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1 EXECUTIVE SUMMARY

Auditory-vocal user interfaces, also called voice control systems, are a common feature of in-
vehicle human machine interfaces. The National Highway Traffic Safety Administration initiated
a research program to understand the potential safety impact of using VCS-enabled features in
vehicles. A goal of this research program is to relate measures of cognitive and visual distraction
to crash risk for the evaluation of VCS. The project described in this report builds upon previous
research regarding the evaluation of VCS for potential driver distraction. Specifically, this
project seeks to evaluate how to use various detection response measures of cognitive load with
measures of visual attention (e.g., eye glance measures) for evaluating potential driver distraction
from performing VCS tasks. This project also links test data on VCS to provide risk estimates for
drivers engaged in VCS tasks.

The project included three related studies.

e Study I (Dual DRT). This study examined a dual detection response tasks protocol for its
potential to detect both cognitive and visual distraction caused by performing VCS tasks.
Variants of the DRT have been standardized (ISO, 2015) to assess changes in the driver’s
workload caused by performing secondary (non-driving) tasks while driving. One variant
of the DRT uses a tactile DRT stimulus, and another variant uses a remote visual DRT
stimulus. The driver’s response time to the onset of these stimuli is measured with tasks
that are thought to be sensitive to the driver’s cognitive load. The visual load imposed on
the driver from performing secondary tasks is often assessed by recording and analyzing
the driver’s eye glances. In practice, eye glance analysis is time consuming and eye
tracking can be difficult under natural lighting conditions. It would be useful to have a
DRT that could assess visual distraction so that eye glance analysis would not be needed.
The standard RDRT stimulus is not particularly well suited for this, because the visual
stimulus often can be detected even during off-road glances using peripheral vision. For
Study 1, researchers developed a modified RDRT stimulus that is much more difficult to
detect using peripheral vision. Thus, performance with the new RDRT should be
sensitive to glances the driver makes away from the forward roadway. In Study 1,
researchers used a modified RDRT protocol and the TDRT protocol together with the
same set of participants to assess the potential for both cognitive and visual distraction
from VCS tasks. A second purpose of Study 1 was to examine a radio tuning task that
uses voice interface inputs. Prior research used manual radio tuning with a knob as a
baseline task for the NHTSA Phase 1 Driver Distraction Guidelines (NHTSA, 2013), so
the current study supplements that research by exploring radio tuning tasks that use voice
interfaces for future considerations.

e Study 2 (Testing context). The purpose of Study 2 was to compare laboratory data using a
driving simulator to field data collected from a real vehicle on a limited access highway.
This study compared several potential evaluation measures for VCS tasks to determine
which were the most robust to changes in the testing context. Three test protocols were
examined across the two testing contexts. These included: (a) TDRT to provide measures
of cognitive load, (b) following a speed-varying lead vehicle, and (c) responding as
quickly as possible to a LV brake light.



e Study 3 (Relative risk). The purpose of study 3 was to develop an analytical framework
for estimating relative crash risk for VCS tasks. This study examined the VCS evaluation
measures of visual attention (glance measures) to their safety relevance and potential
crash risk by combining glance data from Study 1 and Study 2 with rear end crash and
near crash scenarios from the second Strategic Highway Research Program (SHRP 2)
naturalistic driving study. Statistical modeling, using counterfactual simulation, was used
to explore a multitude of “what if” scenarios. Study participants’ glance patterns for each
VCS task were applied to the set of SHRP 2 scenarios, and from the outcome of these
simulations (crash versus no crash), relative crash risk and crash severity were estimated.

In this project, participants performed an Easy Radio Tuning task as a baseline VCS task (see
Section 3.2.3 for more details). Researchers selected this task to represent a less demanding set
of typical interactions between the driver and infotainment system, which do not require manual
input. As expected, participants completed this task more quickly and accurately than the other
VCS tasks studied.

The driving task used in Study 1 was not very demanding (i.e., following a LV on a straight
road). The two variants of DRT exercised in the study did not significantly differ from each other
in terms of their influence on driving performance (i.e., standard deviation of lateral position
[SDLP], SD speed) in the simulator.

Participants’ responses on DRT were evaluated using response time and miss rate to determine
which measures may be sensitive to differences in the demands imposed by different VCS tasks.
The response time measure was sensitive to differences between VCS tasks, and overall the
TDRT and RDRT response times were similar. However, there was a significant interaction
between DRT type and VCS task. On most VCS tasks, response times for TDRT were shorter
than, or similar to, response times for RDRT. However, for the Easy Hybrid Radio Tuning task,
TDRT response times were longer than RDRT response times. We have no explanation for this
difference.

For miss rates, there were no significant differences between TDRT and RDRT protocols.
However, the miss rate was sensitive to differences between Audio Only, Hybrid (Audio and
Visual display), and 1 — Back voice tasks.

Driving performance measures, including standard deviation of lane position and standard
deviation of speed were sensitive to differences between VCS voice task types. Study 1 also
found that Hybrid VCS tasks, which included a visual display, were completed more quickly and
more accurately than similar Audio Only tasks. This may be explained by the fact that the Audio
Only tasks required time for the full list of menu options to be presented in a serial fashion. The
visual displays used for the Hybrid tasks presented the full set of options to the driver
simultaneously. Another aspect of the Audio Only tasks was that the presentation and pacing of
information was not under the control of the driver. When the visual display was present for
Hybrid tasks, the driver could choose to get information more quickly by making glances at the
display. Consistent with these results, participants reported the Audio Only tasks as being more
demanding than the comparable Hybrid tasks.



Eye glances recorded (see Section 3.2.7.2 for details) in the study were analyzed with metrics
suggested by NHTSA Driver Distraction Guidelines (78 FR 24817, 2013). Total eyes off road
durations were greater for TDRT than for RDRT on all voice tasks except the most complex task
(Navigation Hard). This suggests that the modified RDRT task used in this study may encourage
participants to focus visual attention in the forward direction.

In Study 2, researchers compared laboratory data collected using a driving simulator to data
collected from driving a real vehicle on a limited access highway. This study compared several
potential evaluation measures for VCS tasks to determine which were the most robust to changes
in the testing context. Three test protocols were examined across the two testing contexts. These
included: (a) TDRT, (b) following a speed-varying LV, and (c) responding as quickly as possible
to a LV brake light.

VCS tasks plus the N-Back task (1-back) were evaluated using three different driving scenarios
(test protocols) in two data collection contexts (driving simulator versus on-road). Eye glances
were recorded in every scenario. In the first scenario, the participants were asked to follow a LV
traveling at a fixed speed. The participants performed the set of voice tasks while driving, and
cognitive load was assessed with the TDRT. The TDRT response times did not vary significantly
with context, but they were sensitive to differences between tasks and distinguished between
voice tasks and baseline driving with no voice task. There was no statistically significant
interaction between tasks and context. Together, these findings suggest that the TDRT may be a
robust test protocol.

In the second test protocol, participants followed a LV that was constantly changing its speed.
They were instructed to maintain a constant following distance. Speed correlation between the
LV and the participants’ vehicle was calculated and cross-correlated to determine the optimal
delay (lag) in LV speed that would maximize the correlation. This measure was not very reliable
across task attempts and across participants for the same task, or across contexts. As a potential
measure of workload imposed by secondary tasks, it did not distinguish VCS tasks from the no-
task baseline driving.

In the third test protocol, participants were asked to respond as quickly as possible to
illumination of the LV brake lights by tapping their own brake pedal. This brake light response
measure was analogous to the modified RDRT used in Study 1, but only a single brake light
signal was initiated per task. The brake light response times did not vary significantly with
context, but were sensitive to differences between tasks. There was no statistically significant
interaction between tasks and context. However, this measure did not distinguish between voice
tasks and baseline driving with no voice task. It is possible that other differences between tasks
could have been detected with the increased statistical power of a larger sample.

The glance data collected in Study 1 and Study 2 were sensitive to differences between voice
tasks and were reliable across contexts. With only nine participants, a data analysis of glance
criteria cannot identify small effect sizes, but we did find clear overall differences between
Hybrid tasks and Voice Only tasks. The details of passing or failing individual criteria per task
varied between contexts. The total eyes-off-road time (TEORT) measure for the Hybrid tasks
showed an interesting trend across the three driving scenarios such that the Fixed Speed scenario



produced slightly more off-road glance time than the Variable Speed scenario, and the Variable
Speed scenario produced slightly more off-road glace time than the Brake Light scenario. We
speculate that the demands of the driving-related tasks were lower in the Fixed Speed scenario as
compared to the other scenarios, which allowed participants to allocate more of their attention to
the in-vehicle screen used for the Hybrid Voice tasks. In Study 1, TEORT was also higher in the
TDRT protocol as compared to the RDRT protocol, perhaps for a similar reason. The RDRT
protocol may have encouraged more visual attention toward the forward roadway.

Study 3 used modeling and simulation techniques to develop a method of estimating relative
crash risk between VCS tasks from test data collected in a driving simulator or on-road. The
modeling approach incorporated a set of existing data from 34 crash events and 190 near-crash
events that were recorded previously during the SHRP 2 naturalistic driving study. A model of
the driver’s braking response to forward looming cues was used to simulate a multitude of “what
if” scenarios (called counterfactual simulation) regarding the driver’s glance patterns away from
the forward roadway and deceleration of a LV. Each simulation resulted in a crash or no crash.
Glance data obtained in Study 1 and Study 2 were incorporated into the simulations of the SHRP
2 events and the outcome of these simulations was used to estimate crash risk for the various
VCS tasks tested in this project.

Substantial differences in overall crash risk were noted across participants. Study 1 data led to a
higher risk of crash overall than data collected in Study 2, which may be attributed to differences
in glance duration distributions collected from the two sets of participants. The data collected in
Study 2 also show greater differences in crash risk between tasks where the Audio Only tasks
produced essentially no crashes.

Findings from Study 3 suggest that counterfactual simulation shows promise in linking glance
patterns collected during on-road or simulator-based evaluation to potential risks of the device
for drivers. However, this type of analysis also has several important caveats. Most importantly,
the crash rates that result from the method depend on the sample of potential crash situations.
The more severe these situations, the higher the rate of crashes. Consequently, the crash rates
determined from this method should be considered as indicators of relative rather than absolute
crash rates. The SHRP 2 data used in this study are predominantly low-speed events and
therefore might underestimate risk compared to a larger sample that includes a more complete
range of initial speeds.



2 INTRODUCTION

Auditory-vocal user interfaces, also called voice control systems are prevalent in the auto and
consumer electronics industries. VCS range from simple command-and-control interactions
(climate control, radio, contact name call, etc.) to more complex search/text tasks (full string
address entry, points-of-interest (POI) search, web search, text dictation, location-based services,
apps, infotainment, etc.). VCS are already a common feature of in-vehicle human-machine
interfaces (HMI). The National Highway Traffic Safety Administration initiated a VCS research
program to understand the breadth and impact of using VCS-enabled features while driving. This
report details the work conducted for Voice 2, the second of two projects in this program.

2.1 PREVIOUS WORK

The aim of the first VCS project (Voice 1) was to determine the range of user experiences and
common interaction problems that occur with current generation VCS and included on-road
contextual interviews with voice control users (Jenness et al., 2015). The purpose of the Voice 1
project was to conduct empirical research about the use of VCS by drivers and potential
measures that could be used for evaluating possible distraction from using these systems while
driving. Laboratory studies were also conducted to explore the sensitivity of eye glance protocols
in the NHTSA Visual-Manual Driver Distraction Guidelines (NHTSA, 2013), and the
International Standards Organization Tactile Detection Response Task, to a decrease in VCS
recognition accuracy and an increase in system delay (ISO, 2015; Jenness et al., 2015).

An on-road, contextual interview study was conducted in Rockville, Maryland, and Seattle,
Washington, to identify drivers’ existing patterns of use and interaction errors encountered with
VCS while driving. Differences were observed between those who used original equipment VCS
and those who used portable smart devices that were paired to the vehicle. The research team
noted 22 themes that characterized participants’ interactions with VCS (Jenness et al., 2015).
Most notably, drivers often had trouble using their VCS but did not necessarily blame the system
for the errors or the lengthy system interactions that they experience. Instead, the participants
sometimes blamed themselves or they merely tolerated the suboptimal interactions with the
system. Interactions frequently included errors including speech recognition errors. These results
suggest that an evaluation protocol based solely on error free trials would not be representative
of many VCS interactions commonly experienced by users while driving.

Two other studies were conducted under the Voice 1 project. Both were controlled laboratory
experiments in which participants interacted with a “Wizard of Oz VCS while performing a
surrogate driving task. In the first study, the surrogate driving task was operating a driving
simulator and in the second study, the surrogate driving task was a computer-based collision
detection task. As previously mentioned, cognitive load was measured by performance on the
ISO TDRT. Eye glance measures, based on NHTSA’s Visual-Manual Driver Distraction
Guidelines for In-Vehicle Electronic Devices (NHTSA, 2013) were also used. Results indicated
that both TDRT performance and eye glance measures may be appropriate for evaluation of VCS
and that the CDT protocol yielded similar results to the driving simulator protocol. Another
driving simulation study, “Bridge Study” was conducted after the completion of the Voice 1
project and was documented in an unpublished memo to NHTSA (Jenness, Boyle, Guo, Lee, &



Chang, 2015). The “Bridge Study” showed that these measures (eye glances and TDRT) are
sensitive to different display modes (visual, auditory, both) and to two different difficulty levels
of'the VCS task.

Both the contextual interviews and laboratory studies indicated that drivers were more likely to
look away from the forward roadway when engaged in voice-based tasks. The initial studies
suggest that some combination of TDRT measures and glance measures may be useful for the
evaluation of VCS. The motivation of the current program (Voice 2) was to examine how these
measures can be used together to relate the demands of VCS tasks to on-road safety
consequences and then to determine threshold values for the measures that would be indicative
of acceptable performance. This may entail using one or more baseline tasks to gauge relative
performance for VCS tasks as compared to other secondary tasks that are deemed acceptable to
perform while driving. This approach was used in developing the NHTSA Phase 1 Driver
Distraction Guidelines (NHTSA, 2013) where a visual-manual radio-tuning task was used as a
baseline acceptable task.

Voice 1 used TDRT and recorded eye glances as measures of distraction. Voice 2 sought to
investigate other metrics to determine their sensitivity to distinguish between VCS tasks. The
same standard that established the TDRT (ISO, 2015) offered a visual alternative, the remote
visual detection response task (RDRT). While the RDRT is recommended by ISO for auditory-
only tasks if measuring cognitive load, it may be possible for RDRT to be used for visual tasks to
measure visual demand. Miss rates of the RDRT have been shown to be sensitive to visual
demands in addition to cognitive demands (ISO, 2015). However, in the past, researchers have
anecdotally noted that it is possible to detect the onset of the red light from the RDRT, even
when looking away at a secondary screen. For the current study, researchers modified the red
RDRT light (LED light source) so that it was presented within the context of a small white,
steadily illuminated background. This made the RDRT harder to see using one’s peripheral
vision. Using the modified RDRT, unless a participant is looking in the direction of the RDRT
light (towards the forward roadway) it is difficult to detect when it is turned on. Researchers
hypothesized that this modified RDRT would be a sensitive tool for detecting visual attention
away from the forward roadway. The modified version (see Section 3.2.4) of the RDRT was
used in Study 1.

2.2 OBJECTIVES

The current project, Voice 2, builds upon previous research regarding the evaluation of VCS for
potential driver distraction. Specifically, this project seeks to evaluate how TDRT measures of
cognitive load may be used, in conjunction with glance measures, for evaluating potential driver
distraction from performing VCS tasks. An ultimate goal is relating measures of cognitive and
visual distraction to crash risk for the evaluation of VCS. The project was structured as three
related studies.

e Study I - Explored a variant of the ISO detection response task protocols that includes a
new, modified RDRT protocol and the TDRT protocol. The proposed dual DRT protocol
may have the potential for detecting both cognitive and visual distraction caused by
performing VCS tasks. If these two measures are effective, data from this dual protocol
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could reduce the need to perform a separate analysis of eye glance data when evaluating
VCS.

Study 2 - Compared several potential VCS evaluation measures of cognitive load
(TDRT) and visual attention (glance measures) collected in the laboratory with a driving
simulator to the same measures collected with the same set of participants in a real
vehicle on-road.

Study 3 - Connected potential VCS evaluation measures of visual attention (glance
measures) to their safety relevance and potential crash risk by combining new empirical
data from Study 1 and Study 2 with previous crash data taken from the second SHRP 2
naturalistic driving study. Statistical modeling, using counterfactual simulation, explored
a multitude of “what if” scenarios and from these simulations, a measure of relative crash
risk was developed.

2.3 RESEARCH QUESTIONS

Each study addressed specific research questions regarding their respective objectives, as
follows:

Study 1

Are the variant of the ISO RDRT and the ISO TDRT protocols sensitive to the demands
imposed by VCS tasks?

Does the dual DRT capture both the cognitive load and visual distraction measured by
TDRT and eye glance measures from NHTSA’s Phase 1 Driver Distraction Guidelines
(NHTSA, 2013)?

What are the relative amounts of cognitive load and visual load (off-road glances) that are
measured when participants perform candidate baseline tasks such as N-back and a new
auditory-vocal radio-tuning task as compared to previously developed radio-tuning,
navigation, and calendar tasks? Would the new auditory-vocal radio-tuning task be a
good baseline task to be used for evaluating VCS?

Study 2

Do similar driving simulator and on-road protocols for measuring the distraction potential
of VCS tasks yield similar results?

How does performing VCS tasks in the driving simulator and on-road influence braking
response time for a surrogate hazard?

How does performing VCS tasks in the driving simulator and on-road influence drivers’
eye glance behavior? Are the eye glances similar in the two contexts?

Study 3

Primary overarching question: How do glance measures and TDRT measures collected in
a laboratory (with driving simulation) and on-road relate to crash probability and crash
severity?
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e Can a set of data containing crashes and near crashes (SHRP 2 data) be used to support
counterfactual simulation that estimates relative crash risk for various VCS tasks
evaluated in a driving simulator or on-road?

An overview of the research plan is shown in Figure 1. The project consisted of a combination of
laboratory and on-road studies. In addition, statistical modeling and simulation was also used to
determine crash probability and severity for the VCS tasks used in the project. The team at the
University of Washington led Study 1, which is described on the upper left side of Figure 1.
Westat led Study 2, which is described in the center and right side of Figure 1. The team at the
University of Wisconsin led Study 3, the statistical modeling effort, which is described at the
bottom of Figure 1. The same set of VCS tasks were used in Study 1 and throughout Study 2.
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Study 1

Study 2

Figure 1. Overview of Research Plan
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3 STUDY 1-TWO DETECTION RESPONSE TASK PROTOCOLS FOR
EVALUATING VOICE CONTROL SYSTEMS

3.1 PURPOSE

The main goal of Study 1 was to explore whether a variant of the ISO DRT may be more
sensitive than TDRT alone to both visual and cognitive demands of VCS tasks. A second goal
was to develop a verbal/auditory radio-tuning task for evaluating other VCS tasks.

3.2 METHOD

A driving simulator study was conducted at the University of Washington to get a better
understanding of how ISO DRT measures (reaction time, miss rate) relate to the cognitive
demands of interacting with VCS while driving (purple box on the left side of Figure 1).

3.2.1 Participants

There were nine participants recruited for this study. This sample size is sufficient to detect large
to moderate effect sizes and support the development of radio-tuning tasks. All the participants
were 25 to 54 years old, had valid U.S. driver licenses, drove at least 3,000 miles per year, and
were native English speakers. Participants were each compensated $50 for their time for
participating in the study. The study was reviewed and approved by the University of
Washington’s IRB for the protection of human research participants.

3.2.2 Study Design

The study was a2 x 2 x 2 x 2 (VCS display mode: Audio Only, Audio + Visual Hybrid x Task
Type: Navigation, Radio x Task Difficulty: Easy, Hard x Gender: Male, Female) mixed factorial
design. VCS display mode, task type, and task difficulty were within subject variables, where
every participant experienced all of these conditions, but in a random order, for a total of four
drives.

There were eight unique combinations for the order of the study tasks, thus only two participants
experienced the same task sequence. The two TDRT and two RDRT drives were blocked
together for each participant, such that four participants experienced the two TDRT drives first
and five participants experienced the two RDRT drives first. However, within these drives, the
order of display mode was randomized, thus making possible eight combinations. Within each
drive, the order for the VCS task type (i.e., Navigation and Radio) and task difficulty (i.e., Easy
and Hard) were randomly generated by the computer. For each drive, participants completed 3
Radio Easy, 3 Radio Hard, 3 Navigation Easy, and 3 Navigation Hard tasks. All tasks within the
same DRT mode were different, but tasks between DRT modes were the same, such that each
participant completed each task once with TDRT and once with RDRT. A detailed diagram of
this study design is provided in Figure 2.
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Cognitive and Visual Display Mode Task Type Task Difficulty

Attention (2 levels, (2 levels, blocked) (2 levels, randomized) (2 levels, randomized)
blocked) (Audio, Audio + Visual) (Radio, Navigation) (Easy, Hard)
(TDRT, RDRT)
Easy
Radio <
Hard
. . Easy
TDRT — Audio (or Audio + Visual) Navigation <
(in one drive/block) Hard
——————————————————————— 1-Back Task

— ‘ ~ 10 minute break ‘
Audio + Visual (or Audio)

Easy
Radio <
Hard
RDRT —  (in one drive/bock)

| o Easy
! Navigation <

1 Hard
1

L m e — = — 1-Back Task

Figure 2. VCS Task Design: 2 (DRT) x 2 (display mode) x 2 (task type) x 2 (task difficulty) x 3
replication blocked factorial design (or 48 VCS trials + 2 1-Back trials)

3.2.3 Driving Simulator

The study was conducted using a fixed-base National Advanced Driving Simulator miniSim. A
photograph of this setup is provided in Figure 3. A 7-inch monitor was mounted to the right of
the steering wheel to provide a visual display for the VCS tasks with a visual component; for the
VCS tasks that were Audio Only, this 7-inch monitor displayed a solid black screen.

Figure 3. Driving Simulator Setup in Seattle location, with VCS display circled

Participants were first trained on the study procedures by completing a ten-minute practice drive.
During this practice, participants first started out by just driving the simulator, then after
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approximately two minutes the VCS tasks were added. After completing four VCS tasks, a one-
minute practice of DRT and driving began, followed by the addition of two more VCS practice
tasks while still driving and engaging with the DRT. Finally, while still driving and doing the
DRT, the participants practiced the 1-Back task. During this practice drive, participants only
practiced one DRT type (i.e., TDRT or RDRT). Participants were given a separate one-minute
practice with the second DRT between the second and third main study drive.

After the participant was comfortable with the study procedures, each participant completed four
drives that were approximately 15 minutes each, with approximately a 10-minute break between
each drive. Each drive interval included 12 VCS tasks: 3 Radio Easy, 3 Radio Hard, 3
Navigation Easy, and 3 Navigation Hard. These tasks were randomized within blocks, where
each drive block contained one VCS display mode (i.e., Audio Only or Audio + visual) and one
DRT type (i.e., TDRT or RDRT). A computer program randomly ordered the 12 VCS tasks for
each drive. A 1-Back task was performed as the last task of drives 1 and 3, such that each
participant completed the 1-Back task while doing each type of DRT.

Drivers were instructed to maintain a safe following distance from the lead vehicle and stay in
the right lane during the entire drive. The driving scenario was an undivided four-lane (2 lanes in
each direction) straight, flat roadway with a posted speed limit of 50 mph. The LV speed was
generated by a function consisting of the sum of three different sine waves, in which the speed
variations were smooth and unpredictable, having an average speed of approximately 50 mph.

3.2.4 Voice Control System Tasks

During all four drives, participants interacted with a “Wizard of Oz” style VCS (i.e., a method of
simulation where participants are told that they are interacting with a VCS but actually interact
with a human confederate), designed to simulate an in-vehicle VCS. This VCS was previously
developed for Voice Part 1 project (Jenness et al., 2015) but was adapted for this project.

There were two types of VCS tasks, Radio tasks and Navigation tasks, and within each of these
task types there were Easy and Hard tasks. Furthermore, there were two types of VCS display
modes: Audio Only and Hybrid (Audio + Visual).

For the Radio tasks, participants were instructed to tune to the radio station that closest matched
the genre stated by the system. For example, the system would say “Please tune to an
International news station.” Participants were then given a list of 12 options (11 radio stations
and 1 “none of these”) to choose from. For the Audio Only mode, the system simply said the list
of 12 options; for the Hybrid mode, the system read the list of 12 options and displayed these
options on the monitor, for which there were two pages of radio stations with 6 options on each
page. Participants could say “next” and “previous” to switch between pages. More specifically,
for the Radio Easy tasks, the name of the correct radio station always contained at least one of
the key words listed in the genre described by the system, and was within the first 6 radio station
options (i.e., on the first page for the Hybrid display mode). Figure 4 below shows an example of
a Radio Easy task for the Hybrid display mode.
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|_Tom's Traffic Updates IE ‘_Hard Hittin Soul IE' System: “Please tune to a
traffic news radio station.
Here is the list of radio
| Weather Wherever ‘ Best of Rock'n Roll | 138| stations. Tom’s Traffic
- I | Updates, number 122..."

| Q&A Talk Radio Stand Up to Laugh | 136/

Next |
5 | Driver: “Tune to Tom’s

Traffic Updates.”

System: “Now changing

ST e | radio station.”
| Everything Sports 1

hristian Rock! 113
::_None of these I:l /

Figure 4. Radio Easy Hybrid Example

Previous |

For the Radio Hard tasks, the exact wording used in the genre description was not necessarily
contained within the correct radio station name (i.e., a synonym was used instead), and the
correct answer was always within the last half of the radio station options (i.e., on the second
page for the Hybrid display mode). Figure 5 shows an example of a Radio Hard Hybrid task.

System: “Please tune to a
P P —— contact sports radio
|%_ ‘M station. Here is the list of
I.University News - ‘I-Study Session Tunes | radio stations. Disco

) Party, number 104..."

.{True Riffs of Rock —- ( Best Guitar Solos 7 .
l— ‘— Driver: “Next Page.”

System: “Downtown
News, number 109...7

Driver: “Tune to Football

P — P Updates.”
I_Downtown News | College Party! P

System: “Now changing
radio station.”

l__Football Updates :_:None of these | /

[  Previous

I Easy Listenin Heavy Metal Hits

Figure 5. Radio Hard Hybrid Example
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For the Navigation tasks, participants were instructed to always navigate to the optimal
American restaurant based on a set of criteria; the criteria were to find the American restaurant
with the highest star rating, closest distance, and cheapest price. For this task, the system would
say, “What would you like to do” and the participants were trained to say, “Find American
restaurant.” The system would then return a list of five restaurants, including the restaurant
name, cuisine type, number of reviews, star rating, price, and distance. For the Audio Only tasks,
this list would be read and for the Hybrid tasks the information was additionally displayed as a
list on the monitor. For the Navigation Easy tasks, the list of five restaurants would contain two
American options and three non-American cuisines; of the two American restaurants, only one
would be better on all three of the criteria, see Figure 6 for an example of a Hybrid display
Navigation Easy task.

System: “What would
you like to do?”

7.4 miles

55§

Driver: “Find

9.3 miles American restaurant.”’
$$

System: “Here is the
list of restaurants
10.1 miles .

nearby. Line 1 Tokyo
585 House...”

Driver: “Navigate to
The Carving Board.”

System: “Starting
navigation.”

—

Figure 6. Navigation Easy Hybrid Example

In contrast, the Navigation Hard tasks contained four American restaurant options and only one
non-American, for which only one American restaurant was better on two of the three criteria.
An example of the Navigation Hard Hybrid task is provided in Figure 7.
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System: “What would
you like to do?”

Driver: “Find
American restaurant.”

System: “Here is the
list of restaurants
nearby. Line 1 Spice
Xing...”

10.3 miles

$55S

Driver: “Navigate to
Town Hall.”

System: “Starting
navigation.”

Figure 7. Navigation Hard Hybrid Example

Additionally, an N-back (1-Back) task was administered to each participant during two of the
drives, once for each DRT type. For this task, an automated voice said a series of 14 numbers,
and participants were instructed to repeat back the number previous to the one they just heard.
For both 1-Back tasks, the VCS mode was always Audio Only, such that there was no display on
the 7-inch monitor for this task.

3.2.5 Detection Response Task

This study used TDRT and a new variant of the RDRT to examine measures of cognitive and
visual load. The modified RDRT stimulus consisted of a constantly illuminated white disk
(illuminated by a flashlight beam) and a smaller, red target light that appeared in the middle of
the disk. This visual stimulus was designed to be more difficult to detect than the standard red
LED alone. The white illuminated background helped to mask the light from the red LED and
made the onset of the red LED quite difficult to detect using peripheral vision when the driver
looked toward the infotainment system display, but still easy to detect when the driver looked
toward the forward roadway. It was thought that this design for the RDRT would provide a purer
measure of attention toward the forward roadway than the conventional ISO RDRT. The
improved RDRT apparatus is shown in Figure 8.
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Figure 8. Modified RDRT apparatus positioned in the driving simulator (left) and the RDRT
apparatus turned on, displaying the light signal from the red LED shining through the white
background (right).

The white background fixture was constructed as a sandwich of two outer layers of white plastic
and two inner layers of white paper. The front surface has a matte finish to reflect light diffusely.
The back surface has a small piece of 1.0 neutral density (ND) gelatin optical filter taped to it.
This filter reduces the light intensity from the LED to 10 percent of the normal light output. With
the 1.0 ND filter in place, the RDRT red channel LED was operated at 100 percentintensity.

The TDRT stimulus (vibrating motor) was taped to the base of the participant’s neck where it
intersects with the shoulder as described in ISO standard 17488, and the RDRT stimulus (red
LED) was placed in the direction of the forward roadway. The RDRT LED was positioned such
that it was easily visible when looking at the forward roadway, but not visible in the peripheral
when looking at the VCS monitor. On separate drives, the TDRT or RDRT vibrated (TDRT) or
illuminated (RDRT) according to the temporal parameters defined in the ISO standard (ISO
17488). The basic DRT hardware and controller unit were purchased from Red Scientific (Salt
Lake City, UT).

The TDRT was used in two drives, one for the Audio Only display and one for the Audio +
visual display; the RDRT was also used in two drives, also for one Audio Only display and one
Audio + visual display. The order of drives with TDRT and RDRT was randomized across
participants.

Baseline performance for TDRT and RDRT was measured for each participant by recording their
response (see Section 3.2.7 for details) while just driving and not engaging in any of the
secondary tasks. Cognitive load and visual attention was measured using response time and miss
rate recorded from the TDRT and improved RDRT protocols.
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3.2.6 Eye Glance Behavior

Visual attention was additionally measured in the study by evaluating eye glance behavior (i.e.,
eyes off road). Eye glances were recorded using a video camera at 720p and 30 frames/sec. The
video data was manually reduced using Tech Smith Morae Manager.

3.2.7 Dependent Measures

3.2.7.1 DRT Measures of Workload

DRT measures for reaction time and miss rate were used to evaluate workload. As per ISO
standards, a valid response was considered to a reaction within the threshold of 100 to 2500 ms
from stimulus onset.

A successful hit was defined as a valid response to the DRT (i.e., TDRT or RDRT) stimulus. The
miss rate was calculated as the number of misses divided by the total number of stimulus events
(see Section 3.2.4), for the given time span.

3.2.7.2 Eye Glance Criterion

The three criteria for eye glance behavior outlined in the NHTSA Visual-Manual Driver
Distraction Guidelines (NHTSA, 2013) were applied for analysis on the Hybrid VCS tasks. For
each Hybrid VCS task, eyes-off-road glance durations were evaluated in terms of long (i.e., > 2.0
seconds) eyes-off-road glances (Criterion 1), mean glance duration (Criterion 2), and total eyes-
off-road time (Criterion 3). The NHTSA Visual-Manual Driver Distraction Guidelines call for
conformance of at least 21 out of 24 test participants; since only 9 participants were considered
for this study, these metrics and thresholds were adapted to provide within subject comparisons
across various VCS tasks.

Criterion 1: Percentage of Long Eyes-Off-Road Glances: The threshold of 15 percent should be
used for the upper limit for the total number of eye glances away from the forward roadway
greater than or equal to 2.0 seconds, within a trial.

No.of Long EOR;;
Total No.EOR;;

% Long EORU = X 100

where, Long EOR = EOR glance > 2.0 seconds
i = participant
j =trial

Each participant completed each task three times within a given experimental condition, for
example a participant completed Radio Easy tasks under each Audio Only mode with RDRT,
Audio Only mode with TDRT, Hybrid mode with RDRT, and Hybrid mode with TDRT. Thus,
there were 3 trials for each task; % Long EOR for a task was computed as the mean and
maximum value across the three trials within a participant.
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Criterion 2: Mean Glance Duration: The threshold of 2.0 seconds was applied, for which the
mean duration of all eye glances away from the forward roadway should be less than or equal to
2, within a trial.

n EOR Duration;;
MGDU = Zl Y

nij
where, i = participant
j =trial

Similar to the rational from Criterion 1, the mean and maximum values of MGD for a given task
within a participant was computed across the three trials and compared.

Criterion 3: Total Eyes-Off-Road Time: Within a trial, the sum of the durations of eyes-off-road
glances should not exceed 12.0 seconds.

n
TEORT;; = z EOR Duration;;
1

where, i = participant
j =trial

Mean and maximum values for TEORT across a given task for the three trials were computed for
each participant.

As discussed within each criterion, mean and maximum values for each measurement were
computed for each participant. The inclusion of the maximum value of a trial within a task for a
participant provides sensitivity to outliers, and thus does not overlook a trial in which a
participant was exhibiting unsafe behaviors.

3.2.8 Statistical Methods

Analysis of variance was used to evaluate the outcome variables standard deviation of lateral
position (SDLP), standard deviation of vehicle speed, and DRT response time. For each of these
three continuous dependent variables, two ANOV As were performed: (1) 4 (VCS Mode: drive,
1-Back, Hybrid, Audio) x 2 (DRT: tactile, visual) and (2) 6 (VCS Task Type: drive, 1-Back,
Radio Easy, Radio Hard, Navigation Easy, Navigation Hard) x 2 (DRT: tactile, visual). In order
to adhere to the normality assumption of the ANOVA, SDLP was log transformed, SD speed
was square root transformed, and DRT response time was log transformed. These
transformations allowed the dependent variables to be normally distributed.

A negative binomial model was used for the outcome variable DRT miss count, as ANOVA

could not be applied due to the distribution of the dependent variable (i.e., right skewed and
bound at 0). Similar to the three continuous dependent variables, two negative binomial models
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were fit: (1) full interaction of VCS Mode x DRT and (2) full interaction of VCS Task Type x
DRT.

ANOVA was also used to evaluate the outcome variable of mean eye glance duration away from
roadway. This ANOVA was only performed on the Hybrid VCS tasks, as the Audio tasks did not
have a visual component to measure eyes-off-road time. The ANOVA was a 4 (VCS Task Type:
Radio Easy, Radio Hard, Navigation Easy, Navigation Hard) x 2 (DRT: tactile, visual). This
ANOVA was performed twice, once on the mean of the three trials per task type, and once on the
maximum value of the three trials per task type.

In all the above models (ANOV As and negative binomial), a random intercept on the participant
was fit to account for subject specific variance. Each model accounted for the fixed effects of the
independent variables and the random effect of the participant. Thus, the model accounted for the
correlation of observations within participants. For each model, a Likelihood Ratio Test was
performed to test whether the variance was different from O (i.e., if the random intercept was
warranted). In all cases, the Likelihood Ratio Test suggested that the participant level random
intercept was significant.

3.3 RESULTS

This study sample consisted of three males and six females; their mean age was 31.3 (SD =5.5,
range = 26 to 43). Three participants had a 2-year college degree, three had a 4-year college
degree, and three had a graduate degree. None of the participants reported having hearing
impairments.

Participants reporting driving a mean of 96.3 miles (SD = 109.5 miles, range = 0 to 320 miles) in
the previous week. Six participants had not been involved in a collision as a driver with in the
past 3 years, three had been in one crash as the driver within the past 3 years. Seven participants
had received no moving violation tickets within the past 3 years and two participants had
received one moving violation ticket within the past 3 years.

There were no statistically significant gender differences observed in driving performance or
cognitive workload, thus each model was run without gender included.

3.3.1 Task Performance

For each task type, participants completed most Hybrid trials faster than the equivalent Audio
Only display mode. The distributions of these task completion times by task type and display
mode are shown in Figure 9, which includes duration for each trial for every participant.
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Figure 9. Task duration distributions by task type and display mode

The order of tasks by average task duration within VCS mode was the same across Audio Only
and Hybrid display modes; Radio Easy was completed most quickly on average, followed by
Radio Hard, followed by Navigation Easy, and lastly Navigation Hard. Table 1 provides mean
durations for task completion accuracy percentage by task type (i.e., for the number of tasks
completed correctly by each participant), which was then averaged across all participants. Radio
Easy tasks were completed with similar accuracy between VCS mode, however Hybrid tasks
were completed more accurately on average than Audio Only tasks for Radio Hard, Navigation

Easy, and Navigation Hard tasks.

Table 1. Task Mean Duration and Accuracy by Task and Mode

Task Type VCS Mode 22{;‘ tion ?)/coc)uracy
Radio Easy Audio 24.4 94.5
Hybrid 14.8 94 .4
Radio Hard Audio 52.6 90.8
Hybrid 27.1 96.3
Navigation Easy Audio 58.9 92.6
Hybrid 29.3 96.3
Navigation Hard Audio 61.6 834
Hybrid 32.4 92.6
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3.3.2 Driving Performance

Changes in speed and lateral position were used to evaluate the effects of VCS tasks on driving
performance. Figure 10 illustrates this information, where speed (left) and lateral deviation
(right) are plotted across baseline driving (Drive) Audio Only, Hybrid, and 1-Back tasks. Recall
this data was sampled at 60Hz, therefore an average of the 60 observations within each one
second interval was computed to provide a single data point per one second. This one-second
average value was plotted to minimize repetitive detail. Among the three VCS modes, the largest
spread in speed and lateral deviation was in Hybrid tasks (i.e., wider distribution and more
outliers as shown by the dots), followed by the Audio Only tasks, and lastly with the 1-Back
task.

Effects on Vehicle Speed Effects on Vehicle Lateral Control
S - o i o
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Drive Audio Only  Hybrid 1-Back Drive Audio Only  Hybrid 1-Back
VCS Mode VCS Mode

Figure 10. Driving Performance by VCS Mode

3.3.2.1 Standard Deviation of Lateral Position

A further analysis on VCS mode, task, and DRT type was performed on the SDLP. For this
analysis, SDLP was measured in inches and log transformed for normality. A random intercept
was fit for each participant to account for within subject differences. Two ANOVAs were
performed, one evaluating VCS Mode (Table 2) and a second for VCS Task (Table 3). These
were evaluated separately due to overlap between mode and task as drive and 1-Back . There
were no differences in mean SDLP values by DRT type or the interaction with DRT type.
However, there were significant differences in mean SDLP values for the main effects of VCS
mode (p <0.01) and VCS task type (p <0.01).
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Table 2. ANOVA on log(SDLP) for VCS Mode

Variable DF SS F-value p-value

DRT 1 0.040 0.292 0.590 (ns)
(Visual, Tactile)

Mode 3 6.189 15.199 <0.001
(Drive, 1-Back, Audio, Hybrid)

DRT x Mode 3 0.147 0.048 0.782 (ns)

Table 3. ANOVA on log(SDLP) for VCS Task Type

Variable DF SS F-value p-value

DRT 1 0.040 0.306 0.581 (ns)
(Visual, Tactile)

Task 5 7.673 11.823 <0.001
(Drive, 1-Back, Radio Easy, Radio Hard, Nav Easy, Nav Hard)

DRT x Task 5 0.200 0.308 0.908 (ns)

We conducted a Tukey Honest Significance Difference test on VCS mode. This analysis showed
that each contrast involving the 1-Back task had significantly different mean values of SDLP (p
< 0.5). The mean SDLP for the 1-Back task was small for each case (i.e., 1-Back — Audio, 1-
Back — Hybrid, and 1-Back — Drive).

The Tukey HSD test on VCS Task Type also suggested that every contrast involving the 1-Back
had significantly different mean values of SDLP (p < 0.5), and that in every case the 1-Back task
had smaller mean SDLP values. Other contrasts that had significantly different mean SDLP
values were:

e Radio Easy (Mean = 6.49 in, SD = 2.07 in) and Drive (Mean = 8.47 in, SD = 2.58 in)

e Radio Easy (Mean = 6.49 in, SD = 2.07 in) and Navigation Hard (Mean = 8.85 in, SD =
4.09 in)

e Radio Hard (Mean = 8.05 in, SD = 2.48 in) and Radio Easy (Mean = 6.49 in, SD = 2.07
in)

It is important to note that the driving task included portions in between each VCS task, thus it is
possible that lane position correcting due to VCS distractions occurred after the task was
completed during the driving only segments.

3.3.2.2 Standard Deviation of Vehicle Speed
A similar analysis as above was performed on VCS mode, task, and DRT type on standard
deviation of vehicle speed. SD Speed was measured in miles per hour and square root
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transformed for normality and a random intercept on participant was fit to account for within
subject differences.

There was no significant difference between DRT types or the interaction of DRT with Mode or

with Task. The main effects of each Mode (p < 0.001) and Task (p <0.001) were significant.
These results are further detailed in Table 4 and Table 5.

Table 4. ANOVA on (SD Speed)"0.5 for VCS Mode

Variable DF SS F-value p-value

DRT 1 0.003 0.030 0.862 (ns)
(Visual, Tactile)

Mode 3 2.864 9.035 <0.001
(Drive, 1-Back, Audio, Hybrid)

DRT x Mode 3 0.037 0.115 0.951 (ns)

Table 5. ANOVA on (SD Speed)*0.5 for VCS Task Type

Variable DF SS F-value p-value

DRT 1 0.003 0.030 0.863 (ns)
(Visual, Tactile)

Task 5 2.690 4.948 <0.001
(Drive, 1-Back, Radio Easy, Radio Hard, Nav Easy, Nav Hard)

DRT x Task 5 0.117 0.216 0.956 (ns)

The Tukey post hoc test on the factor VCS mode indicated that the following pairwise contrasts
had significantly different (p <.05) mean values of SD speed:

Drive (Mean = 2.26, SD = 1.53) and Audio (Mean = 1.59, SD = 0.72)
1-Back (Mean = 0.98, SD = 0.53) and Audio (Mean = 1.59, SD = 0.72)
1-Back (Mean = 0.98, SD = 0.53) and Drive (Mean = 2.26, SD = 1.53)
1-Back (Mean = 0.98, SD = 0.53) and Hybrid (Mean = 1.87, SD = 0.95)

The results of the Tukey HSD test on VCS Task Type showed that each pairwise contrast
involving the 1-Back task had significantly different mean SD speed values, smaller mean SD
speeds. Additionally, mean SD speeds for Radio Easy (Mean = 1.63, SD = 1.03) were
significantly lower than Drive (Mean = 2.26, SD = 1.53).
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3.3.3 Cognitive and Visual Attention
Response time and miss rate for TDRT and RDRT were used to evaluate cognitive and visual
attention while engaging in VCS distracting tasks.

3.3.3.1 Response Time

A comparison of response times across VCS tasks by DRT type for all trials is plotted in Figure
11. For every task except for Radio Hybrid, response time was larger for the RDRT measures as
compared to the TDRT measures. However, the relative trends across VCS tasks between the
two DRT types are similar. For the Easy Navigation Audio Only and Hard Radio Audio Only
tasks, the mean reaction times were shorter than for baseline driving, for the respective DRT
type. All other tasks showed an increase in mean response time above baseline driving relative to
the respective DRT type.
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Figure 11. Response Time by VCS Task and DRT Type Compared to Baseline Driving Mean
Response Times for RDRT and TDRT

To normalize the distribution of DRT Response Time data, we performed a log transformation to
conduct analyses with two ANOV As.. As with the ANOVA on SDLP and SD speed, DRT type
did not have a significant effect on mean response time. However, VCS display mode (p <
0.001) and the interaction of DRT with display mode (p = 0.009) were significant, as were VCS
task type (p < 0.001) and the interaction of DRT with task type (p = 0.009).

29



Table 6. ANOVA on log(Response Time) for VCS Mode

Variable DF SS F-value p-value

DRT 1 0.104 2.347 0.127 (ns)
(Visual, Tactile)

Mode 3 2.862 21.515 <0.001
(Drive, 1-Back, Audio, Hybrid)

DRT x Mode 3 0.527 3.957 0.009

The Tukey HSD test was performed on the factor VCS Mode (Table 6). All pairwise contrasts
including the 1-Back task, as well as the contrast between Hybrid and Audio had significantly
different DRT reaction times. These differences (p < .05) were as follows:

Hybrid (Mean = 464 ms, SD = 141.8 ms) and Audio (Mean =416 ms, SD = 97.6 ms)
1-Back (Mean = 702 ms, SD = 363.9 ms) and Audio (Mean =416 ms, SD = 97.6 ms)
1-Back (Mean = 702 ms, SD = 363.9 ms) and Drive (Mean = 412 ms, SD = 81.5 ms)
1-Back (Mean = 702 ms, SD = 363.9 ms) and Hybrid (Mean = 464 ms, SD = 141.8 ms)

Table 7. ANOVA on log(Response Time) for VCS Task

Variable DF SS F-value p-value

DRT 1 0.104 2.280 0.133 (ns)
(Visual, Tactile)

Task 5 0.525 11.501 <0.001
(Drive, 1-Back, Radio Easy, Radio Hard, Nav Easy, Nav Hard)

DRT x Task 5 0.146 3.207 0.009

The Tukey HSD test on VCS Task (Table 7) also showed in all cases, the 1-Back task had
significantly higher mean DRT reaction times as compared to Drive, Radio Easy, Radio Hard
Navigation Easy, and Navigation Hard.

3.3.3.2 Miss Rate
Figure 12 shows the aggregation of mean miss rate by VCS task and DRT type for all trials. For
five of the eight tasks, RDRT had higher mean miss rates than the equivalent TDRT task.

However, for Navigation Hard Audio, Radio Hard Hybrid , and Radio Hard Audio tasks, TDRT
had higher mean miss rates.
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Figure 12. Miss Rate by VCS Task and DRT Type

Two negative binomial models on miss count per total stimulus events (i.e., miss rate) were fit,
both with a random intercept on participant. The first model evaluated the fixed effects of VCS
Mode and DRT. The second model evaluated the fixed effects of VCS Task Type and DRT.

Similar to the results from the ANOV As, the effect of DRT type was not significantly different
on miss count. In terms of VCS Mode, Hybrid tasks and 1-Back tasks were each associated with

higher miss counts as compared to Audio Only tasks. These results are further provided in
Table 8.
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Table 8. Negative Binomial on Miss Count for VCS Mode

Variable Estimate SE z-value p-value
Intercept -2.61 0.221 -11.804 <0.001
DRT Visual -0.15 0.118 -1.290 0.197 (ns)
Mode (reference Audio)
Drive 0.04 0.167 0.242 0.809 (ns)
Hybrid 0.31 0.139 2.231 0.026
1-Back 1.17 0.228 5.140 <0.001

The negative binomial on miss count for VCS Task Type is detailed in Table 9. The effect of
DRT was not significant. Only the 1-back task had a significant effect above driving on miss
count.

Table 9. Negative Binomial on Miss Count for VCS Task

Variable Estimate SE z-value p-value
Intercept -2.58 0.248 -10.404 <0.001
DRT Visual -0.15 0.120 -1.242 0.214 (ns)
Task Type (reference Drive)
Radio Easy 0.28 0.217 1.302 0.193 (ns)
Radio Hard 0.01 0.200 0.055 0.956 (ns)
Navigation Easy  -0.03 0.197 -0.177 0.860 (ns)
Navigation Hard  0.14 0.190 0.712 0.476 (ns)
1-Back 1.14 0.256 4.436 <0.001

3.3.4 Eye Glance Behavior for Hybrid Tasks

Eye glances for the Hybrid VCS display mode tasks were evaluated to compare eyes-off-road
time between these different task types (e.g., task difficulty). Audio Only tasks were not included
in this analysis because the monitor was blacked out for the Audio Only display tasks.

3.3.4.1 Criterion 1: Percentage of Long Eyes-Off-Road (EOR) Glances

The distributions of all eyes-off-road glances for each participant is plotted in Figure 13. The
percentage in the top right of each plot shows the percentage of the glances that were long eyes-
off-road glances (= 2.0 seconds) for that participant. The “N” represents the total number of
glances. Five of the nine participants exceeded the 15 percent threshold; one participant made 47
glances with 53 percent exceeding the 2.0 second threshold.
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Figure 13. Distribution of All Eyes-Off-Road Glances by Participant

A similar aggregation of all eyes-of-road glances by task type is provided in Figure 14, with the
percentage of long eyes-off-road glances and total number of glances provided in the top right of
each plot. As shown in this figure, Radio Easy had a smaller percentage of long glances as
compared to Radio Hard; Navigation tasks had a larger percentage of long glances as compared
to radio tasks; Navigation Easy had the largest percentage of long glances, but Radio Hard had
the most total number of glances.
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Figure 14. Distribution of All Eyes-Off-Road Glances by Task Type

The NHTSA threshold that eyes-off-road glances that exceed 2 seconds should not exceed 15
percent of glances was applied to understand how many participants did not meet this criterion.
Long eyes-off-road glances were aggregated by participant for each task type and DRT for both
the mean of the three repeated trials and the maximum (e.g., worst-case scenario) of the three
trials. These results are tabulated in Table 10.

Table 10. Number of Participants that Do Not Conform with Percent Long EOR Glances

Number of Participants (out of 9)

Task Difficulty DRT and % that Do Not Conform
Mean of Trials Max Trial
Easy Tactile 2 (22%) 3 (33%)
Radio Visual 2 (22%) 3 (33%)
Hard Tactile 2 (22%) 4 (44%)
Visual 3 (33%) 7 (78%)
Fasy Ta}ctile 5 (56%) 7 (78%)
Navigation Visual 5 (56%) 5 (56%)
Hard Tactile 3 (33%) 6 (67%)
Visual 6 (67%) 6 (67%)

3.3.4.2 Criterion 2: Mean Glance Duration (MGD)

Figure 15 shows the boxplot for the distribution of mean eyes-off-road glance durations
aggregated by participant for each of the VCS tasks and DRT types. Recall that each participant
had three trials of each VCS task type, thus the top boxplot shows the MGD for each participant
across all three trials. The lower boxplot shows the MGD for the single of the three trials that had
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the largest MGD. Note that the trends are similar between DRT type across VCS task types. The
boxplots indicate that the Navigation tasks had overall higher MGDs as compared to the Radio

Easy tasks. The median bars within the boxplots for Navigation Easy tasks suggest that at least
half of the MGDs exceeded the 2.0 second threshold.
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Two ANOV As were performed on the MGD, one on the mean of all trials by participant (Table
11) and one of the trial with the maximum MGD by participant (Table 12). When aggregated
across all trials by participant, there were no significant differences between DRT type on MGD,
but task type (p = 0.002) was significant. When aggregated across the trial with the maximum
MGD by participant, gender was not significant, but task type was significant (p = 0.028).

Table 11. ANOVA on log(MGD), Mean Across Trials by Participant

Variable DF SS F-value p-value

DRT 1 0.078 1.659 0.204 (ns)
(Visual, Tactile)

Task 3 0.816 5.808 0.002
(Radio Easy, Radio Hard, Nav Easy, Nav Hard)

DRT x Task 3 0.102 0.726 0.542 (ns)
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Table 12. ANOVA on log(MGD), Max of Trials by Participant

Variable DF SS F-value p-value
DRT 1 0.245 3.089 0.085 (ns)
(Visual, Tactile)

Task 3 0.785 3.302 0.028
(Radio Easy, Radio Hard, Nav Easy, Nav Hard)

DRT x Task 3 0.235 0.989 0.406 (ns)

The NHTSA 2.0-second MGD for visual-manual tasks was used to assess the VCS tasks for
conformance. The number of participants that did not conform are aggregated in Table 13 by
task type and DRT.

Table 13. Number of Participants that Do Not Conform with MGD

Number of Participants (out of 9)

Task Difficulty DRT and % that Do Not Conform
Mean of Trials Max Trial
Easy Tactile 2 (22%) 3 (33%)
Radio Visual 2 (22%) 3 (33%)
Hard Tactile 2 (22%) 4 (44%)
Visual 3 (33%) 7 (78%)
Fasy Ta}ctile 5 (56%) 7 (78%)
Navigation Visual 5 (56%) 5 (56%)
Hard Tactile 3 (33%) 6 (67%)
Visual 6 (67%) 6 (67%)

3.3.4.3 Criterion 3: Total Eyes-Off-Road Time

The boxplot of TEORT by VCS task, parsed by DRT type, is provided in Figure 16. The upper
boxplot represents the mean of all three trials for each participant, while the lower boxplot
represents the trial with the maximum TEORT for each participant. Although the median (i.e.,
horizontal line within a box) across all tasks is below the recommended 12.0 second
recommendation for visual-manual tasks, it is important to note that this is a voice control task
and there are still several outliers (i.e., points) of participants exceeding 12.0 second threshold
(Note: The outliers were not the same participants across tasks).
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The number of participants that did not comply with the NHTSA guideline of TEORT less than

12.0 seconds was aggregated by task type and DRT (see Table 14).
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Table 14. Number of Participants that Do Not Comply with Total EOR Time

Number of Participants (out of 9)

Task Difficulty DRT and % that Do Not Comply
Mean of Trials Max Trial
Fasy Tactile 1 (11%) 1 (11%)
Radio Visual 0 (0%) 1 (11%)
Hard Tactile 1 (11%) 2 (22%)
Visual 1 (11%) 1 (11%)
Fasy Tactile 1 (11%) 1 (11%)
Navigation Visual 0 (0%) 0 (0%)
Hard Tactile 1 (11%) 3 (33%)
Visual 0 (0%) 3 (33%)

3.3.5 Subjective Measures of Performance

A survey was administered at the very end of each study session to the participant to evaluate
subjective measures of driving performance and task difficulty (see Figure 17). All the
participants rated their driving performance as somewhat safe or very safe while not driving
distracted. The two Hybrid tasks, as compared to the three remaining tasks, had the lowest
ratings of safety. In terms of task difficulty, more participants rated the Navigation Audio tasks
as being harder than the other tasks. Counterintuitively, the Radio Hybrid had one of the lowest
ratings of safety while also having one of the easiest ratings across all tasks.
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Figure 17. Subjective Measures of Driving Performance (fop) and Task Difficulty (bottom)
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3.4 DISCUSSION

This study explored a variant of the ISO DRT protocol using a new visual RDRT. The variant
RDRT was evaluated for use with in-vehicle VCS by measuring the cognitive workload induced
by various task types and the associated effects of workload on driving performance and eye
glance behavior. This study also evaluated a new baseline task for assessing VCS workload.

Participants in this study completed 24 unique VCS tasks with workload measured using TDRT
and the same 24 tasks with RDRT. There were four different tasks used in this study: Radio
Easy, Radio Hard, Navigation Easy, and Navigation Hard. The Navigation tasks were the same
as used in the previous Voice Part 1 study. The Radio tasks were designed to convey less
information to the driver than the Navigation tasks. The Radio tasks, as compared to the
Navigation tasks, were also designed to require less comparison between options and less
memory load to make the correct decision. In addition to the different VCS task types, there were
two different types of VCS display mode evaluated: Audio Only and Audio + Visual (Hybrid).
Thus, the intent was to design the Radio Easy task as the least complex and the Navigation Hard
task as the most complex.

Tasks with the visual display were completed quicker and more accurately than the equivalent
Audio Only task, except for the Radio Easy (baseline) task. For this Radio Easy task, the Hybrid
and Audio tasks were both completed with a mean accuracy of 94 percent. Within each
respective display mode (Audio, Hybrid), Radio tasks were completed quicker than Navigation
tasks. For audio tasks, all Easy tasks were completed quicker and with higher accuracy than their
comparable Hard task (i.e., Radio Easy versus Radio Hard). These findings suggest that tasks of
different complexity and modality have different completion times and accuracies. This also
suggests that the Easy Radio task could be a good baseline candidate task as it was completed
quickest and most accurately..

Participants self-reported Audio Only tasks as more demanding as compared to the equivalent
Hybrid task type. However, participants on average rated themselves as safer while completing
Audio Only tasks as compared to the equivalent Hybrid tasks.

The DRT type (i.e., TDRT versus RDRT) did not have a statistically significant effect on driving
performance (i.e., SDLP or SD speed), cognitive workload (i.e., response time or miss rate), or
eye glance behavior (MGD). However, the DRT type did impact MGD; tasks with the TDRT
had noticeably smaller values of mean off road glances as compared to tasks with the RDRT.
When evaluating eye glance behavior, trends in plotted means and conformance with NHTSA
Driver Distraction Guidelines (NHTSA, 2013) also suggested that differences may exist between
DRTs. Specifically, total eyes off road durations were greater for TDRT on all tasks except
Navigation Hard (most complex task). However, for percent of long glances (threshold 15%) and
MGD (threshold 2.0 seconds), the RDRT tasks had a lower percentage of participants who met
thresholds. Further evaluation with a larger sample size could confirm and help to explain the
potential significance of these findings. Overall, these findings suggest that both types of DRT
capture similar measures of cognitive workload and that neither interfere with driving
performance in a simulator. However, the results support the notion that the modified RDRT
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may be biased toward measuring visual attention, while TDRT may be a purer measure of
cognitive attention.

The different VCS task types had a significant effect on driving performance (variations in speed
and lateral position), cognitive workload (reaction time), and eye glance behavior (MGD).
Similarly, the display modes had a significant effect on driving performance (variations in speed
and lateral position) and cognitive workload (reaction time and miss count). On average,
Navigation tasks had more long eyes-off-road glances and longer mean eye glance durations.
This suggests that the complexity of information and modality of providing the information
affects both driving performance and workload.
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4 STUDY 2 - COMPARING POTENTIAL VCS EVALUATION MEASURES IN
DRIVING SIMULATION AND ON-ROAD CONTEXTS

4.1 PURPOSE

The goal of Study 2 was to compare potential VCS evaluation measures, such as measures of
cognitive load (TDRT) and visual attention (glance measures) collected in the laboratory with a
driving simulator to the same measures collected on-road in a real vehicle. A second goal was to
determine if these measures are sensitive to differences between VCS tasks. Data collected in
Study 2 were also used for analysis of relative crash risk in Study 3.

4.2 METHOD

4.2.1 Participants

Nine people participated in the Study 2 including five women and four men. This sample size is
sufficient to detect large to moderate effect sizes in VCS evaluation measures. All were 30 to 56
years old, and the average age of participants was 42. All participants had valid U.S. driver
licenses, drove at least 3,000 miles per year, were native English speakers, and had previous
exposure to VCS. By self-report, they were not currently taking any medication nor did they
have any medical condition that would influence their driving performance. In addition, potential
participants were screened by Westat’s corporate background screening unit to ensure that their
driving records were in good standing.

Participants were recruited via a posting on Westat’s intranet page, and by word-of-mouth. No
employees in Westat’s Center for Transportation, Technology and Safety Research could
participate. Participants were each compensated $50 the first session, $75 the second and third
session, and $100 the fourth session, for a total possible compensation of $300. The study was
reviewed and approved by Westat’s Institutional Review Board for the protection of human
research participants.

4.2.2 Study Design

Study 2 was a within-subjects design, with participants coming to Westat on four separate
occasions for various types of data collection. The first session functioned as a practice session,
which introduced the participants to the types of tasks they would be doing in the simulator and
on the road.

During each of the three data collection sessions, the participant experienced a slightly different
driving scenario. However, all scenarios centered on the concept of following a LV at a constant
distance. Participants experienced each driving scenario both in the driving simulator and on the
road.

The within-subjects study design included: 2 contexts (on-road versus driving simulator) x 3
driving scenarios x 8 VCS tasks (including a no-task baseline, driving-only condition) x 2
attempts (replication of tasks). The various VCS tasks and driving scenarios are described in the
following sections.
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4.2.3 Voice Control System (VCS) Tasks

The same participant-facing VCS “Wizard of Oz” style interface used in Study 1 was used for
Study 2. As in Study 1, participants completed two voice control tasks: navigating to a restaurant
and selecting a radio station. Unlike in Study 1, participants were only given one page of options
for the Radio-Tuning tasks in Study 2. There were two modalities for the Navigation and Radio
tasks: Audio Only and Hybrid, where the options were both read aloud and displayed on a screen
next to the participant. There were both “Easy” and “Hard” Navigation tasks. In addition to these
tasks, participants also completed a 1-Back task. Two different predefined task sequences were
used in the study; participants with even participant ID numbers performed task order “A”, and
participants with odd ID numbers performed task order “B.”

The seven voice tasks were:

Auditory Radio-Tuning task (Auditory Only),

Hybrid Radio-Tuning task (Visual and Auditory),

Easy Auditory Restaurant Navigation (Auditory Only, Clear Correct Restaurant),

Hard Auditory Restaurant Navigation (Auditory Only, Harder-to-Identify Correct

Restaurant),

Easy Hybrid Restaurant Navigation (Auditory and Visual, Clear Correct Restaurant),

6. Hard Hybrid Restaurant Navigation (Auditory Only, Harder-to-Identify Correct
Restaurant), and

7. 1-Back verbal task.

b=

N

Each participant performed the seven VCS tasks two times. An eight baseline task (i.e.,
designated as “None”) consisted of a period of driving without performing any voice tasks. The
periods defined for “None” tasks were one-minute intervals that followed execution of the fourth
and ninth task attempts within each driving scenario. The analyses included all tasks.

A researcher trained each participant on all of the VCS tasks during an initial practice session.
Then, at the beginning of each subsequent data collection session, the researcher quickly
reviewed each task to ensure the participant was familiar with all of them before data collection
began.

4.2.4 Study Scenarios

Participants engaged in three different test protocols, or study scenarios (one per day). They
completed each of these scenarios both in the driving simulator and on the road, usually on the
same day. For scenario A, the participant followed the LV (driving at a fixed speed) while
completing the VCS tasks and engaging in the TDRT. In scenario B only, the LV varied its
speed slightly throughout the drive and the participant was supposed to follow at a constant
distance and perform VCS tasks. In scenario C, the brake lights (shown in Figure 18) illuminated
occasionally (although the vehicle did not actually slow down). Participants were instructed to
perform VCS tasks and to tap their own brake pedal as quickly as they could as soon as they saw
the brake lights illuminate on the red LV. Table 15 illustrates the details and key measures
collected for each study scenario. The order of the study scenarios was counterbalanced for the
nine participants. Additionally, the order that the participant completed the on-road portion and
the simulator portion of the session was also counterbalanced. Each data collection session took
approximately two hours to complete.
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Table 15. Study Scenarios

Scenario Lead Vehl.c le. (LV) Participant’s Driving Task Key Measures
Characteristics
(A)LV— | LV cruise control Follow the LV at a safe, e TDRT (RT, hit rate)
fixed engaged at fixed constant distance e Eye glances
speed speed of 60 mph
(B) LV— | LV speeds up or Follow the LV at a safe, e Speed correlation
variable slows down based on | constant distance (match between LV
speed a predefined function speed and Experimental
vehicle)
e Eye glances
(C) LV - | LV cruise control Follow the LV at a safe, e Brake (tap) response
brake light | engaged at 60 mph, constant distance, and tap brake time
illuminated | brake lights illuminate | pedal as quickly as possible e Eye glances
occasionally (but LV | whenever the LV brake lights
does not change illuminate
speed)

Figure 18. Ilinate Brake lts used for Brake Light scenario on-road (left) and in the

4.2.5 Study Procedures
Recruitment and Introduction Session
A small number of participants were required for this study, so advertisements were placed only
on Westat’s intranet site. Friends and family of Westat employees were eligible to participate.
Employees who worked in Westat’s Center for Transportation, Technology and Safety Research
or who were familiar with the study were ineligible. One Westat employee from a different part
of the company participated. People interested in participating were screened over the phone by a
researcher. Driving records were checked to ensure the participant had no infractions within the
past five years. Sessions were completed on weekdays at 10 a.m. and 1 p.m. to avoid rush hour
traffic. On-road sessions were not conducted when it was raining.

driving simulator (right)
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The first session functioned as a practice session, where the participant was introduced to the
VCS tasks and completed the VCS tasks both while driving on the road and in the simulator. A
researcher walked the participant through each task step by step and answered any questions.
Participants first practiced the VCS tasks without driving. After they felt comfortable with the
tasks, they practiced the VCS tasks first in the simulator (with the LV traveling at a fixed speed)
and then while driving the instrumented experimental vehicle on local roads.

Participants were instructed to drive safely and treat all driving scenarios (both in the simulator
and on the road) as if they were driving their own vehicle. After th