solid
basis for a more general driver impairment detection algorithm. Also, certain metrics are especially important for specific types of
impairment (e.g., long eye closures indicate severe sleepiness) and need particular attention to reliably detect specific driver states.

4.5. Future work and limitations

This study should be considered as an initial exploratory study to investigate if visual behavior metrics are promising candidates for
detecting alcohol intoxication. In total, there were twenty-six participants with valid glance data, resulting in between eight and ten
participants per group assigned to different driving modes, and consequently the small sample size should be considered when
interpreting the results. Also, the present study was performed on a rural road test track without the presence of other vehicles, with
speeds restricted to 50 km/h. This simplifies the driving task, and hence may be less than optimal to capture differences between sober
and intoxicated driving.

Further, a test leader was present in all drives, and a safety driver was present in all drives except the manual and assisted baseline
drives. Thus, the influence of alcohol in manual and assisted mode may be a combined effect of both alcohol intoxication and the
presence of a safety driver. However, there was no observed difference in PRC as a function of a safety driver presence in segment S1
(all in manual mode, no tasks) during the baseline drive. This observation suggests that the influence of the safety driver is small.

Finally, all participants performed the two drives (baseline and intoxicated) on the same day, which might have introduced
learning effects with respect to both driving and the NDRTSs. Since the observed effect of alcohol on glance behavior (longer single and
total off-path glance duration, and fewer glances) points in the opposite direction of any learning effects, it is possible that the observed
effects of alcohol were underestimated. However, since the driving demand was low, and the participants got to practice the NDRTs
before the baseline drive, we estimated that the learning effect would be small in comparison to the effect of BAC 0.1%.

A driver that is attentive, sober, and alert has surprisingly stable behavior with eyes on path that naturally fluctuates around a PRC
of 80 % within certain boundaries during naturalistic driving (Morando et al., 2019; Victor et al., 2005). As the current results suggest
(along with numerous other studies), deviations from this normal visual behavior potentially indicate a variety of impaired driver
states including alcohol intoxication, overreliance in assisted driving as well as cognitive or visual distraction, and can be captured
using simple gaze behavior metrics. Future work should thus include continuously recorded DMS data to understand sensor capa-
bilities and precision when it comes to capturing deviations from normal visual behavior using these simpler metrics.

However, since technology sometimes takes larger leaps in performance, it is also important to study more advanced visual
behavior metrics that could be accessible in future vehicles. These types of metrics include characteristics of fixations, saccades, pupil
dilations, smooth pursuit eye movements and gaze dispersion, all of which may be altered by the influence of alcohol (Maurage et al.,
2020; Moskowitz & Robinson, 1988; Shiferaw et al., 2019). For instance, the standardized field sobriety tests include screening for
impaired smooth pursuit eye movements (i.e., nystagmus) as an indication of drivers being influenced by alcohol or drugs (Stuster,
2006).

5. Conclusions

This study investigated the effect of BAC and driving mode (manual, assisted, AD) on drivers’ glance behavior when just driving as
well as when performing visually demanding NDRTs. The results show that drivers’ glance behavior is sensitive to BAC, visually
demanding NDRTs, and driving mode. It is thus highly recommended to further investigate glance behavior metrics as key indicators of
intoxication and other types of severe impairment in a general DMS-based impairment detection approach.

However, the results also show that the change induced by intoxication in visual behavior metrics is strongly coupled to context.
For example, the intoxication effects on PRC go in opposite directions depending on whether the driver is engaged in a NDRT or not.
Keeping track of the context thus becomes a prerequisite to being able to interpret what changes in metrics mean. Ways to combine the
visual behavior metrics with other vehicle data metrics such as driving performance measures and drivers’ visual and operational
response to system feedback (e.g., attention reminders, warnings, or take-over requests in AD mode) should therefore be explored.
Also, while the gaze metrics studied here are simple, future DMS may include capabilities to evaluate more advanced eye metrics
including the precision of smooth pursuit, saccades, and gaze dispersion. Studies of these more advanced metrics thus also needs to be
pursued if one wants to be prepared for using the new enhanced technology once ready for deployment.
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Table Al

Test statistics for Wilcoxon signed rank test comparing the baseline (BL) and intoxicated (IN) drives for segment S1-S4. Kruskal-Wallis test comparing
Manual, Assisted, and AD mode for each drive. Only statistically significant p-values reported, including post-hoc results at the 0.05(*), or 0.01(**)
level after adjusting for multiple testing.

Metric Mode Drive Effect of intoxication  Effect of Mode (BL) Effect of Mode (IN)
BL IN M M A M M A
n_ Mdn  Mdn z P r HQ) E& P AD A AD H() Eg p AD A AD
PRC S1 M 26 73 84 293 .002 -41
[%] S2 M 9 32 25 -2.07 - -49 131 .55 001 ** - * 154 .64 <001 ** - **
A 8 26 19 210 - -.53
AD 8 7 0 -2.52 .008 -.63
S3 M 9 37 29 -136 - =320 157 .65 <001 ** - * 175 73 <001 ** - **
A 8 30 23 -1.40 - =35
AD 8 7 2 -2.52 .008 -.63
S4 M 9 30 25 -0.30 - -07 117 49 003 ** - * 138 .57 .001 ** - -
A 8 17 17 -0.70 - -.18
AD 8 4 0 -0.07 - -.02
GF-off SI M 26 95 40 -395 <0001 -.55
[N] S2 M 9 13.0 12.0 -0.71 - -17 74 31 025 * - - 161 .67 <001 ** - **
A 8 10.0 9.0 ~-1.26 - -.32
AD 8 40 1.0 -1.96 .016 -.49
S3 M 9 150 11.0 -1.24 - -29 152 .63 <001 ** - ** 150 .63 .001 ** - **
A 8 115 75 -1.40 - -.35
AD 8 45 20 -1.96 .016 -.49
S4 M 9 6.0 50 -047 - -1 128 .53 002 ** - ** 119 49 003 ** - *
A 8 6.0 50 -049 - =12
AD 8 15 1.0 -028 - -.07
TGT S2 M 9 151 206 -2.67 .004 -.63 1.8 .08 - - - - .1 .00 - - - -
[s] A 8 139 227 -238 .016 -.60
AD 8 174 205 -2.10 - -.53
S3 M 9 155 193 -231 .020 =54 69 29 - - - - 43 18 - - - -
A 8 172 189 -1.68 - -42
AD 8 182 257 -252 .008 -.63
S4 M 9 73 7.0 -1.48 - =35 6 .03 - - - - 42 7 - - - -
A 8 74 104 -1.54 - -39
AD 8 76 94 -1.26 - -.32
MaxGD S2 M 9 1.7 34 -267 .004 -63 156 .65 <001 ** - ** 138 58 .001 ** - **
[s] A 8§ 2.1 42 252 .008 -.63
AD 8 6.6 205 -2.52 .008 -.63
S3 M 9 20 33 -2.67 .004 -63 158 .66 <001 ** - ** 156 .65 <001 ** - **
A 8§ 21 39 -238 .016 -.60
AD 8 9.7 193 -252 .008 -.63
S4 M 9 21 24 -195 - -46 122 .51 002 ** - * 116 .48 .003 * - *
A 8 23 40 252 .008 -.63
AD 8 65 87 -1.54 - -39
GD>2s S2 M 9 0 33 -2.67 .004 -63 126 .53 002 ** - * 13,6 .57 .001 ** - **
[%] A 8 5 51 -2.38 .016 -.60
AD 8 50 100 -2.52 .008 -.63
S3 M 9 43 -2.67 .004 -63 13.6 .57 .001 ** - - 135 .56 .001 ** - **
A 8 7 40  -2.10 - -.53
AD 8 50 100 -1.89 - -47
S4 M 9 8 25 -0.83 - -20 120 .50 003 ** - * 97 40 .008 * - -
A 8 23 53 -1.96 .016 -.49
AD 8 100 100 -0.07 - -.02
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