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Abstract: Nowadays, navigation systems are widely used in public travel because they can instantly
offer GPS-based route directions. Following the navigation prompt messages while driving is
considered a secondary driving task, while vehicle control is regarded as a primary driving task.
Navigation prompt messages with more information can deliver more cues to drivers, but they
require a higher cognitive demand and vice versa. To systematically explore the effects of the amount
of information from navigation voice prompts and further quantify the utility of voice prompts, four
types of prompt messages with increasing amounts of information, denoted as a Single Message,
Double Message, Triple Message, and Quadruple Message, were designed. A driving simulation
experiment was conducted to obtain driving behavior data under different prompt messages. The
one-way analysis of variance (ANOVA) and Kruskal-Wallis (KW) test were used to examine the
differences in driving performance under the guidance of different prompt messages from multiple
perspectives. Then, eight indicators were selected based on the functions of the navigation system
and the driver’s response, and the grey near-optimal method was used to determine the utility of the
four types of prompt messages. This study found that the four types of navigation prompt messages
all began to take effect at about 200 m upstream of the stop bar. The differences between the four
types of prompt messages were more significant in the zone from 100 m upstream and ended at
100 m downstream of the stop bar of the intersection. Drivers using Single and Double Messages
exhibited more powerful deceleration than those using Triple and Quadruple Messages. The utility
values of the four types of prompt messages increased with the increase in the amount of information.
This study provides theoretical support for optimizing navigation information and lays a foundation
for establishing navigation broadcast guidelines.

Keywords: navigation system; the amount of information from navigation voice; driving behavior
and performance; grey near-optimal method; driving simulation technology

1. Introduction

Nowadays, navigation systems have become an important driving assistant tool by
instantly offering GPS-based route directions and are widely used in public travel (Yared
etal., 2020; Zhong et al., 2022) [1,2]. The Geographic Information Industry Association in
China released the latest data indicating that the average daily number of location service
requests for Internet maps was up to 130 billion times and covered more than one billion
users every day (GIIA, 2022) [3]. The benefits of navigation systems to drivers are obvious,
such as saving travel time and avoiding traffic congestion (Chen and Chen 2011) [4].
However, navigation systems can also have negative impacts on drivers. For example, a
study found that both visual and auditory tasks made subjects exhibit a late response time
in unexpected situations (Jamson and Merat 2005) [5]. Another study found that drivers’

Sustainability 2024, 16, 5906. https:/ /doi.org/10.3390/5u16145906

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su16145906
https://doi.org/10.3390/su16145906
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0009-0001-2986-1416
https://doi.org/10.3390/su16145906
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su16145906?type=check_update&version=1

Sustainability 2024, 16, 5906

20f 18

attention to the road environment significantly reduced when using navigation systems
(Yuan et al., 2011) [6]. Through these studies, it can be seen that the service provided by
navigation systems for drivers should be treated dialectically. Actually, navigation systems,
as a medium to convey information to drivers, and their output modes are directly related
to drivers’ reception of navigation information; thus, scholars have carried out a series of
studies on the output modes.

At present, three common modes to output navigation information exist: only audio,
only visual, and audio—visual—with a number of differences between the three modes.
Thus, some studies have aimed to compare the differences in behaviors and performance
under different information output modes. A study indicated that compared with the only
visual mode, adding audio decreased the number of eye glances, but driving performance
showed no significant differences (Jensen et al., 2010) [7]. Another study also showed that
audio-visual information can reduce drivers” workload in comparison with only visual
output (Zhu et al., 2015) [8]. Hu (2017) [9] found that audio-visual information had the
least effect on driving performance and vehicle operation. In addition, there are also some
studies dedicated to exploring the effects of navigation information presentation forms and
driving situations. For example, Yun et al. (2017) [10] explored how in-vehicle navigation
information impacts lane-changing behavior at urban expressway diverge segments in
consideration of variation of the first provision time point and traffic flow density. The
results indicated that in-vehicle navigation information had a significant positive impact
on lane-changing safety under medium- to high-density conditions. Yared et al. (2023) [11]
investigated the impact of navigation systems on driver distraction and visual search under
various driving conditions, and the result showed that small GPS displays caused greater
distraction in terms of average and total gaze duration. Additionally, distraction increased
during daytime driving conditions. These studies further revealed the importance of the
presentation forms of audio and visual information under different driving situations,
providing a reference for the optimization of navigation information output modes.

The above studies indicated that the behaviors and performance of drivers were
influenced by the output modes and presentation forms, which may be attributed to the fact
that the processing of navigation information and driving jointly occupy drivers’ cognitive
resources. Driving a vehicle is a complex task that requires drivers to use operational
ability, cognitive ability, and executive functions comprehensively (Xu 2006) [12]. Using
navigation systems while driving is equivalent to adding an additional task to the main
driving task; these two tasks occupy the limited cognitive resources of a driver together.
However, Wickens (2002) [13] proposed that each sensory modality has its own pool of
dedicated processing resources. According to this view, because driving imposes demands
that are primarily visual and manual, it might seem plausible to assume that additional
auditory information can be processed to some extent without significant cost (Dalton
et al., 2013) [14]. Some studies also confirmed that voice navigation information was
easier to process and respond to than visual navigation information (Moldenhauer and
McCrickard 2003; Large and Burnett, 2014) [15,16]. However, another study pointed out
that voice navigation information still exerts cognitive demands, although it is relatively
easy, and the level of cognitive demand depends on the exact complexity of the voice
navigation instructions (Dalton et al., 2013) [14]. Actually, the more complex the navigation
voice information is and the more information it contains, the more cognitive resources
are occupied by its processing. According to cognitive resource theory (Tversky and
Kahneman 1973) [17], fewer cognitive resources will be allocated to the main driving task
if the voice navigation information occupies more cognitive resources, which may have
negative impacts on driving safety. Thus, it is necessary to explore the effects of the amount
of information from navigation voice guidance on driving performance to identify the
amount of navigation voice information meeting the needs of drivers.

At present, some studies have been conducted on the amount of information from
navigation voice guidance. For example, Dalton et al. (2013) [14] compared driving
behavior and performance when guided by simple and complex instructions and found
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that drivers missed more hazardous pedestrians and had larger speed and steering waivers
using the complex instructions than when using simple instructions. Wu et al. (2009) [18]
compared driving correctness using simple and complicated voice prompts on different
types of roads, and the results showed that drivers had lower driving correctness using the
complicated voice prompt than when using the simple one at expressways and major roads.
However, it should be noted that the voice guidance in existing studies mainly involved
two instruction types: direction and road. In China, distance and lane prompt instructions
are also common in the voice guidance information of intersections in addition to direction
and road instructions. Previous studies having not involved these two information types
make us lack a clear understanding of the effectiveness of voice guidance information
including distance and lane instructions, which may lead to an increase in the possibility
that inappropriate navigation voice guidance information is used. Thus, this study proposes
four types of prompt messages with different amounts of information based on the four
information types that are often involved in navigation voice guidance information at
intersections in China (distance, direction, road, and lane instructions) to systematically
explore the effects of the amount of information from navigation voice prompts on driving
performance and to further quantify the utility of voice prompts.

The following work has been carried out to achieve the research objective. Firstly,
a driving simulation experiment was designed to collect driving behavior data guided
by the four types of prompt messages. Next, the effects of the amount of information
from the navigation voice prompts on driving performance were analyzed from multiple
perspectives. Finally, according to the driving performance, eight evaluation indicators
were selected based on navigation functionality (driving efficiency and safety) and driver
response performance (response smoothness and consistency), and the grey near-optimal
method was used to determine the utility of the four types of prompt messages, achieving
a quantitative evaluation of the utility of navigation voice information.

2. Methods
2.1. Participants

The sample size directly affects the validity of data analysis results; thus, the minimum
sample size required for this study was calculated based on the power analysis (Lerman,
1996; Chow et al., 2017) [19,20]. The calculation formula is as follows:

2
z z
— ( a/Z;_ ﬁ) (1)
where z, /, is the upper (a/2)th quantile of the standard normal distribution, zg is the upper
(B)th quantile of the standard normal distribution, and ¢ is the meaningful difference.

Typically, a 10% level of significance is chosen to reflect 90% confidence regarding the
unknown parameter. A power of 80% and a meaningful difference of 0.5 were used to
balance the power and cost-effectiveness. Based on these selected parameters, the value of
n was calculated as 25.

Thirty-seven participants aged between 21 and 57 years (M = 37.76, SD = 11.89) were
recruited from those participants who had no motion sickness symptoms in our previous
driving simulation experiments. The sample size in this study met the requirement of
the minimum sample size. Among these participants, 25 were male and 12 were female.
The ratio of male to female subjects is close to that of licensed drivers in China. All
participants held valid driving licenses, and their driving experience ranged from 2 to
35 years (M = 13.53, SD = 9.40). All participants had normal vision or vision corrected to
normal with contact lenses. The main reason for selecting participants with such vision
was that they could wear the glass-type eye tracker. During the pre-driving orientation
and formal test, these participants had no motion sickness symptoms (such as nausea and
dizziness). Written and signed informed consent was obtained from all participants. The
study was approved by the Ethics Committee of Science and Technology, Beijing University
of Technology, and conformed with the Helsinki Declaration.
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2.2. Apparatus

A fixed-base driving simulator was used in the current research (as shown in Figure 1),
and the vehicle operating data (such as speed and acceleration) and driver maneuver data
(such as gears, clutch, accelerator, and brake) were collected. The data acquisition frequency
of the driving simulator was 30 Hz. The road scenario was projected onto three big screens,
giving the driver a 130° wide-angle field of view. Moreover, the validity of this simulator
in studying driver behavior has been established in previous research (Zhao et al., 2011;
Ding et al., 2013; Zhao et al., 2013) [21-23]. Until now, 500 drivers who participated in
driving simulation studies evaluated this driving simulator through questionnaires. The
average score for the reality of the driving simulator, experiment scenarios, and guidance
information was approximately 9 (1 denotes not real and 10 means very real). Hence, it
was feasible to conduct the effectiveness evaluations and optimizations of navigation voice
information based on this driving simulator platform.

(a) Control system. (b) Display and vehicle systems.

Figure 1. The driving simulator used in this study.

2.3. Experimental Design

A typical intersection was taken as an example to carry out the experiment and exclude
the potential impacts of road types. Generally, the prompt message of one typical intersec-
tion was a set of three sequential messages broadcast by the navigation unit. Four types of
prompt messages were designed based on the number of instruction types contained in the
first two sequential messages; they were denoted as a Single Message, Double Message,
Triple Message, and Quadruple Message. Specifically, a Single Message included a direction
instruction (e.g., turn XX at the traffic light), a Double Message included direction + road
instructions (e.g., turn XX at the traffic light, enter XX road), a Triple Message included
distance + direction + road instructions (e.g., turn XX at the traffic light XX ahead, enter XX
road), and a Quadruple Message included distance + direction + road + lane instructions
(e.g., turn XX at the traffic light XX ahead, enter XX road, take the XX lane). The detailed
contents and playback duration of the four types of prompt messages are shown in Table 1.
From the Single Message to the Quadruple Message, the amount of information from the
navigation voice guidance increased, and this factor was set as a within-subjects factor.

To better explore the effects of the amount of information from navigation voice guid-
ance, the study ensured that the broadcast completion positions of the same sequential
message of the four types of prompt messages were the same, and the completion posi-
tions of the three sequential messages were 500, 100, and 0 m upstream of the stop bar,
respectively. The settings of the broadcast completion positions were consistent with those
of the advance guide signs. The broadcast start positions depended on the amount of
information from the navigation voice guidance contained in the prompt message; the
greater the amount of information from the navigation voice guidance was, the further the
starting broadcast position was from the stop bar.
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Table 1. The detailed contents and playback duration of four types of prompt messages.

Message Types The First Sequential Message The Second Sequential Message  The Third Sequential Message
. Turn right at the traffic light Turn right at the traffic light Turn right
Single Message 2s) 2s) (1s)
Turn right at the traffic light, Turn right at the traffic light, Turn right
Double Message enter Linglong road enter Linglong road &
(1s)
(45s) (45s)
Turn right at the trafle light Turn right at the traffic light .
. 500 m ahead, enter Pingle . Turn right
Triple Message road 100 m ahead, enter Pingle road (1s)
55) (55s)
Turn right at the traffic light Turn right at the traffic light
500 m ahead, enter Wenhua .
100 m ahead, enter Wenhua road, Turn right
Quadruple Message road, .
. take the rightmost lane (1s)
take the rightmost lane
©5) (65s)

2.4. Driving Scenario Design

The four types of prompt messages corresponded to four experimental intersections
with the same design parameters. The 3D scene of the experimental intersection is shown
in Figure 2. The signal lights at the four experimental intersections were all green. The
four intersections mentioned above were randomly assigned to four routes. The length of
each route was about 10 km, and each route contained 10 intersections. In addition to the
experimental intersections used in this study, the remaining intersections were intended to
conduct other studies. All participants drove the four routes in a randomized sequence to
counterbalance the possible effects of learning or fatigue. The road type was an arterial road
with eight two-way lanes, the motorway width was 3.5 m, and the speed limit was 60 km/h.
The experimental environment was set to free traffic flow, aiming to avoid the interference
of other vehicles to the decision-making and behaviors of the subject vehicle drivers. The
free flow was set based on the traffic density, i.e., the number of vehicles per kilometer. A
study on the traffic flow of urban arterial roads found that the traffic flow was free flow
when the traffic density was less than 25 vehicles/km (Wang et al., 2008) [24]. According to
this criterion, combining vehicle speed and visual distance, a maximum of 5 vehicles were
kept every kilometer, and a total of 25 vehicles were placed on the experimental route. The
vehicle spacing was kept at 200 m at least.

Figure 2. The 3D scene of the experimental intersection.

The traffic signs and markings in the experiment scenarios were established based
on the Chinese national standard GB5768-2009 (AQSIQ and SA 2019) [25]. The designed
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prompt messages were produced by navigation companies, and their broadcast speed and
broadcast style were the same as those used in reality. The prompt messages were imported
into the driving simulation platform through interface functions, and they were controlled
by trigger functions. Drivers were required to pass through the intersection according to
the navigation instructions when approaching the intersection. It should be noted that
the driving direction of the subject vehicle was set as a right turn at the four experimental
intersections of this study to exclude the effects of turning on the experimental results.

2.5. Procedure

The main process of the experiment was as follows.

First, participants were asked to fill in the basic personal information form.

Secondly, a five-minute pre-driving orientation was conducted to familiarize partici-
pants with the operation of the steering wheel, accelerator, and brake pedal. Only those
participants with no symptoms of discomfort (such as nausea and dizziness) were allowed
to carry out the follow-up formal test.

Thirdly, participants drove four routes in a randomized sequence to counterbalance
the possible effects of learning or fatigue. Participants were informed of road types, road
speed limit, driving lane, and destinations before the beginning of each experimental
route; then, they were asked to drive to the destination according to road traffic signs
and navigation prompt messages. Each route needed about 10 min. The formal test was
stopped immediately if the participants felt any discomfort. A five-minute break was taken
after each route until four routes were completed.

Finally, participants were asked to fill in the validity questionnaire of the driving
simulation platform.

2.6. Data Analysis
2.6.1. Analysis of the Effects of Navigation Prompt Messages

The differences in driving performance under the guidance of different prompt mes-
sages were analyzed from multiple perspectives to identify how the amount of information
from navigation voice prompts affects driving performance. Specifically, a one-way analysis
of variance (ANOVA) was used to examine the differences in driving performance over the
whole zone and each subzone guided by four types of prompt messages. Additionally, a
comparison was made of the rate of speed variation and rate of acceleration variation of
each broadcast for the four conditions using the Kruskal-Wallis (KW) test.

(1) The definitions of the whole zone and subzones

This study identified a data analysis zone of each intersection (called the whole zone),
which started from 600 m upstream of the intersection stop bar and ended at 100 m past
the stop bar (as shown in Figure 3). This range was selected to ensure drivers could see the
first advance guide signs when entering the intersection analysis zone and then complete
the turning operation when leaving the intersection analysis zone.

The whole zone
The zone before and after the The zone before and after the The zone before and after the
broadcast of first message broadcast of second message I broadcast of third message
S1 S2 S3 S4 —k— S5 S6
-600m -500m -200m -100m  -50m  Om (Stop bar) +100m
Notes:

@ represents the broadcast start positions of the three sequential messages of Quadruple Message.
@ represents the broadcast completion positions of the three sequential messages of Quadruple Message.

Figure 3. The data analysis zone of intersections.
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In addition, according to the broadcast start and broadcast completion positions of the
three sequential messages of the Quadruple Message, the whole zone was divided into six
subzones to analyze the driving performance in different subzones. The reason that the
subzones were divided based on the Quadruple Message was because the distance between
the starting and completion positions of each broadcast of the Quadruple Message was the
greatest and could thus cover the distance between the starting and completion positions
of other prompt messages. The range of each subzone is shown in Figure 3. The 6 subzones
are labeled as S1, S2, S3, 54, S5, and S6, and they represent the First Broadcast, the First
Clear Interval, the Second Broadcast, the Second Clear Interval, the Third Broadcast, and
the Turning in turn.

(2) The selection of measures of driving performance
> Driving performance in the whole zone

Velocity through the whole zone: The mean of all output speeds in the whole zone for
each driver (km/h).

Time through the whole zone: The total time taken by each driver to pass through the
whole zone (s).

Absolute acceleration in the whole zone: The mean of absolute values of all output
accelerations in the whole zone for each driver (m/s?).

Maximal deceleration in the whole zone: The maximum of all output decelerations in
the whole zone for each driver (m/s?).

> Driving performance in each subzone

Velocity at each subzone: The mean of output speeds at every subzone for each driver
(km/h).

Acceleration at each subzone: The mean of output accelerations at every subzone for
each driver (m/s?).

> Driving performance before and after each broadcast

Rate of speed variation of each broadcast: The rate of speed variation in the subzone
in which the current message has finished broadcasting but the following message has not
started broadcasting relative to the subzone in which the current message is broadcasting
for each driver.

Rate of acceleration variation of each broadcast: The rate of acceleration variation in
the subzone in which the current message has finished broadcasting but the following
message has not started broadcasting relative to the subzone in which the current message
is broadcasting for each driver.

2.6.2. Evaluation of the Utility of Navigation Prompt Messages

Through the above measures, it is possible to preliminarily identify the driving perfor-
mance in the whole zone, each subzone, and each broadcast under the effects of the four
types of prompt messages, but it is not easy to quantify the utility of the four prompt mes-
sages. To evaluate the effectiveness of the four types of prompt messages comprehensively
and quantitatively, eight evaluation indicators were selected based on the functions of the
navigation system and the driver’s response, and the grey near-optimal method was used
to determine the utility of the four types of prompt messages.

(1) Evaluation indicators

From a functional perspective, a navigation system’s purpose is to guide a driver to
reach their destination quickly and safely by transmitting the road direction, location, and
distance information; thus, driving efficiency and safety are two important aspects that
scholars pay attention to when evaluating the effectiveness of navigation systems (Lee
and Cheng 2008; Wu et al., 2009; Jeong et al., 2013) [26-28]. Based on this, we selected
evaluation indicators from the two aspects of driving efficiency and safety. From a receptive
perspective, the driver’s response to the prompt message can directly reflect whether the
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message is easy to understand and accept; thus, it has also attracted great attention from
scholars (Liu and Wen 2004; Jahn et al., 2005; Lavie et al., 2011) [29-31]. Referring to these
studies, response smoothness and response consistency were treated as the other two
aspects of selecting indicators; the former aimed to evaluate the stability of the driver’s
response to three sequential messages, and the latter aimed to evaluate the consistency of
the driver’s response to the same sequential messages.

For driving efficiency, travel speed and time are common measures in existing studies
on navigation systems. For example, Lee and Cheng (2008; 2010) [26,32] and Uang and
Hwang (2003) [33] used trip time and driving speed to measure the driving efficiency
of different navigation systems. Referring to these studies, both travel time and driving
velocity were used as driving efficiency measures. For driving safety, some studies indicated
that acceleration and deceleration can be used to identify potential safety hazards (Zhang
et al., 2009; Yang et al., 2018) [34,35], so we used maximal deceleration and absolute
acceleration as driving safety measures. As for drivers’ responses, some studies implied that
they were related to their behavioral performance. For example, Nakayama et al. (1999) [36]
found that response times correlated with a steering entropy measure. Another study found
that the resulting pattern of percentage error of direction judgment was consistent with
response time (Rizzardo and Colle 2013) [37]. Thus, this study used behavioral performance
to measure their responses. For response smoothness, given that the coefficient of subzone
speed and acceleration variation can reflect the smoothness of speed and acceleration
variation across the six subzones under the guidance of different prompt messages, these
two indicators were selected to be measured. For response consistency, the standard
deviations of the rates of speed and acceleration variation were selected; they can reflect
the deviation of each driver’s rate of speed and acceleration variation from the mean of all
drivers’ rate of speed and acceleration variation.

The selected indicators are shown in Figure 4.

Travel time

— Driving efficiency

Driving velocity

Maximal deceleration

—>  Driving safety

Absolute acceleration

Evaluation indicators ——

Coefficient of subzone

— e
speed variation
Response
smoothness
Coefficient of subzone
—— . . .
acceleration variation
Standard deviation of
I AL
rate of speed variation
Response
— b —
consistency
Standard deviation of rate
e

of acceleration variation

Figure 4. The selected evaluation indicators.
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The definition of each indicator is as follows.

Travel time: The mean of the time all drivers take to pass through the whole zone.

Driving velocity: The mean of the velocity at which all drivers pass through the whole
zone.

Maximal deceleration: The mean of the maximal deceleration of all drivers in the
whole zone.

Absolute acceleration: The mean of the absolute acceleration of all drivers passing
through the whole zone.

Coefficient of subzone speed variation: The mean of the absolute values of average
velocity difference between adjacent subzones.

Coefficient of subzone acceleration variation: The mean of the absolute values of
average acceleration difference between adjacent subzones.

Standard deviation of the rate of speed variation: The mean of the standard deviation
of the rate of speed variation of three broadcasts.

Standard deviation of the rate of acceleration variation: The mean of the standard
deviation of the rate of acceleration variation of three broadcasts.

(2) Evaluation method

As shown in Figure 4, in this study, there are more selected evaluation indicators,
and fuzziness and randomness are among these indicators; a utility evaluation method of
navigation voice prompts that matches the characteristics of the indicators was needed.
The gray near-optimal method originates from grey theory and the mathematical theory of
dealing with fuzzy phenomena. This method combines the advantages of qualitative and
quantitative analyses and has the characteristics of small computational complexity, low
sample requirements, and objective and realistic results (Zhu 2023) [38], and it is widely
used in evaluation research in the field of transportation (Huang 2018; Wang 2019; Yang
et al., 2020) [39-41]. Thus, this study used the gray near-optimal method to determine the
comprehensive score of driving performance under the effects of each type of navigation
voice prompt message, achieving a quantitative evaluation of the utility of navigation voice
information. The steps of constructing the grey near-optimal model have been described in
another study (Yang et al., 2020) [41].

3. Results
3.1. Velocity and Time through the Whole Zone

The mean velocity and time at which all drivers passed through the whole zone guided
by the four prompt messages are shown in Figures 5 and 6, respectively. The mean velocity
under the Single, Double, Triple, and Quadruple Messages was 52.61, 52.75, 52.34, and
54.49 km/h, respectively. The mean time under the Single, Double, Triple, and Quadruple
Messages was 46.75, 44.51, 45.06, and 42.03 s, respectively. It should be noted that there
was no significant difference in velocity at the starting point of the data analysis zone (i.e.,
L (-600)) in the four conditions (F = 0.003, p = 1.00), so the potential effects of initial velocity
can be excluded. The ANOVA results showed that the amount of information from the
navigation voice guidance significantly affected the velocity and time in the whole zone
(F(3,108) =3.54, p = 0.02; F (3, 108) = 8.98, p = 0.00). The Bonferroni test further showed
that the velocity when using the Quadruple Message was significantly greater than that
when using the other three prompt messages; the time was also significantly less than that
when using the other three prompt messages. However, there was no significant difference
in the mean velocity and time with the Single, Double, and Triple Messages. In terms of the
velocity and time through the whole zone, the vehicle ran more efficiently when guided by
the Quadruple Message than when guided by the other three prompt messages.
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Figure 5. The mean velocity through the whole zone following four prompt messages.
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Figure 6. The mean time through the whole zone following four prompt messages.

3.2. Absolute Acceleration and Maximal Deceleration in the Whole Zone

The mean absolute acceleration and mean maximal deceleration of all drivers passing
through the whole zone guided by the four prompt messages are shown in Figures 7 and 8,
respectively. The mean absolute acceleration following the Single, Double, Triple, and
Quadruple Messages was 0.34, 0.33, 0.32, and 0.30 m/s?, respectively. The mean maxi-
mal deceleration following the Single, Double, Triple, and Quadruple Messages was 4.03,
3.75, 3.42, and 3.28 m/s?, respectively. From the Single Message to the Quadruple Mes-
sage, the mean absolute acceleration and maximal deceleration gradually decreased with
the increasing amount of information. The ANOVA results showed that the amount of
information from the navigation voice guidance significantly affected the maximal deceler-
ation (F (3, 108) = 3.08, p = 0.03), but its effect on absolute acceleration was not significant
(F (3,108) = 1.35, p = 0.266). The Bonferroni test further showed that the maximal decel-
eration had no significant difference following Single and Double Messages, and Triple
and Quadruple Messages; however, the maximal deceleration with the Single Message was
significantly greater than that with the Triple and Quadruple Messages. In terms of the
maximal deceleration in the whole zone, the operation of the vehicles guided by the Single
Message was less safe than that of those guided by the Triple and Quadruple Messages.
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Figure 7. The mean absolute acceleration in the whole zone following four prompt messages.
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Figure 8. The mean maximal deceleration in the whole zone following four prompt messages.

3.3. Velocity and Acceleration at Each Subzone

The mean velocity and acceleration at which all drivers passed through each subzone
when guided by four prompt messages are shown in Figures 9 and 10, respectively. S1-56 in
Figures 9 and 10 represent the First Broadcast, the First Clear Interval, the Second Broadcast,
the Second Clear Interval, the Third Broadcast, and the Turning in turn.
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Figure 9. The mean velocity at each subzone following four prompt messages.
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Figure 10. The mean acceleration at each subzone following four prompt messages.

As shown in Figure 9, from S1 to S2, the mean velocity slightly increased, which
showed that drivers did not immediately slow down to prepare for imminent turning
after the first message was broadcast. From S3, the mean velocity started to decrease
and continued to do so until S6 according to a linear trend, which indicated that drivers
began to prepare for imminent turning at the beginning of the broadcast of the second
message. The ANOVA results showed that there were significant differences in velocity
following the four prompt messages with different amounts of information at 54, S5, and
S6 (F (3,108) = 3.856, p = 0.012; F (3, 108) = 5.679, p = 0.001; F (3, 108) = 14.660, p = 0.000),
but the velocity following the four prompt messages had no significant difference at S1 and
52 (F (3, 108) = 0.686, p = 0.562; F (3, 108) = 0.889, p = 0.449). Moreover, the velocity when
using the Quadruple Message was significantly higher than that with the other three types
of prompt messages, but the velocity with the Single, Double, and Triple Messages showed
no significant difference at 54, S5, and S6. In terms of the velocity at each subzone, drivers
had a slightly more gradual deceleration when using the Quadruple Message than when
using the other three prompt messages from S3 to Sé.

As shown in Figure 10, the mean acceleration at S1 and S2 was about 0 m/s?, but the
acceleration was less than 0 from S3 to S6 (in addition to the acceleration following the
Double Message at S6, which was slightly greater than 0). The ANOVA results also showed
that the amount of information from the navigation voice guidance significantly affected
the acceleration at 54, S5, and 56 (F (3, 108) = 5.725, p = 0.001; F (3, 108) = 4.964, p = 0.003;
F (3,108) =5.212, p = 0.002). In summary, based on the acceleration at each subzone, the
drivers had a more stable speed adjustment when guided by the Triple and Quadruple
Messages compared to the Single and Double Messages from S3 to S6.

3.4. Rate of Speed Variation and Acceleration Variation of Each Broadcast

Each prompt message was broadcasted three times; for each broadcast, the change rates
of speed and acceleration for the four prompt messages are shown in Figures 11 and 12,
respectively. T1-T3 in Figures 11 and 12 represent the first, second, and third broadcasts in
turn, respectively.

After the first message was broadcast, the speed of the four types of prompt messages
all increased by all 1%, while acceleration decreased all around, and the decrease rate when
using the Single and Double Messages (—128% and —106%) was larger than that when
using the Triple and Quadruple Messages (—40% and —29%).

After the second message was broadcast, the speed and acceleration after using the
four types of prompt messages decreased. Specifically, the decrease rate of speed when
using the Single and Double Messages (—10% and —11%) was slightly greater than that
when using the Triple and Quadruple Messages (—8% and —7%). However, the decrease
rate of acceleration when using the Single and Double Messages (—213% and —204%)
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was much greater than that when using the Triple and Quadruple Messages (—125%
and —116%).

After the third message was broadcast, the speed following the four types of prompt
messages decreased, while acceleration increased. Specifically, the decrease rate of speed
when using the Single and Double Messages (—25% and —22%) was greater than that
when using the Triple and Quadruple Messages (—14% and —15%). The increase rate of
acceleration when using the Single and Double Messages (48% and 45%) was greater than
that when using the Triple and Quadruple Messages (28% and 32%).

The results of the KW test showed that the amount of information from the navigation
voice guidance significantly affected the mean rank of the rate of speed variation for
the last two broadcasts (x%(3) = 8.276, p = 0.045; x?(3) = 11.517, p = 0.008). In addition,
it significantly affected the mean rank of the acceleration change rate for the first two
broadcasts (x?(3) = 9.200, p = 0.032; x%(3) = 9.079, p = 0.034). In terms of the change rates
of velocity and acceleration, the drivers had a stronger deceleration consciousness guided
by the Single and Double Messages compared to the Triple and Quadruple Messages after
each broadcast.
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Figure 11. The mean rate of speed variation of each broadcast of four prompt messages.
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Figure 12. The mean rate of acceleration variation of each broadcast of four prompt messages.
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3.5. Comprehensive Evaluations of Prompt Messages

According to the construction steps of the gray near-optimal model, the comprehensive
utility values of the four types of prompt messages were calculated, as shown in Figure 13.

0.95 A
0.92

0.90 -

0.84
0.85 -

\

Utility evaluation values

0.75 _ T T T 1
Single Message Double Message Triple Message Quadruple Message

Figure 13. The utility evaluation results of four prompt messages.

The comprehensive utility values of the four types of prompt messages were 0.76,
0.82, 0.84, and 0.92, respectively. It should be noted that the closer the value of the near-
optimal degree is to 1, the better the comprehensive performance of the scheme is (Ke
et al., 2007) [42]. Obviously, with the enhancement of the level of detail of the prompt
messages, the utility values of the prompt messages also increased. Compared with the
Single Message, the utility values of the Double, Triple, and Quadruple Messages increased
by 7.89%, 10.53%, and 21.92%, respectively. This result showed that the Quadruple Message,
which included four-dimensional messages of distance, direction, road, and lane, played a
better guidance role than the other three types of prompt messages.

4. Discussion

This study found that the drivers basically did not respond to the first sequential
message, which may be because they thought it was too early to make deceleration prepa-
ration for the intersection ahead. However, the drivers had an obvious response to the
second sequential message, which indicated that the sequential message triggered at 200 m
upstream of the intersection can guide drivers in a timelier manner to take preparatory
actions for passing the intersection in the current prompt timing combination. Ross and
Brade (1993) [43] once pointed out that the appropriate timing of pushing notifications is
critical to the acceptability and safety of a navigation system. The findings of this study
revealed that there were some significant differences in the responses of drivers to the three
sequential messages triggered at different timings. However, the current findings cannot
explain which timing combination is appropriate at the typical intersection, so it will be
further explored in a future study. In addition, the results indicated that the decrease in
speed at S3 (the Second Broadcast, between —200 m and —100 m) was slower than that at
the S4 (the Second Clear Interval, between —100 m and —50 m) and S5 (the Third Broad-
cast, between —50 m and 0 m), which may be due to different deceleration motivations.
A previous study showed that the presence of auditory instructions imposes significant
processing demands even under familiar conditions (Dalton et al., 2013) [14]. Other studies
indicated that an obvious and often used adaptation to a demanding situation is to reduce
driving speed (Jordan and Johnson 1993) [44]. Through these studies, it can be inferred that
in the zone between —200 m and —100 m (i.e., S3), the drivers may have decreased their
speed to better listen to and understand the navigation message. However, the distance
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between the vehicle and the intersection was less than 100 m in the zone between —100 m
and 0 m (i.e., S4 and Sb: the Second Clear Interval and the Third Broadcast), and the drivers’
decelerating behavior at this zone may have been aimed at reducing the speed to a level
which is suitable for turning at intersections.

This study found that the drivers drove faster when they were guided by the Quadru-
ple Message compared to the other three prompt messages at the zones near the intersection
(i.e., the Second Clear Interval, the Third Broadcast, and the Turning), which might be
because the Quadruple Message was very detailed. In this study, the Quadruple Message
included four-dimensional instructions for distance, direction, road, and lane, which meant
that the drivers could have a clear understanding of the road conditions and did not need
to slow down to read traffic signs to obtain outside information. Thus, the speed at which
the vehicle crossed the intersection was higher. The result of this study is consistent with
that of another study on the complexity of auditory instructions (Dalton et al., 2013) [14].
In addition, it should be noted that no matter which prompt message was used, significant
changes in acceleration all started at S3 (i.e., the Second Broadcast). However, the change
trends for the four prompt messages had some differences, especially from S3 to S5 (S3: the
Second Broadcast; S4: the Second Clear Interval; S5: the Third Broadcast). Specifically, the
change in acceleration when using the Single and Double Messages was less smooth than
that when using the Triple and Quadruple Messages (as shown in Figure 10). The reason
may be that the prompt contents of the Single and Double Messages were relatively simple
and failed to provide the drivers with detailed guidance information; in this situation, the
drivers paid more attention to traffic signs and road conditions, and additional attention to
the external environment may weaken the driver’s ability to control the accelerator and
brake pedals, resulting in a more uneven change in acceleration.

This study found that before and after each broadcast, the change rates of speed
and acceleration with the Single and Double Messages were greater than those with the
Triple and Quadruple Messages in most cases. Compared with the Triple and Quadruple
Messages, the Single and Double Messages did not contain distance instructions. Cognitive
psychology provides strong evidence that humans have difficulties in accurately estimating
distances in space (Norman et al., 2015) [45]. With the limitation in distance cognition and
the fact that the prompt messages did not give information regarding distance, the drivers
might have lacked a clear perception of the distance between the vehicle and the intersection.
Another study found that in hazardous situations, drivers decelerated more clearly without
navigation instructions than with navigation instructions (Platten et al., 2013) [46], and
this was mainly due to the fact that drivers had less complete perceptions in hazardous
situations when there were no navigation instructions, and thus, they are more conscious of
decelerating to avoid hazards. Similarly, in this study, under the guidance of the Single and
Double Messages, the drivers had no accurate estimate of the distance between the vehicle
and the intersection. Therefore, the drivers showed a stronger deceleration response to the
navigation information to avoid missing a turn or failing to decelerate to a suitable speed
for turning when arriving at the turning zone.

The evaluation results showed that the Single Message only including direction instruc-
tion had the smallest utility value. Compared to the Single Message, the Double Message
added road information, the Triple Message added distance and road instructions, and the
Quadruple Message added distance, road, and lane instructions, and the utility values of
these three prompt messages increased by 7.89%, 10.53%, and 21.92%, respectively. In other
words, the utility values of the four types of prompt messages increased with the increase
in the amount of information. This finding of the study implies that the vehicle control and
navigation instruction followed did not cause cognitive overload in the research scenario,
so the driving performance improved with the increase in the amount of information in
the navigation voice prompt. However, it should be noted that in certain complex driving
scenarios with higher attention demands, additional navigation information can lead to
information overload and therefore render a marginal gain or even reduction in utility.
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5. Conclusions

To systematically explore the effects of the amount of information from navigation
voice prompts on driving performance and further quantify the utility of voice prompts,
four types of prompt messages with different amounts of information were designed,
and a driving simulation experiment was conducted to obtain driving behavior data.
ANOVA and KW tests were used to identify the differences in driving performance (such
as velocity and acceleration in the whole zone and each subzone) following four types
of prompt messages. Eight evaluation indicators measuring driving efficiency, driving
safety, driver’s response smoothness, and driver’s response consistency were selected, and
the gray near-optimal method was further used to evaluate the utility of the four types of
prompt messages. The conclusions of this study are as follows:

(1) The four types of navigation prompt messages all began to take effect at about 200 m
upstream of the stop bar.

(2) The differences between the four types of prompt messages were more significant in
the zone which started at 100 m upstream and ended at 100 m downstream of the
stop bar of the intersection.

(3) Dirivers following the guidance of the Single and Double Messages exhibited more
powerful deceleration than those following the guidance of the Triple and Quadruple
Messages.

(4) The utility values of the four types of prompt messages increased with the increase in
the amount of information from the navigation voice guidance.

This study has significant theoretical and practical implications. From a theoretical
perspective, this study explored the effects of the amount of information from navigation
voice guidance on driving performance in detail, which lays theoretical foundations for
further exploring the influence mechanism of navigation information. Additionally, this
study formed an integrated research framework on navigation voice information from
indicator selection to impact analysis and quantitative evaluation, which can provide
references for studying other in-vehicle information systems in the future. From a practical
perspective, this study determined the utility of four prompt messages with different
amounts of information, which provides valuable guidance for optimizing the prompt
contents of navigation voice information at general intersections. Furthermore, this study
revealed the differences in the effectiveness of the four prompt messages, which can
provide references for establishing navigation voice prompt guidelines, further improving
the service quality of navigation systems.

This study took general intersections as an example to compare the differences in
driving performance when following four types of prompt messages with different amounts
of information. The findings of this study may be different from those in certain complex
driving scenarios. In a future study, we will take some complex driving scenarios (such
as roundabouts and multiple exit roads) as examples and further explore the effects of
more detailed (e.g., five-fold and six-fold) messages on driving performance to broaden the
understanding of the effects of navigation voice information. In addition, this study mainly
focused on the amount of information from the navigation voice prompt. The correctness
of prompt messages is also a very noteworthy aspect, which is the basic requirement that
navigation information should satisfy. In the future study, we will compare navigation
information with the road information in traffic scenes where drivers often make wrong
turns or miss turns, identify the traffic scenes with inaccurate navigation messages, build
a spatial distribution map of the inaccurate navigation messages, and further determine
navigation message optimization nodes of the whole road network.
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