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Abstract 
  
Intersections are one of the most common components in modern transport systems, 
which can normally be classified as signalized and unsignalized intersections. How to 
improve traffic efficiency and driving safety at intersections is an essential issue to be 
solved. Traffic signals are considered to be one of the most important factors for 
maintaining traffic efficiency and safety at intersections. Emerging vehicular 
communication makes it easier to provide traffic signal information to drivers, and in-
vehicle displays can be applied to provide these information inside vehicles. However, 
the effects of this method on driving behaviors are still unclear, and there is a concern that 
the application of in-vehicle traffic signals may result in driver distraction. This study, 
therefore, tried to investigate the influences of the proposed in-vehicle traffic signal 
system on driving behaviors, considering driver models and the penetration rate of the 
system at signalized and unsignalized intersections. 

For the application of in-vehicle traffic signals in full deployment scenarios, the 
analysis of driving behaviors was mainly performed with driver models considering the 
influences of look ahead information. At signalized intersections, two modes of in-vehicle 
traffic signals were proposed to assist drivers: a “current” mode providing real-time 
information of the upcoming ground traffic lights, and a “predicted” mode offering look 
ahead information regarding ground traffic lights, taking into account the time to arrival 
at the upcoming intersection. Two kinds of in-vehicle displays were also compared for 
displaying these in-vehicle traffic signals: a normal 4.3-inch display and a head-up display. 
Driving simulator experiments were executed for eleven participants, and driving 
behaviors were evaluated for driving operations and eye-gaze behaviors. The results 
demonstrated that disruptive braking and accelerating operations were significantly 
reduced when look ahead information of traffic signals were provided and glance time 
was significant shorter for the head-up display than for the normal 4.3-inch display. It can 
be concluded that the predicted mode easily prompted drivers to better driving 
performances, and that the head-up display was reliable for providing in-vehicle traffic 
information. 

For the application of in-vehicle traffic signals in full deployment scenarios at 
unsignalized intersections, two types of in-vehicle traffic signals were proposed to assist 
drivers, which were corresponded to two-way and all-way stop-controlled intersections. 
The gap acceptance theory and a first-come-first-served strategy were adopted to 
determine the passing priority for the two types of intersections, respectively. Driving 
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simulator experiments involving twenty-three participants were conducted, to investigate 
the driving behaviors elicited by the proposed system. Four experimental conditions were 
prepared with a combination of in-vehicle traffic signals and auditory warnings. The 
results indicated that in-vehicle traffic signals were associated with significant longer 
post-encroachment time and a significant shorter maximum brake stroke. In terms of eye-
gaze behaviors, the percentage of gaze concentration to the road center area and the mean 
glance durations were deemed acceptable for the avoidance of visual distraction, when 
in-vehicle traffic signals were presented via a head-up display. Therefore, the analysis of 
driving behaviors indicated that the in-vehicle traffic signals could effectively provide 
driver assistance at unsignalized intersections. Moreover, it was considered that the 
availability of in-vehicle traffic signals at unsignalized intersections might be influenced 
without considering the waiting time of drivers. Hence, the analysis of waiting time on 
driver behaviors were performed for intersections which consist of one major and two 
minor roads. A gap acceptance theory considering waiting time was adopted in the 
implementation of in-vehicle traffic signals, to assist minor-road drivers in passing 
through unsignalized intersections by selecting appropriate major-road gaps. Driving 
simulator experiments involving twelve participants were performed on the minor and 
major roads, by applying the in-vehicle traffic signals with and without the consideration 
of waiting time, respectively. The results demonstrated that the maximum gas pedal 
strokes of minor-road vehicles were significantly reduced, indicating a smaller possibility 
of aggressive driving while the in-vehicle traffic signal considering waiting time was 
applied. Meanwhile, an improved steering stability could also be observed at intersections, 
as the maximum lateral accelerations of minor-road vehicles significantly decreased when 
the waiting time was considered. 

Penetration rate is one of the essential issues that need to be considered for the 
application of in-vehicle traffic signals. For the application of in-vehicle traffic signals in 
partial deployment scenarios, the analysis of driving behaviors was mainly performed 
with driver models considering the influences of look ahead information, the car 
following behaviors at signalized intersections, and drivers’ trust on the system at 
unsignalized intersections. To analyze the influences of penetration rate on the effects of 
in-vehicle traffic signals at signalized intersections, this study presented actual vehicle 
experiments involving twelve participants and two electric vehicles, considering three 
different deployment conditions of in-vehicle traffic signals: both the two vehicles 
unequipped, only the preceding vehicle equipped, and only the following vehicle 
equipped. Meanwhile, two scenarios were prepared since a vehicle would either stop at 
or pass through an intersection: a stop scenario in which vehicles would encounter a red 
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traffic signal at the intersection, and a pass scenario that a green traffic signal would be 
presented to drivers when they arrived at the intersection. As the predicted mode which 
provided look ahead information of traffic signals had been proved to be effective in the 
previous driving simulator experiments, the applied in-vehicle traffic signals in the actual 
vehicle experiment adopted the predicted mode only. It was found that, for a vehicle 
equipped with in-vehicle traffic signals, the maximum braking deceleration would 
significantly decrease, compared to the condition when no in-vehicle traffic signal was 
provided. As for a vehicle without in-vehicle traffic signals, the maximum braking 
deceleration might also be significantly reduced if its preceding vehicle was in-vehicle 
traffic signals equipped. The results indicated that the application of in-vehicle traffic 
signals might significantly improve the driving performances even in a partial 
deployment environment. Meanwhile, simulations were performed for signalized 
intersections to evaluate the influences of penetration rate on the traffic flow. It was 
verified that the higher the penetration rate was, the more the travel time might be reduced. 
Finally, for analyzing the influences of penetration rate on driving behaviors at 
unsignalized intersections, a driver model considering drivers’ trust was applied. Driving 
simulator experiments were performed to investigate drivers’ initial trust on the system 
and the changes of trust while experiencing successful and failed usages of the system. 
Simulations and driving simulator experiments were then conducted to analyze the times 
of near miss accidents while applying the in-vehicle traffic signals in different penetration 
rates. It was found that the near miss accidents at intersections could be reduced even 
with a low penetration rate of the system, compared to the condition when no in-vehicle 
traffic signal system was applied.  

It can be concluded from the results that the application of in-vehicle traffic signals 
will significantly improve driving safety and easily prompt driving performances at 
intersections, without inducing undesired driver distractions. Meanwhile, the 
applicability of this method in both full and partial deployment scenarios has also been 
demonstrated by experiments and simulations. 
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Nomenclatures 
 

 Kd t         Distance to the upcoming intersection of the vehicle K 

 Jd t        Distance to the upcoming intersection of the vehicle J 

 KG t        Major road gap related with the vehicle K 

 JG t        Major road gap related with the vehicle J 

( )NG t         Major road gap for the vehicle N 

CG          Critical gap 

H          Heaviside step function 

 KL t         In-vehicle traffic signal for the major-road vehicle K 

 iL t         Instantaneous distance to the upcoming intersection at the time step t 

 NL t         In-vehicle traffic signal for the minor-road vehicle N 

 IP          Positions of intersections 

 VP          Current position of the vehicle 

 SP          Current phase of ground traffic lights 

 UP t      Priority status of the major road vehicle 

 VP t      Priority status of the minor road vehicle 

 NP t        Functions for judging the major-road gap for the vehicle N 

 KP t         Function for judging the entry of minor-road vehicle for the vehicle K 
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 NR t       Functions for judging the rank of the vehicle N 

OR          Operation range of the in-vehicle traffic signals 

 R t          Reminder function 

systemR       Reliability of the system 

driverT       Drivers’ trust on the system 

GT          Length of the green phase 

 iTTI t        Time to intersection 

LT          Left time of the current phase 

Y
LT          Left time of the current yellow phase 

LAt          Look ahead time 

pT          Post-encroachment time 

RT          Length of the red phase 

YT          Length of the yellow phase 

 LAV t t     Expected speed at LAt  seconds later 

 iV t         Current speed of the vehicle i at the time step t 

 LAV t        Acceleration with look ahead information at the time t 

 Kv t         Current velocity of the vehicle K at the time step t 

 Jv t         Current velocity of the vehicle J at the time step t 
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Abbreviations 

 
ADAS Advanced driver assistance system 
ANOVA Analysis of variance 
DGPS Differential global positioning system 
DSRC Dedicated short range communications 
Eq Equation 
GPS Global positioning system 
Hz Hertz 
HMI Human machine interface 
HUD Head up display 
ITARDA Data analysis center for traffic accident 
IVTS In-vehicle traffic signal 
Km Kilometer 
Km/h Kilometer per hour 
LA Look ahead 
LIDAR Light detection and ranging 
m Meter 
MHz Mega Hertz 
min Minimum 
mod Modulus after division 
OBD On-board diagnostics 
PET Post-encroachment time 
PRT Perception reaction time 
RTK Real time kinematic 
s Second 
SD Standard deviation 
THW Time headway 
TTC Time to collision 
TTI Time to intersection 
V2X Vehicle to X communication 
V2I Vehicle to infrastructure communication 
V2V Vehicle to vehicle communication 
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Introduction 
 
1.1. Background 
 
Transport systems are expected to be safer, cleaner and more efficient by modern society. 
However, traffic congestions and numerous accidents still exist nowadays, which indicate 
that the traditional traffic systems may be unable to meet the rapid growth of transport 
demand. To solve this problem, researchers have spent great efforts in searching for 
emerging technologies that have the potentials to change the current traffic situations. 
  In the modern transport systems, intersections are one of the most common and 
fundamental components. According to a widely accepted definition, intersections are the 
places where multiple roads intersect, and will be used by vehicles approaching from 
different directions. Compared to other parts of traffic systems, intersections are 
comparatively limited spaces with much more difficult driving conditions. The needs of 
cooperating with other intersection users result in a possible increase in the traffic delay 
and collision risks. It was reported that in the United States, intersections were the places 
where traffic crashes happened the most frequently, and most of them were very fatal [1]. 
The report believed that approximately one fifth of all the reported crashes and one sixth 
of all the fatal crashes occurred at intersections every year [1]. As for the detailed numbers, 
around 1.2 million crashes, among which more than 5,000 were fatal crashes, were 
reported for the year of 2015 [2]. As to the intersection accidents in Japan, according to 
the data from Data Analysis Center for Traffic Accident (ITARDA), more than 30% of 
all the traffic death accidents occurred at intersections [3]. Therefore, intersections are 
one of the key points to solve traffic problems, and have attracted the interests of many 
researchers for more than decades. 

For the typical classification of intersections, it is normally conducted based on the 
existence of ground traffic lights. Intersections which rely on ground traffic lights to 
regulate traffic flows are named signalized intersections. Oppositely, intersections 
without ground traffic lights are defined as unsignalized intersections. Intersections with 
a high traffic volume are usually signalized, however, it is still reported that most of the 
intersections all over the world are unsignalized, as the equipment of ground traffic lights 
requires a high infrastructure investment [4]. Moreover, for the unsignalized intersections, 
it can normally be classified as two-way stop-controlled intersections and all-way stop-
controlled intersections. At the two-way stop-controlled intersections, vehicles from the 
two side branches will face a stop line, therefore, need to make a temporary stop before 
entering the intersections. For the all-way stop-controlled intersections, vehicles from all 
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the sides will confront a stop line. 
  According to the data published by the ITARDA, the ratios of traffic deaths and injuries 
in 2010 by road shapes are shown in Fig. 1.1. It can be observed that more than half of 
the fatal traffic accidents happened at or around intersections, among which around 26% 
accidents occurred at unsignalized intersections. Meanwhile, it was also found that there 
might be a positive correlation between traffic congestions and traffic accidents [5]. 
Therefore, it is an essential task to provide effective assistances for drivers at intersections 
to improve driving performances. 
  
1.2. Advanced driver assistance systems at intersections 
 
Advanced driver assistance systems (ADAS) are considered as one of the most effective 
methods in assisting drivers at intersections [6]. The general aims of ADAS are to 
improve traffic safety, achieve better driving performances and reduce undesired traffic 
congestions. Many kinds of ADAS have been proposed to assist drivers to control 
vehicles better, including the systems which help vehicles maintain proper speeds and the 
systems which inform drivers about necessary traffic information. As the driver assistance 
systems are developed for supporting driving tasks, they might be classified according to 
the information process of drivers. The information process of a driver can be normally 
classified into perception, decision, and action phases, during which the human errors in 
perception phase are considered to be one of the most common errors in traffic accidents.  

 

 
 

Fig. 1.1. Ratios of traffic deaths and injuries in 2010 by road shapes [3]. 
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The perceptual errors can be caused by situations including a poor visibility of drivers as 
the hazard may be blocked. If the necessary perceptual information are delayed during 
driving, it will be difficult for drivers to properly process them in time. Some systems 
including collision warning systems, could offer cautions or alerts for avoiding the effects 
of these errors and helping drivers understand current driving situations. 

With the popularity of in-vehicle displays, in-vehicle information systems are 
developed as one kind of ADAS to assist drivers by displaying traffic information inside 
vehicles. They are capable of providing various types of information to drivers, including 
navigation information, current traffic conditions and even hazard alerts. Numerous 
studies have demonstrated that in-vehicle information systems are helpful in improving 
traffic safety and efficiency [7-12]. According to the classification provided in a report, 
the in-vehicle information systems may be divided into informing and warning systems 
[13]. For the informing systems, they will only inform drivers some necessary driving 
information, including the positions and speeds of vehicles. On the other hand, the 
warning systems will not only collect traffic information around the vehicles but also 
support drivers in some dangerous situations. In some risky situations, the warning 
systems will judge the traffic situations and provide warnings to drivers in advance if 
needed, and the drivers will then make appropriate decisions based on the provided 
warnings and finally take actions. 
  For the ADAS applied at signalized intersections, most of them were focused on 
providing information including the desired speed of vehicles and the dilemma zone 
information for drivers. In the United Kingdom, researchers were focused on the 
development of intelligent speed adaptation system to provide advices of desired speed 
to drivers [14]. Besides, a warning system was proposed based on infrastructure-based 
and OBDII-based vehicle sensors to avoid the red-light violation at signalized 
intersections [15]. As for the ADAS related with the avoidance of dilemma zone, it was 
pointed out that most of drivers were caught in a dilemma zone due to high approaching 
speeds and aggressive driving behaviors [16], [17]. To solve this problem, a dynamic 
dilemma-zone protection system was proposed based on microwave sensors to track the 
vehicles approaching signalized intersections [18]. Moreover, to improve the acceptance 
of ADAS at signalized intersections, a personalized optimization system was even 
proposed in which the driving characteristics were taken into consideration [19]. 

For the application of ADAS at unsignalized intersections, the improvement of driving 
safety is an urgent issue that requires attentions [20]. In previous studies, driver assistance 
systems for unsignalized intersections normally relied on the application of sensors and 
cameras to obtain information [21], [22]. A cooperative collision warning system was 
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proposed to provide warning information to drivers, using ubiquitous sensor network [23]. 
For the usage of cameras, an automatic conflict detection method using image sequences 
was proposed, which could detect traffic collisions more accurately and effectively [24]. 
Moreover, a radio frequency identification based driver assistance system was developed, 
which might help drivers start to decelerate at an earlier distance to the intersection, and 
thus would possibly enhance the driving safety at unsignalized intersections [25]. 

The ADAS for unsignalized intersections can also be classified based on the 
characteristics of the intersections. Previous studies pointed out that one of the major 
problems at two-way stop-controlled intersections was that, many minor-road drivers had 
difficulties in judging adequate major-road gaps [26], [27]. Most of the crashes at two-
way stop-controlled intersections were caused by driver errors, especially the failures of 
minor-road drivers in selecting a proper gap on the major road [28]. The American 
Association of State Highway and Transportation Officials therefore identified that the 
usage of new technologies for assisting drivers in judging gaps at two-way stop-controlled 
intersections was a key initiative to address the intersection crashes [29]. Several methods 
have been proposed to assist minor-road drivers to cross unisignalized intersections [30], 
[31]. Researchers from Minnesota Department of Transportation developed an 
infrastructure-based system to help minor-road drivers make better decisions at 
unsignalized intersections, by collecting the information of major-road vehicles with the 
application of multiple surveillance sensors along the major roads [32], [33]. Most of 
these proposed systems highly relies on the installation of sensors at intersections, which 
might require comparatively high costs of infrastructure investments. Cameras are 
another choice to detect necessary traffic information at intersections [34]. Since the 
cameras have a higher resolution than sensors, it is possible for the ADAS to distinguish 
whether the detected object is a vehicle or a pedestrian. Meanwhile, with the application 
of cameras, it is also possible to calculate the approximate distance to the object and the 
size of the object for making decisions in the ADAS. However, there are also some 
obvious limitations while using the cameras. When it is dark or the weather is bad, 
including a rainy day, thick fog, and snow, or in the conditions with strong external light, 
including the sunlight and the light of oncoming vehicles, the performances of cameras 
may heavily deteriorate.  
 
1.3. Virtual traffic signal concept 
 
Recently, the development of vehicular communications has attracted significant 
attentions all over the world. Compared to sensors and cameras, vehicular 
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communications have several advantages, including the reduction in deployment costs, 
the minimization of time delays and the expansion of operating distances. In the United 
States, 5.9 GHz DSRC has already been used as a mean of communication, not only 
between the roadside infrastructure and vehicles but also among vehicles. For the 
communication between infrastructure and vehicles, it is named as vehicle-to-
infrastructure communication (V2I). For the communication among vehicles, it is named 
as vehicle-to-vehicle communication (V2V). 

With the application of in-vehicle information systems and vehicular communications, 
it becomes possible to virtually convey traffic signal information, which is traditionally 
displayed by ground traffic lights, to drivers inside vehicles. In Japan, a traffic signal 
prediction system can transfer the signal cycle information of upcoming intersections 
within 30 kilometers to vehicles at one time [35]. The signal cycle information are 
collected by the monitoring center from the ground traffic lights and then be transferred 
to vehicles through infrared beacons. Meanwhile, a project named ITS Connect was 
proposed based on V2I and V2V. The system would notice drivers the waiting time at 
signalized intersections, based on obtained signal cycle information in real time [36]. In 
the United States, Audi is working together with the government to provide countdown 
information of red signals to drivers at signalized intersections [37]. 

Traffic signal information is an essential information in maintaining traffic flow, by 
helping drivers make decisions about passing through or stopping at intersections. 
Statistical data from the National Highway Traffic Safety Administration indicated that 
the absence of traffic signal information significantly increased the risk of intersection 
collisions [38]. However, it was pointed out that the impairment in visual capability that 
might occur at any age, especially in the older population, would make it difficult to 
observe traffic signal information far away from intersections and, therefore, threaten 
driving safety [39]. It was also reported that the disturbance of visual acuity was likely to 
result in difficulties in reading traffic signals at distances which were deemed safe for 
making decisions [40]. Furthermore, drivers’ fields of vision may be compromised by bad 
weather or blocked by obstacles, including the preceding vehicles. In these cases, an 
effective method to provide traffic signal information to drivers should be considered. 

Based on the emerging V2V and V2I communication technologies, a concept of virtual 
traffic signals was proposed in which traffic signals were displayed inside a vehicle on 
the windshield, instead of via ground traffic lights [41], [42]. Previous studies suggest 
that virtual traffic signals may have great potential in improving traffic efficiency. 
According to a traffic simulation study, the application of virtual traffic signals may 
increase traffic flow rates in urban areas by more than 60% [43]. The virtual traffic signals 
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were also associated with an 18% reduction in carbon dioxide emissions in another 
simulation study [44]. For the application of virtual traffic signals at signalized 
intersections, it was found that when the real-time state of ground traffic lights was 
projected on the windshield to drivers, the driving performances using virtual traffic 
signals did not significantly differ from the performances using conventional ground 
traffic lights [45]. However, the influences of virtual traffic signals on driver behaviors 
while offering different kinds of information, including the predicted traffic signal 
information at signalized intersections, still requires investigation. As for the application 
of virtual traffic signals at unsignalized intersections, few research was focused on the 
practicality of this approach at intersections without ground traffic lights. Moreover, the 
virtual traffic signal system is highly relied on vehicular communications to obtain 
information at intersections, while it is considered that the deployment of vehicular 
communications for all the vehicles may last for decades. Therefore, the influences of 
different penetration rates on the usage of virtual traffic signals should also be 
investigated. For the previous research on the influence of penetration rate on the 
application of virtual traffic signals, a simulation study with all-way stop-controlled 
intersections found a 14.3% increase in the capacity of intersections when only 40% of 
vehicles were equipped with virtual traffic signals [46]. The effects of different 
penetration rates on the reliability of the virtual traffic signal system was not considered. 

In this study, the virtual traffic signals were referred to as in-vehicle traffic signals, to 
be distinguished from those used in the previous traffic simulations. For the application 
of in-vehicle traffic signals at signalized intersections, it was assumed that V2I 
communication was applied to transfer information between vehicles and ground traffic 
lights. For the application of in-vehicle traffic signals at unsignalized intersections, it was 
assumed to be relied on V2V communication to transfer information among vehicles. 
Meanwhile, the in-vehicle traffic signal system was a kind of driver assistance system and 
drivers would finally control the vehicles. The system would only consider the existence 
of vehicles. Other road users including cyclists, motorbikes and pedestrians would not be 
considered.  
 
1.4. Evaluations of advanced driver assistance systems 
 
It was pointed out that the effectiveness of ADAS depends highly on the interaction 
between drivers and ADAS [47]. Understanding the information presented by ADAS as 
well as the performances while using the ADAS, affect the final effects of the system [13]. 
The interactions between drivers and ADAS normally can be evaluated by analyzing 
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driving behaviors [48]. Evaluations of driver behaviors are of crucial importance in 
designing and testing intelligent transport systems [49]. In a previous study, driver 
behaviors were examined to determine whether long-term experience with an intelligent 
speed adaptation system could prompt a change in speed related cognitions or not [50]. 
Moreover, an automatic platooning of trucks and its influences on driver behaviors related 
with emergency-avoidance braking were investigated, and a bio-signal analysis was 
presented to assess mental stress in automatic driving [51], [52]. Meanwhile, for newly 
proposed visual-based driver assistance systems, including the in-vehicle traffic signals, 
driver distractions are of great importance in the evaluation of the systems [53-55]. An 
examination of 474 traffic accidents revealed that all the accidents were associated with 
errors that arose as a consequence of distraction [56]. Indeed, one of the essential 
functions of driver assistance systems is to minimize driver distraction. This is especially 
challenging in the design of driver assistance systems that display information via a visual 
modality, as this may increase visual distraction [57]. Driver distraction is an important 
safety concern [58]. The extent of visual distraction induced by visual-based driver 
assistance systems can be studied by analyzing eye-gaze behaviors [59]. Recent studies 
have demonstrated that nonintrusive eye-gaze tracking technologies can produce accurate 
measurements of eye-gaze behaviors, and such nonintrusive technology has already been 
used to analyze eye-gaze behaviors while participants interacted with navigation systems 
[61], [62].  

The evaluations of ADAS, including the in-vehicle traffic signal system, might be 
performed based on their influences on transport systems, including driving safety and 
traffic flow. For the analysis of driving safety, it is one of the most important issues in the 
evaluations of ADAS, as the ADAS are mainly developed to compensate the human 
driver errors. Some indexes calculated based on the driving operations, including post-
encroachment time (PET), are popular in the safety analysis [63], [64]. PET is defined as 
the elapsed time between the departure of a leading vehicle and the arrival of an oncoming 
vehicle at the same location. A low value of PET indicates a high possibility of conflict. 
Meanwhile, it was mentioned that the mental workload caused by using ADAS should 
also be viewed a safety issue [65]. It is, therefore, an important task to verify whether a 
system can be used safely without inducing too much workload or not. For the 
investigation of traffic flow, the most common measures that have been used are speed, 
travel time, and acceleration operations [13]. It was believed that increased traffic flow 
and speed indicated an improved traffic performance [13]. Meanwhile, speed variations, 
number of accelerations and braking could also be the indicators for analyzing whether 
the traffic flow was smooth or not [13]. Moreover, driving style was another essential 
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factor that might affect traffic flow. It was pointed out that the numbers of decelerations 
and accelerations could be used for evaluating the influences of ADAS on the traffic flow 
[13]. With the assistance of ADAS, drivers may be better prepared for the upcoming 
traffic condition, and perform smoother accelerations that will decrease the energy 
consumption [66], [67]. In addition, for the application of ADAS, different penetration 
rates of ADAS is another important task to be investigated. It was reported that the 
penetration rate of ADAS might have congestion assistance functions, which could 
influence congestion positively [13]. A previous study also pointed out that increased 
penetration rate of ACC equipped vehicles might lead to increased road capacity [68].  
 
1.5. Objective and structure 
 
This dissertation primarily focuses on investigating the effects of in-vehicle traffic signals 
on driving behaviors when the system was applied to assist drivers in crossing signalized 
and unsignalized intersections. The analysis of the influences of the system was mainly 
performed based on driver models considering look ahead information and the 
penetration rate of the system. The main objectives of this dissertation are highlighted as 
follows:  
 

(1) To investigate the effects of in-vehicle traffic signals on driving behaviors, based 
on driver models considering the influences of look ahead information, and confirm that 
the application of in-vehicle traffic signals can produce positive effects, including the 
improvement of driving performances and the reduction of driver workload, without 
having negative effects, including driver distraction and the impairment of driving safety; 
  (2) To analyze the driving behaviors while applying the in-vehicle traffic signals in 
partial deployment conditions based on driver models considering look ahead information, 
car following behaviors and drivers’ trust on the system, and indicate that the in-vehicle 
traffic signals can still have certain positive influences on the traffic system, even at the 
stage when the penetration rate changes from 0% to 100%. 
 

 In Chapter 1, the background of this research, including the existing traffic problems 
at intersections and previous methods for assisting drivers at signalized and unsignalized 
intersections were introduced. Meanwhile, a brief introduction of the in-vehicle traffic 
signal system was provided. 

Chapter 2 introduced the driver models while using the in-vehicle traffic signals at 
signalized and unsignalized intersections in different penetration rates of the system. For 
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the driver model in a full deployment scenario, the analysis was performed based on the 
influences of look-ahead information on the driver behaviors. For the driver model in a 
partial deployment scenario, the investigation was performed based on the effects of look-
ahead information while considering car following behaviors at signalized intersections 
and drivers’ trust on the system at unsignalized intersections. 

As presented in Chapter 3, the implementations of in-vehicle traffic signals at 
signalized and unsignalized intersections were presented. For the in-vehicle traffic signal 
system at signalized intersections, two modes of in-vehicles traffic signals, a “current” 
mode and a “predicted” mode, were proposed to assist drivers based on V2I 
communication. For the unsignalized intersections, an in-vehicle traffic signal system was 
proposed to assist drivers at two-way and all-way stop-controlled intersections, given the 
application of V2V communication. 
  Chapter 4 were focused on providing the details of experiments performed in full 
deployment scenario at signalized and unsignalized intersections. For the experiment of 
full deployment scenario at signalized intersections, driving simulator experiments were 
performed to analyze how two different modes, a “current” mode and a “predicted” mode, 
of in-vehicle traffic signals influenced driver behaviors. For the experiment of full 
deployment scenario at unsignalized intersections, two driving simulator experiments 
were performed with constant critical gap and critical gap considering waiting time, 
respectively, to analyze the influences of the system on driving safety.   

Chapter 5 provided the details of experiments and simulations for investigating driving 
behaviors while considering the penetration rate of the system. Actual vehicle 
experiments were performed at signalized intersections to analyze the influences of an in-
vehicle traffic signal equipped vehicle on the driving performances of its following 
unequipped vehicle. Moreover, simulations were performed with different penetration 
rates at signalized intersections to investigate the influences on travel time. Furthermore, 
two driving simulator experiments and traffic simulations were conducted at unsignalized 
intersections, to analyze drivers’ initial trust and the changes of trust while using the 
system in partial deployment scenarios, and the effects of in-vehicle traffic signals on 
driving behaviors were also investigated for different penetration rates. 
  In Chapter 6, the influences of in-vehicle traffic signals on driver behaviors were 
discussed, from the views of driving safety, traffic flow and driver distraction. The matters 
that need attention while applying the system were also presented. 
  Chapter 7 concluded the details and significances of this research. 
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Methodology 
 
The in-vehicle traffic signal system relies on vehicular communications to obtain traffic 
information at intersections. However, the deployment of vehicular communications may 
last for decades. Therefore, it is necessary to consider driver models in different 
penetration rates. For the driver model in a full deployment scenario, the analysis was 
mainly performed based on the influences of look-ahead information on driver behaviors. 
For the driver model in a partial deployment scenario, the investigation was performed 
based on the influences of look-ahead information, car following behaviors and drivers’ 
trust on the system. 
  As shown in Fig. 2.1, ego and other drivers normally control vehicles based on the 
observations from the environment, including traffic signal information and the states of 
surrounding vehicles. If in-vehicle traffic signals are applied, the look ahead information 
of the environment can be provided for drivers. For the application of in-vehicle traffic 
signal system, drivers’ trust on the system and the penetration rate of the system are two 
essential issues to be considered. In full deployment scenarios, the penetration rate can be 
regarded as one. As for drivers’ trust on the system, it was also regarded as one in full 
deployment scenarios for the following reasons: the in-vehicle traffic signal system is a 
kind of driver assistance system and drivers will finally control the vehicles; in full 
deployment scenarios, the in-vehicle traffic signals can provide correct information for 
drivers and will not affect driving safety; the trust issue is, therefore, not the main target 
of the investigations for full deployment scenarios. In full deployment scenarios of in- 
  

 

 
Fig. 2.1. Driver model which considers look ahead information provided by in-vehicle 
traffic signals, the penetration rate of the system and drivers’ trust on the system. 
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vehicle traffic signals at signalized intersections, the driving behaviors of all the vehicles 
will be mainly influenced by the current traffic signal information provided by ground 
traffic lights, the look ahead information displayed by in-vehicle traffic signals and the 
behaviors of surrounding vehicles. For the full deployment conditions at unsignalized 
intersections, there is no ground traffic light to provide current traffic signal information. 
The look ahead information will be provided by the in-vehicle traffic signals. Therefore, 
the driving behaviors of all the vehicles will be affected by the look ahead information 
and the behaviors of surrounding vehicles.  

For partial deployment scenarios, the penetration rate can be a value ranging from zero 
to one. At signalized intersections, the trust parameter can be regarded as one for the 
following reasons: the driving safety can be ensured as the traffic is controlled by ground 
traffic lights and the in-vehicle traffic signals, which are based on V2I communications, 
can provide correct information at signalized intersections even in partial deployment 
scenarios; the trust issue is, therefore, not the main target of the investigations for partial 
deployment scenarios at signalized intersections. When no in-vehicle traffic signal is 
displayed for the ego vehicle, the behaviors of ego driver will be directly affected by the 
current traffic signal information offered by ground traffic lights and the behaviors of 
surrounding vehicles. As the behaviors of surrounding vehicles will be affected by the in-
vehicle traffic signals if the penetration rate is not zero, the look ahead information may 
still affect the driver behaviors of ego vehicle indirectly. When the ego vehicle is equipped 
with in-vehicle traffic signals at signalized intersections, the behaviors of ego vehicle and 
other vehicles equipped with in-vehicle traffic signals will be influenced by the current 
traffic signal information provided by ground traffic lights, the look ahead information 
displayed by in-vehicle traffic signals and the behaviors of surrounding vehicles. The 
behaviors of vehicles unequipped with in-vehicle traffic signals will be directly affected 
by the traffic signal information of ground traffic lights and the behaviors of surrounding 
vehicles, and, therefore, will be indirectly affected by the look ahead information. For 
partial deployment scenarios at unsignalized intersections, the effects of in-vehicle traffic 
signals and driving safety will be highly relied on drivers’ trust on the system. The trust 
parameter should be a value between zero and one, and a drivers’ trust model is needed. 
The trust issue will be mainly considered for ego driver, and the penetration issue will be 
mainly considered for other vehicles. 
 
2.1. Driver model with full deployment of in-vehicle traffic signals 
 
The driver model while facing traffic signal information can be considered as a rule based 
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driver model. It is formed by drivers themselves based on previous experience and rules, 
and can represent the understandings of drivers on the driving conditions. The rule based 
driver model can be expressed as follows, 

                   rulOpe e, oartion bservationfunc                 (2.1) 

According to drivers’ previous experience, when it is a red signal at intersections, they 
need to stop the vehicle at the stop line. Therefore, drivers will choose to decelerate when 
they observe that the traffic signal has turned red. On the other hand, when it is a green 
signal, there is no need to stop the vehicle. Thus, drivers will try to cross the intersection 
as soon as possible without stop, if the current signal is in green phase. 

At a signalized intersection, when there is no in-vehicle traffic signal, the observations 
of traffic signals can only be obtained from the ground traffic lights. With the usage of in-
vehicle traffic signals, the traffic signal information can be obtained from both the ground 
traffic lights and the in-vehicle traffic signals. Importantly, the information provided by 
the in-vehicle traffic signal system is the predicted traffic signal which will be displayed 
for drivers when they arrive at the intersection. The predicted traffic signal is a kind of 
look-ahead information, which can help drivers have a correct expectation for the 
upcoming traffic conditions. In full deployment scenarios, all the vehicles are equipped 
with in-vehicle traffic signals, therefore, will be influenced by the look ahead information. 
For an ego vehicle, the driver will receive the current traffic signal information from 
ground traffic lights, and the look ahead information from in-vehicle traffic signals. The 
states of other vehicles will also influence the driver behaviors of the ego vehicle. For the 
state of other vehicle, it will be affected by the current traffic signal information from 
ground traffic lights, the look ahead information from in-vehicle traffic signals, and the 
driving operations of the ego vehicle. At unsignalized intersections, drivers need to 
observe the traffic conditions to judge whether it is safe or not to cross when there is no 
in-vehicle traffic signal. With the application of in-vehicle traffic signals at unsignalized 
intersections in full deployment scenarios, all the vehicles will receive the look ahead 
information of the traffic conditions. The driving behaviors will then be affected by the 
look ahead information and the behaviors of surrounding vehicles. 
  The influences of look ahead information on driver behaviors may be explained as 
follows, 

                               LA
LA

LA

V t t V t
V t

t
 

                    (2.2) 

where subscript LA means look ahead; LAt  is the look ahead time;  LAV t  is the 
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acceleration with look ahead information at the time t;  LAV t t  is the expected speed 

at LAt  seconds later; and  V t  is the speed at the time t. 

The eq. (2.2) indicates that drivers can predict the speed LAt  seconds later with the 

look ahead information provided by the in-vehicle traffic signals, which may influence 
the accelerate or brake operations of drivers. When there is no in-vehicle traffic signal, 
drivers can only predict the speed after the change of ground traffic light. For drivers with 
the assistance of the system, they can even predict the speed before the ground traffic 
light changes. 

Meanwhile, the influences of in-vehicle traffic signals may also be analyzed from the 
view of information process. The Highway Safety Manual reported that a driver generally 
responds faster to expected events than to unexpected events [69]. It is considered that 
the driving performances related with reaction or decision may therefore be improved, 
when the predicted traffic information is provided by the in-vehicle traffic signals. 
Perception response time (PRT) is a reaction-related index, which is defined as the time 
gap between the onset of a traffic event and the onset of the driver’s response to the event. 
The PRT contains time including the mental processing time and the action time of the 
driver. The mental processing time is the duration in which the driver assesses the traffic 
condition and decides proper actions to take. It can be further divided into the sensation 
time, the perception time, the situation awareness time, and the decision time [70], [71]. 
For the application of in-vehicle traffic signals at intersections, the system may collect 
the traffic information easier, faster and more correct than drivers based on the usage of 
vehicular communications. Before sending information to drivers, the in-vehicle traffic 
signal system has already completed the sensation, perception and situation recognition 
process in the background. Moreover, as the in-vehicle traffic signals will provide 
predicted information to drivers before arriving at the intersections, the drivers may start 
to make a decision before the onset of an event, including the change of ground traffic 
light. Therefore, the system can perform the situation recognition much faster than drivers, 
and consequently help reduce the total time required by a driver in response to an event.  
 
2.2. Driver model with partial deployment of in-vehicle traffic signals 
 
The in-vehicle traffic signal system mainly relies on vehicular communications to obtain 
information at intersections, while the full deployment of vehicular communications may 
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cost decades. Therefore, it is possible that both the in-vehicle traffic signals equipped and 
unequipped vehicles exist at the intersections, and it is necessary to consider the driver 
model with partial deployment of in-vehicle traffic signals. For the driver model while 
applying the in-vehicle traffic signal system in a partial deployment scenario, car 
following behaviors were taken into consideration for analyzing the effects at signalized 
intersections, while the state of drivers’ trust was mainly considered for unsignalized 
intersections. 
 
2.2.1. Driver model considering car following behavior 
 
The in-vehicle traffic signal system at signalized intersections is supposed to provide 
predicted traffic signal information for drivers. The necessary information for the 
prediction of traffic signal include the speed and the distance to intersection of the vehicle, 
and the traffic signal cycle of the ground traffic light. Therefore, the in-vehicle traffic 
signals at signalized intersections can be decided with the information transferred 
between the ground traffic light and the vehicle itself, based on V2I communications. It 
is considered that the penetration rate of the system may not directly influence the usage 
of the system for a single vehicle. However, if a system equipped vehicle is in a traffic 
flow, it may have some influences on the driving operations of other vehicles around it.  

When other vehicles are in a row with the system equipped vehicle and move on a same 
road after the vehicle, the influences of in-vehicle traffic signals on other vehicles may be 
explained with the car following behaviors. As a ground traffic light is normally set up 
for a road with high traffic flow, the car following behaviors can usually be observed at 
signalized intersections.  

As shown in Fig. 2.2, two vehicles A and B are approaching to a signalized intersection. 
As the vehicle B is following the vehicle A, a car following model is required for 
analyzing the behaviors of vehicle B. The basic philosophy of car following model is from 
the Newtonian mechanics, where the acceleration of a vehicle can be regarded as the  

 

 
 

Fig. 2.2. Vehicles approaching to a signalized intersection. 
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response to the stimulus it receives. Hence, the basic philosophy of car following theories 
can be summarized by the following equation, which was proposed in [72], 

 
                   Response Sensitivity Stimuli                     (2.3) 

 
where response refers to the acceleration of the following vehicle, stimuli means the 
interaction with the preceding vehicle, including the changes in the speed and the 
acceleration of the preceding vehicle.  

To numerically simulate the motions of vehicles, the following equations can be 
applied for calculating the real time positions and speeds of the vehicles. 

                   

       

     
 

2

2

1

k
k k k

k k k

a t t
x t t x t v t t

v t t v t a t t

t t iteration


     

    

   

            (2.4) 

where  kx t ,  kv t , and  ka t  are the position, speed and acceleration of the vehicle 

K at the time t, t  is the time interval between the calculations. It can be observed from 
the eq. (2.4) that the acceleration is required for continuously calculating the speed and 
position of a vehicle.  

For the acceleration of a vehicle equipped with the in-vehicle traffic signals, it can be 
decided with the expected speed based on the predicted traffic signals. For the 
acceleration of a vehicle without the in-vehicle traffic signals, the car following model 
revised from the reference [72] can be applied. The stimulus is considered to be composed 
of the speed of the following vehicle, the relative speeds and the distance headway 
between the preceding and following vehicles. Therefore, it is a function that can be 
represented as follows, 

                            , ,t
n sti n n na f v x v                         (2.5) 

where t
na  is the acceleration of the following vehicle, nv  is the speed of the following 

vehicle, nv  is the relative speeds between the preceding and the following vehicles. 

nx  is the distance headway. 

  For a vehicle equipped with in-vehicle traffic signals, its driving operations, including 
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the acceleration and brake operations, may be influenced by the predicted traffic signal 
information. The changes in the driving operations of a system equipped vehicle will 
affect the relative speed and distance headway with its following vehicle, which may 
finally influence the acceleration and brake operations of the following vehicle.   
 
2.2.2. Driver model considering drivers’ trust  
 
The analysis on the application of in-vehicle traffic signal system at unsignalized 
intersections will be performed based on the relationship between drivers’ trust on the 
system and the reliability of the system. As shown in Fig. 2.3, drivers’ trust on the system 
and the reliability of the system itself are considered to have great influences on the 
effectiveness of the system. 

For the relationship between drivers’ trust on the system and the reliability of the 
system, it can be classified as: distrust, trust and over trust. For the first relationship, 
distrust, it can be described as follows, 

driver systemT R                          (2.6) 

where driverT represents drivers’ trust on the system, and systemR  is the reliability of the 

system.  

Distrust might be induced for several reasons: the malfunction of the system and 
driver’s insufficient understanding of the system, including the functions of the system 
and the way to use the system. Several possible methods, including the improvement of  

 

 

  
Fig. 2.3. Drivers’ trust on the system and the reliability of the system will influence the 
effectiveness of the system. 
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system reliability, and the deepening of understandings of the system by offering driver 
education, might be applied to solve the distrust problem. 

For the second relationship, trust, it can be described as follows, 

driver systemT R                          (2.7) 

The relationship of trust is the expected relationship between drivers’ trust on the 
system and the reliability of the system, which indicates that driver’s understanding of 
the system is appropriate. 

For the third relationship, over trust, it can be described as follows, 

driver systemT R                          (2.8)      

Over trust might be induced for several reasons: drivers’ insufficient understanding of 
the system, including the limitations of the system, and the decrease of alertness level. 
Several possible methods, including the improvement of system reliability, the deepening 
of understandings of the system by driver education, and the call up of drivers’ attention 
with human machine interface, might be applied to solve the over trust problem. 
  As for the reliability of the system, according to the guidelines of communication based 
driving assistance systems announced by the Ministry of Land, Infrastructure and 
Transport, the possible factors that may influence the usage of the communication based 
driving assistance systems include GPS error and the existence of vehicles unequipped 
with communication devices [73]. The in-vehicle traffic signal system is proposed based 
on vehicular communications, therefore, the reliability of the system mainly depends on 
the GPS accuracy and the penetration rate of the system. For the influence of GPS 
information, it is considered that the GPS accuracy may be greatly improved by applying 
RTK-GPS or using data fusion. The penetration rate of the system is then considered as 
the key point to be investigated. 

For the application of in-vehicle traffic signals at unsignalized intersections, the system 
is mainly proposed to assist drivers to cross intersections, by displaying traffic signals 
inside vehicles. The necessary information for the calculation of traffic signals at 
unsignalized intersections include the speeds and the distances to intersection of the 
vehicles approaching the intersection. Therefore, the in-vehicle traffic signals at 
unsignalized intersections are decided with the information exchanged among vehicles, 
based on V2V communications. If some of the vehicles on the road are without vehicular 
communication devices, they may be invisible for the system equipped vehicles. And the 
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system may judge the traffic conditions at intersections without considering these system 
unequipped vehicles.  

As there is no ground traffic light to control the traffic flow at unsignalized intersections, 
the stop and go decisions may heavily rely on the in-vehicle traffic signals for the system 
equipped vehicles. The driving safety may, therefore, be influenced if the penetration rate 
is not 100%, compared to that of signalized intersections. A driving condition at a two-
way stop-controlled intersection is taken as an example. At the intersection, a minor-road 
vehicle is waiting at the stop line to find a safe gap to cross and it is equipped with the in-
vehicle traffic signal system. As the penetration rate is below 100%, a green signal may 
be displayed to the minor-road vehicle, while an in-vehicle traffic signal unequipped 
vehicle is approaching from the major-road and is quite near the intersection, making the 
intersection entry unsafe for the minor-road vehicle.    

However, it should not be easily concluded that the in-vehicle traffic signals cannot be 
used at intersections without ground traffic lights when the penetration rate is not 100%. 
As the in-vehicle traffic signals are proposed as a system to provide assistances to drivers, 
it is the drivers who will finally take actions and control the vehicles. When a green signal 
is displayed to the minor-road drivers, the drivers need to make a decision that whether 
to enter the intersection or not. The availability of in-vehicle traffic signal system at 
unsignalized intersections in a partial deployment environment is highly related with the 
judgment of drivers. 

If a driver understands that the penetration rate of in-vehicle traffic signals is not 100% 
and is not over trust while using the system, it is expected that the driver will check the 
traffic condition carefully at intersections, and will reject to enter the intersection if it is 
observed that a conflict may happen, even when the in-vehicle traffic signal is green. A 
previous study introduced that no driver would accept a gap that was smaller than 2 
seconds [74]. On the other hand, it is difficult for all the drivers to keep alert while driving. 
There is a possibility that some drivers may become over trust on the proposed in-vehicle 
traffic signals after successfully using the system for several times.  
  To analyze the influences of penetration rate on the application of in-vehicle traffic 
signals, it is necessary to consider the state of drivers’ trust. However, for the previous 
research on drivers’ trust, there are still a lot of contents remain unclear, and the 
accumulation of research resources is not enough at present, as a huge amount of data are 
required for the investigation of trust [75-77]. In this study, a driver model would be 
proposed which took into consideration the penetration rate of in-vehicle traffic signals 
and the state of drivers’ trust at unsignalized intersection. The driver model might not 
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accurately reflect the state of drivers’ trust, but should be able to reflect the characteristics 
and the changing trend of trust.  
  For the modelling of drivers’ trust, as shown in Fig. 2.4, it was proposed based on 
decision making process. Decision making is considered as a process of identifying a 
decision, gathering information, making a decision, taking actions, and reviewing the 
decision. When a newly proposed assistance system is provided to a driver, the driver will 
have an initial trust 푡  on the system. The initial trust will be greatly influenced by 
drivers’ understanding of the system. If an appropriate driver education is performed for 
the driver before using the system, the driver will have an appropriate initial trust. 

Then the driver will take actions 푎 		based on the initial trust 푡 	on the system and the 
surrounding condition 푠 , including the traffic conditions at the intersection. The 
performances 푝  will be decided by the driver actions 푎  and the surrounding 
condition 푠 . Finally, the trust of the driver on the system 푡  will be updated based on 
the initial trust 푡  and the performances 푝 . 

Moreover, the initial trust of drivers may vary depending on the penetration rate of the 
system. If the penetration rate is low, which means that it may be easy for the system to 
make a wrong prediction, therefore, the initial trust may become low. If the penetration 
rate becomes higher, which means that it will become less possible for the system to make 
a wrong prediction, therefore, the initial trust may become higher. Meanwhile, it is 
considered that the increase of initial trust may be loose when the penetration rate is low. 
If the penetration rate is high, the initial trust may increase rapidly. 
 

 

 

Fig. 2.4. Drivers’ trust based on decision making process, where t means drivers’ trust, a 
presents the action of drivers, s means the surroundings, including the penetration rate, 
and p means the performances. 
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To calculate drivers’ trust while driving, both the initial trust and the change of trust 
are needed. For the change of the trust, it is considered that drivers’ trust on the system 
may increase if they successfully cross the intersection while using the system. If the 
successful experience continues, the increase of trust may continue. On the other hand, 
drivers’ trust on the system may decrease if they fail to cross the intersection while using 
the system. If the failed experience continues, the decrease of trust may also continue. 
Finally, the increase of trust while success may be less than the decrease of trust while 
failed according to the consideration that it is easy to lose trust, but hard to regain it. 

For the definition of success, it is considered that if the drivers successfully pass 
through intersections and the values of PET are larger than 3 seconds, then it can be 
defined as a successful crossing [64]. On the other hand, for the definition of failure, it is 
considered that if the drivers pass through intersections while the values of PET are 
smaller than 3 seconds, or the drivers give up crossing intersections with a sudden brake 
and let other vehicles cross first, then it can be defined as a failure. Finally, driving 
behaviors may also be influenced by drivers’ trust on the system. It is considered that the 
drivers may not check the right and left carefully while passing through the intersections 
if they become over trust on the system. Therefore, the driver model at unsignalized 
intersection would contain not only drivers’ trust model, including the initial trust of 
drivers before using the system, and the changing model of trust while using the system, 
but also the driver behavior model while using the in-vehicle traffic signal system, 
including eye-gaze behaviors and driving operations. To determine the parameters of the 
trust models, a driving simulator experiment would be performed to obtain the necessary 
data on the initial trust, the change of drivers’ trust, and related driving behaviors. 
Afterwards, simulations will be performed based on the obtained results of the 
experiments. 
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Implementation of in-vehicle traffic signals 
 
3.1. In-vehicle traffic signals for signalized intersections 
 
Two modes of in-vehicle traffic signals were proposed to assist drivers at signalized 
intersections, of which one is defined as current mode and the other is named predicted 
mode. 
 
3.1.1. Current mode  
 
In the current mode, when a vehicle has entered the operation range of the in-vehicle 
traffic signals, the real time information of the ground traffic light of the upcoming 
intersection is displayed directly to drivers by in-vehicle displays. For the vehicles which 
are without the operation range, no in-vehicle traffic signal will be displayed. 

The current mode can be helpful for drivers when the ground traffic lights are out of 
the vision. It is possible that the ground traffic light may be difficult to be observed when 
the visibility of drivers is obstructed by a large-sized vehicle ahead. The necessary 
information needed by the current mode of in-vehicle traffic signals are listed in the table 
3.1. 
 

Table 3.1．Necessary information used by the current mode. 
 

Symbol Detail 

IP                        Position of the intersection 

VP                         Current position of the vehicle 

            SP                   Current phase of ground traffic lights 

 
As shown in Fig. 3.1, the vehicle A has entered the range of the in-vehicle traffic signals. 

The ground traffic light that controls the lane of the vehicle A is in the red phase. Therefore, 
a red in-vehicle traffic signal is displayed to the vehicle A.  

For the vehicles C or D, it can be observed from Fig. 3.1 that no signal is displayed to 
them. The vehicle D has not entered the operation range of the in-vehicle traffic signals, 
and the vehicle C has already passed the intersection and has not entered the operation 
range of in-vehicle traffic signals for the next intersection. As for the range of in-vehicle 
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traffic signals, it is defined considering the speed limit and the quality of vehicular 
communication at intersections. 
 
3.1.2. Predicted mode 
 
For the predicted mode of the in-vehicle traffic signals, a predicted ground traffic light 
information of the upcoming intersection can be provided to the drivers if they have 
entered the operation range. Based on the predicted information offered by the in-vehicle 
traffic signals, drivers can get to know what kind of traffic signal they will confront if 
they approach to the upcoming intersection with the current speed. It is necessary to be 
mentioned that there is no yellow signal in the predicted mode of in-vehicle traffic signals. 
A yellow signal will be treated as a red signal in the predicted mode, to avoid the dilemma 
zone. Therefore, only green and red signals will be available in this mode.  
  The predicted mode normally required several information as listed in the table 3.2: the 
position of the upcoming intersection, the current position of the vehicle, the current phase 
of the ground traffic light that controls the lane of the vehicle, the current speed of the 
vehicle, the left time of the current phase, the length of the red phase, the length of the 
green phase and the length of the yellow phase of the upcoming ground traffic light. 
  

 
 
Fig. 3.1. Current mode of in-vehicle traffic signals. “None” means no in-vehicle traffic 
signal is displayed. “Green” indicates that a green signal is displayed and “Red” 
represents a red signal. 
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Table 3.2．Necessary information used by the predicted mode. 
 

Symbol Detail 

    iP                    Position of the intersection 

vP                  Current position of the vehicle 

sP                 Current phase of ground traffic lights 

V                    Current speed of the vehicle 

LT                    Left time of the current phase 

RT                       Length of the red phase 

GT                      Length of the green phase 

YT                      Length of the yellow phase 

 
For a vehicle i, the instantaneous distance to the upcoming intersection at the time step 

t is defined as  iL t , which can be calculated with the positions of the upcoming 

intersection and the vehicle. Thus, the predicted time to intersection  iTTI t  can be 

calculated as follows, 

                              
 

i
i

i

L t
TTI t

V t
                           (3.1) 

where  iV t  is the current speed of the vehicle i at the time step t. 

  Then the in-vehicle traffic signals can be predicted with the traffic signal information 
of the upcoming intersection and the time to intersection of the vehicle. As shown in Fig. 
3.2, if the current phase of the ground traffic signal is green, the predicted time to 

intersection  iTTI t  should be compared with the left time of the current phase  LT t .  

If the predicted time to intersection is smaller than the left time, which means the 
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vehicle will arrive at the intersection within the current phase, then the current traffic 
signal, a green signal will be displayed to the drivers directly. If the predicted time to 
intersection is just equal to the left time of the current phase, it is possible that the 
predicted signal may change frequently. In this case, the drivers can choose to accelerate 
or decelerate slightly. Then a stable in-vehicle traffic signal can be achieved.  

If the predicted time to intersection is larger than the left time of the current phase as 
shown in Fig. 3.2, the difference between the predicted time to intersection and the left 
time of the current will be calculated first, 

     i LT t TTI t T t                          (3.2) 

If the  T t  is smaller than the signal cycle length CT , then the  T t  should be 

compared with the total length of yellow and red phases. If the  T t  is smaller than 

the total length of yellow and red phases, then a red signal will be displayed by the in-

vehicle traffic signal system. If the  T t  is bigger than the total length of yellow and 

red phases, then a green signal will be displayed.  

There is a possibility that the  T t  is larger than the signal cycle length CT , in this 

case, the  T t  contains more than one signal cycle. A reminder function will then be 

applied to calculate the reminder  R t  using the calculated  T t  and the signal 

cycle length CT  as follows, 

   mod
C

T t
R t

T
 

  
 

                         (3.3) 

  Then the reminder  R t  will be within one signal cycle and be compared with the 

total length of yellow and red phases. If the  R t  is smaller than the total length of 

yellow and red phases, then a red signal will be displayed by the in-vehicle traffic signal 

system. If the  R t  is bigger than the total length of yellow and red phases, then a green 

signal will be displayed.  
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Fig. 3.2. An example when the ground traffic light is green and the predicted time to 
intersection is larger than the left time of the current phase. 
 

If the current phase of the ground traffic light is red, the calculation process can refer 
to that when the ground traffic light is green. The left time of the current phase will be 
compared with the predicted time to intersection first. If the predicted time to intersection 
is smaller than the left time, a red signal will be displayed. If the predicted time to 
intersection is larger than the left time, the time difference between them can be calculated 
as shown in eq. (3.2). If the time difference is smaller than the signal cycle length, then 
the time difference should be compared with the length of green phase. If the time 
difference is smaller than the length of green phase, then a green signal will be displayed 
by the in-vehicle traffic signal system. If the time difference is bigger than the length of 
green phase, then a red signal will be displayed. 

If the current phase of ground traffic light is yellow, the left time of the current phase 

Y
LT  should be calculated with the following equation for predicting the in-vehicle traffic 

signals, as the yellow signal is treated as a red one in the predicted mode. The other 
calculation process can be the same as that when the ground traffic light is red. 

     Y
L L RT t T t T                          (3.4) 

An example of the system is shown in Fig. 3.3. A green in-vehicle traffic signal is 
displayed to the vehicle A, even though the current phase of the ground traffic light 
controlling its lane is red. In this case, if the vehicle A can maintain its current speed, it 
will be confronted with a green signal when it arrives at the upcoming intersection. 
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Fig. 3.3. Predicted mode of in-vehicle traffic signals. “None” means no in-vehicle traffic 
signal is displayed. “Green” indicates that a green signal is displayed and “Red” 
represents a red signal. 
 
3.2. In-vehicle traffic signals for unsignalized intersections 
 
Unsignalized intersections normally can be classified as two-way stop-controlled 
intersections and all-way stop-controlled ones.  

At a two-way stop-controlled intersection, the roads that are controlled by stop lines 
are defined as minor roads. Conversely, the roads without stop signs are referred to as 
major roads. Vehicles on the major roads have the priority and are able to pass through 
the intersection first. Minor-road vehicles have to stop at the stop line first, then wait for 
an appropriate gap in the major road traffic flow to enter the intersection. According to 

the definition of Highway capacity manual, a critical gap CG  is the minimum time 

interval in the major-road traffic stream that allows intersection entry for one minor road 
vehicle [78]. The difference in priority between vehicles on the major and minor roads is 
one of the most essential factors in the design of in-vehicle traffic signals for two-way 
stop-controlled intersections. 

At an all-way stop-controlled intersection, all roads are controlled by stop signs, and 
vehicles approaching from all the directions are required to stop at the stop line before 
proceeding through the intersection. As most of the all-way stop-controlled intersections 
are with limited width, it is assumed that only one vehicle will be allowed to enter the all-
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way stop-controlled intersection at a time, considering the driving safety.  
 
3.2.1. Application at two-way stop-controlled intersections 
 
For a two-way stop-controlled intersection, as presented in Fig. 3.4, the vehicles K-1, K, 
K+1, J-1, and J are on the road without the control of stop line, which are named as major-
road vehicles. Oppositely, the vehicle N is on the road which has a stop line, therefore, is 
defined as a minor-road vehicle. The operating principle of the two-way stop-controlled 
intersection will be explained by taking the vehicle N as an example. When the minor-
road vehicle N arrives at the intersection, the gaps on the major road can be defined as 
follows,  

                              
 

K
K

K

d t
G t

v t
                         (3.5) 

                                 
 

J
J

J

d t
G t

v t
                          (3.6) 

where  Kd t  and  Jd t  represent the distances to the upcoming intersection,  Kv t  

and  Jv t  are the current velocities of the major-road vehicles K and J at the time t, 

respectively.  

The major-road gap ( )NG t  for the vehicle N will then be determined according to its 

target moving direction at the intersection, as shown in the Table. 3.3. 
 

Table 3.3． Major-road gap for the minor-road vehicle N. 
 

Target Direction Gap 

Forward  ( )NG t = min ( ( )KG t , ( )JG t ) 

Left-turn ( )NG t  = ( )JG t  

Right-turn ( )NG t  = min ( ( )KG t , ( )JG t ) 
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Afterwards, by comparing the major-road gap ( )NG t  with the critical gap CG , the 

operation principle of the two-way stop-controlled intersection for the vehicle N can be 
expressed as follows, 

                             1U VP t P t                           (3.7) 
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                      (3.9) 

where  UP t  and  VP t  represent the priority statuses of the major and minor road 

vehicles, respectively.  UP t  = 1 means that the major-road vehicles have the priority to 

cross the intersection, while  VP t  = 1 means that the priority of crossing has been given 

to the minor-road vehicle N. 
 

 
 
Fig. 3.4. Gaps on the major road at a two-way stop-controlled intersection. 
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As shown in Fig. 3.5, for a minor-road vehicle N approaching the two-way stop-
controlled intersection, the state of the vehicle will be checked in real time to confirm 
whether it has arrived at the stop line or not. If the vehicle has reached the stop line, the 
in-vehicle traffic signal system will start recording its waiting time and checking whether 
an oncoming minor-road vehicle exists or not. If an oncoming vehicle exists, the earlier 
minor-road vehicle will be selected as the leader, and a waiting list will be created for 
managing the minor-road vehicles waiting at the stop lines.  
  An example of the waiting list is shown in the Table. 3.4, according to the traffic 
condition presented in Fig. 3.5. The minor-road vehicle N reaches the intersection earlier 
than the vehicle N+1, therefore, is selected as the leader. If the vehicle N desires to make 
a right-turn and turns on its right blinker while the vehicle N+1 plans to move forward, it 
is possible for the vehicles N and N+1 to collide inside the intersection as their planned 
paths intersect. Then the vehicle N+1 is ranked the 2nd, and will not enter the intersection 
together with the vehicle N.    
 

Table 3.4. Example of waiting list for minor-road vehicles. 
 

ID Role Direction Rank 
N Leader Right-turn  1st 

N+1 Follower Forward 2nd 
 

Based on the above considerations, for a minor-road vehicle N, an in-vehicle traffic 

signal  NL t  can be designed as follows, 

                        N O N N NL t H R d t R t P t                    (3.10) 
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                     (3.12) 

where  NR t  and  NP t  are the functions for judging the rank and major-road gap for 

the vehicle N, respectively;  NL t  = −1 represents a red signal,  NL t  = 0 means no 

signal will be displayed and  NL t  = 1 represents a green signal;   O NH R d t  is a 
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Heaviside step function, OR  is the operation range of the in-vehicle traffic signal system 

and  Nd t  is the distance to intersection of the vehicle N. 

For a major-road vehicle K, as shown in Fig. 3.5, the in-vehicle traffic signal  KL t  

can be expressed as follows, 

                            K O K KL t H R d t P t                    (3.13)    

                        
0, ( )
1, ( )

N C
K

N C

G t G
P t

G t G


  
                    (3.14) 

where  KP t  is the function for judging the entry of the minor-road vehicle for the 

vehicle K;  KL t  = 0 means that no signal will be displayed,  KL t  = 1 means a green 

signal, and  KL t  = 2 represents a flashing yellow signal for warning major-road drivers 

to proceed with caution;   O KH R d t  is a Heaviside step function, OR  is the 

operation range of the in-vehicle traffic signal system and  Kd t  is the distance to 

intersection of the vehicle K. 
An example of the in-vehicle traffic signal system is shown in Fig. 3.5, when the major-

road gaps are smaller than the critical gap. For the vehicle K+1 which has not entered the 
range of in-vehicle traffic signals, or vehicles K-1 and J-1 which have crossed the 
intersection, no in-vehicle traffic signal will be displayed. For minor-road vehicles in the 
range of in-vehicle traffic signals, including the vehicle N, a red signal will be displayed 
for requiring a stop at the stop line. Afterwards, the minor-road vehicles need to wait for 
a safe major-road gap to enter the intersection. If a safe gap appears, the signal presented 
to the minor-road vehicle will turn green.  

For a major-road vehicle which has entered the range of in-vehicle traffic signals, 
including the vehicle K, a green signal will be displayed if no minor-road vehicle is 
allowed to enter the intersection. If the entry of a minor-road vehicle is permitted, the in- 
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Fig. 3.5. In-vehicle traffic signals at a two-way stop-controlled intersection when the 
major-road gaps are smaller than the critical gap. “No”: no light; “Green”: a green light; 
“Red”: a red light.  
 
vehicle traffic signal displayed to major-road vehicles will turn to a flashing yellow signal 
for warning the drivers to proceed with caution. 

In previous studies, the critical gap CG  of the major road was normally considered to 

be a constant value of 6.5 seconds [79]. However, it was reported that the waiting time 
had notable effects on the gap acceptance behaviors [80]. The effect of waiting time on 
drivers’ decision can be considered as a behavioral issue [81].  

It was observed that, in the actual driving conditions, minor-road drivers pretended to 
accept smaller critical gaps to enter the intersection if they had waited for a relatively long 
time [82]. Therefore, the longer a driver waits, the more he is willing to accept risk and 
the likelihood for accepting shorter gaps increases [83-85]. Then the critical gap may be 
considered as a variable value. It will decrease with the waiting time at first, and finally 
converge to a constant value [86], [87]. 
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As shown in Fig. 3.6, the critical gap can be set to 6.5 s if drivers wait for less than 10 s, 
5.5 s if the waiting time falls within 10 to 20 s, 5.25 s if the waiting time falls within 20 
to 30 s, and 5 s if the waiting time is longer than 30 s, based on the data from observational 
studies [86]. 

Then the relationship between the waiting time and critical gap at two-way stop-
controlled intersections can be expressed as follows, 

             6.5 10 0.25 ( 20) 0.25 30CG T H T H T H T                (3.15)                     

where ( )CG T  means the critical gap considering waiting time; and T is the waiting time 

of a minor-road vehicle; the value of 6.5 s is the critical gap when the waiting time is less 

than 10 s;  10H T ,  20H T   and  30H T   are Heaviside step functions that 

represent the scenarios that drivers have waited for 10 to 20 s, 20 to 30 s, and longer than 
30 s, respectively; and 0.25 is a parameter for adjusting the critical gap according to the 
changes in the waiting time. 
 

 
 

Fig. 3.6. The change of critical gap with waiting time, where the red line means that 
drivers wait for less than 10 s, and the critical gap can be set to 6.5 s; the blue line indicates 
the waiting time falls within 10 to 20 s, and the critical gap can be set to 5.5 s; the green 
line means that the waiting time falls within 20 to 30 s, and the critical gap can be set to 
5.25 s; and the orange line indicates the waiting time is longer than 30 s and the critical 
gap is 5 s. 
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3.2.2. Application at all-way stop-controlled intersections 
 
At the all-way stop-controlled intersections, the in-vehicle traffic signal system was 
designed based on a first-come-first-served strategy. Therefore, the passing priority is 
decided by the order in which vehicles arrive, without other biases or preferences. If more 
than one vehicles arrive at the intersection at the same time, the “priority to the left” rule 
will apply that vehicles need to yield to the vehicle coming from the next branch left of 
them. It is necessary to mention that the system does not consider the rare situation that 
vehicles from all the directions reach the intersection simultaneously. 

For vehicles that are approaching an all-way stop-controlled intersection, a red light 
will be displayed first if they enter the range of in-vehicle traffic signals. When a vehicle 
arrives at the stop line, it will exchange the position information with other vehicles inside 
the operation range to check whether a leader exists. If one vehicle arrives at the 
intersection earlier than other vehicles, it will be selected as leader and the passing priority 
will be offered to the vehicle. As shown in Fig. 3.7, the in-vehicle traffic signal displayed 
to it will turn green.  
 

 
 
Fig. 3.7. In-vehicle traffic signals at an all-way stop-controlled intersection when one 
vehicle arriving at the intersection earlier than other vehicles. “No”: no light; “Green”: a 
green light; “Red”: a red light.  
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Fig. 3.8. In-vehicle traffic signals at an all-way stop-controlled intersection when multiple 
vehicles reaching the intersection at the same time. “No”: no light; “Green”: a green light; 
“Red”: a red light.  
 

If a leader vehicle already exists and is crossing the intersection, the vehicle arriving 
latter needs to wait at the stop line for its turn to enter. After the passage of the previous 
leader, the vehicles which arrives at the intersection earliest among all the vehicles waited 
at the stop lines will be chosen as the new leader. As presented in Fig. 3.8, if multiple 
vehicles reach the intersection at the same time, the vehicle arriving from the left side will 
have the priority, enabling it to pass through the intersection first. 
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Effect of in-vehicle traffic signals in full deployment scenario 
 
4.1. Full deployment scenario at signalized intersections 
 
4.1.1. Driving simulator experiments at signalized intersections 
 
Driving simulator system 
 
An advanced driving simulator was employed as the experimental platform for the driving 
experiments. The simulator was equipped with a Stewart motion platform with six 
degrees of freedom and a field of vision of 140 degrees that produced realistic driving 
sensations. During the experiment, the experimental data was recorded in real time, and 
the data sampling frequency was set as 60 Hz. 

The in-vehicle traffic signal system was set up based on the driving simulator. The 
system was composed of a display and a laptop computer which was connected with the 
host computer of driving simulator via Ethernet cable. In the preparatory stage of the 
experiment, all the information of the driving route, including the positions of the 
intersections, were recorded in the program of in-vehicle traffic signals, and the program 
was finally installed in the laptop computer.  

During the experiment, the traffic information in the driving simulator, including the 
speeds and the positions of vehicles, were updated in real time. The updated information 
were then transferred to the laptop computer, and used by the program of in-vehicle traffic 
signals to calculate the distance between the vehicle driven by participants and the 
upcoming intersection. If the vehicle had entered the range of in-vehicle traffic signals, 
the position and speed information of all the other vehicles around the upcoming 
intersection would be analyzed to evaluate the traffic condition, and then the appropriate 
color of signal would be presented to drivers by the display. 

As presented in Fig. 4.1, a red in-vehicle traffic signal at a signalized intersection was 
displayed using a head-up display iHUD (Springteq Electronics Corporation, New Taipei, 
Taiwan). The position of the head-up display was determined according to the guidelines 
for the placement of in-vehicle display systems [88]. It can be observed from Fig. 4.1 that 
the speedometer was placed in front of drivers. For the vision angles and the distances 
between the display and drivers’ eyes, they may differ among participants because the 
participants may have different physiques and driving postures. Therefore, the data of a 
driver with a standard height of 170.0 cm is used as an example. The distance from the 
head-up display to the driver’s eyes was 95.4 cm. The vertical visual angles from the 
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Fig. 4.1. A red signal displayed by the head-up display at a signalized intersection. 
 
driver’s eyes to the head-up display was 7.8 degrees. And the horizontal visual angles 
from the driver’s eyes to the head-up display was 9.6 degrees. The actual figure shown in 
the head-up display was a rectangle 9.0 cm wide and 6.1 cm high. There was nothing else 
displayed other than a red/green/yellow dot for the in-vehicle traffic signals, and the 
actual diameters of the displayed dot in the head-up display was 1.9 cm. 

A Smart Eye Pro system (Smart Eye AB, Gothenburg, Sweden) was employed in this 
study to track the eye-gaze behaviors [89]. It is a non-intrusive eye-gaze tracking system 
that uses the reflections of the infrared flashes on the corneas to find the centers of the 
eyes. The corneas are the transparent front parts of the eyes that cover the iris and pupil. 
As shown in Fig. 4.2, the system consisted of three cameras and two infrared flashes, and 
did not cause any physical burden to the drivers. These cameras were fixed at three 
different locations to obtain the best measurement of gaze direction. 

In this eye tracking system, the line-of-sight measurement is performed by the corneal 
reflection method at a measurement frequency of 60 Hz to calculate the line-of-sight 
vector. In addition to this, it is also possible to measure the orientation of the face of 
drivers and the positions of their eyes, estimate the position of the viewpoint and finally 
identify the viewpoint of drivers. The cameras used for measurement is non-contact with  
drivers, and it is possible to perform a running test in a more natural state as compared 
with a contact type gaze measuring system. By irradiating the faces of drivers with 
infrared rays by the flashes installed in two places, it is possible to measure the drivers' 
line of sight stably even under the condition of light and dark change. Since the infrared 
rays are invisible for drivers, their driving is totally obstructed absent. 
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Fig. 4.2. Eye-gaze tracking system. 
 

For the corneal reflection method, it uses the cornea as a convex mirror, and irradiates 
infrared light arranged near the eyeball and finally converges the virtual image position 
of the light with a convex lens or the like to detect the real image [90]. When the eyeball 
rotates, the virtual image position also changes accordingly (when the eyeball rotates by 
1°, the position of the virtual image changes by 0.1 mm), and therefore the eye movements 
can be measured. 
 
Participants of driving simulator experiment at signalized intersections 
 
Eleven healthy participants took part in the driving experiments (sex: nine male/two 
female, mean age: 32 years old, range: 22–55 years old). All participants had a valid 
driving license, and had been driving for an average of 8 years (range: 3–44 years). Their 
mean driving frequency was 2.5 times per week (range: 1–7 times per week). This driving 
experiment received the approval from the Ethical Examination Committee of the Office 
of Life Science Research Ethics and Safety at The University of Tokyo (No. 14–44). 
 
Urban scenarios in driving simulator 
 
A driving scenario that realistically reproduced an existing urban road network in the 
Kinshicho area of Tokyo was designed with Multigen Creator (Presagis Corporation, 
Quebec, Canada), a three-dimensional software for modelling and real-time simulation. 
To avoid a learning influence on driver behaviors, three driving courses with different 
routes were chosen randomly for every participant as shown in Fig. 4.3. 
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Fig. 4.3. Three driving courses used in the experiment. 
 

Each route in the Fig. 4.3 had a driving distance of 2500 – 2600 meters, and 18 ground 
traffic lights on the track. Participants were required to make a turn at four of the eighteen 
intersections for each route. 
 
Conditions of driving simulator experiment at signalized intersection 
 
In this experiment, the range of the in-vehicle traffic signals was defined as 150 m, 
guaranteeing a high quality of vehicular communication [91]. 

Two kinds of displays, a normal 4.3-inch display and a head-up display, were used to 
present the in-vehicle traffic signals. A 4.3-inch display is a conventional device widely 
used in vehicles for GPS navigation [92]. On the other hand, a head-up display was 
initially developed for military aviation, and is an emerging device in the automobile 
arena [93]. In this study, a DP4 field monitor (SmallHD Corporation, Cary, USA) was 
used as the 4.3-inch display, and an iHUD (Springteq Electronics Corporation, New 
Taipei, Taiwan) was chosen as the head-up display. 
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The position of the head-up display has been described in the section 4.1.1. For the 
position of the 4.3-inch display, it was just 33.0 cm left and 17.0 cm high to the 
speedometer from drivers’ perspective. For the data of a driver with a height of 170.0 cm, 
the distance from the 4.3-inch display to the driver’s eyes was 59.3 cm. The vertical visual 
angle from the driver’s eyes to the 4.3-inch display was 13.9 degrees. And the horizontal 
visual angle from the driver’s eyes to the 4.3-inch display was 29.1 degrees. The actual 
figure shown in the 4.3-inch display was a rectangle 9.3 cm wide and 5.7 cm high. The 
actual diameters of the displayed dot in the 4.3-inch display was 1.8 cm. 

A total of five experimental conditions were prepared to evaluate driver behaviors, as 
shown in the Table 4.1. To evaluate the influence of ground traffic lights, drivers 
completed driving tasks without in-vehicle traffic signals (Condition 1). Two modes of 
in-vehicle traffic signals (Current, Predicted) and two kinds of in-vehicle device (Head-
up display, 4.3-inch display) were applied during the experiment.  
 

Table 4.1. Experimental conditions. 
 

Condition Ground traffic lights In-vehicle traffic signals  Device 

Condition 1 On None None 

Condition 2 On Current mode Head-up display 

Condition 3 On Current mode 4.3-inch display 

Condition 4 On Predicted mode Head-up display 

Condition 5 On Predicted mode 4.3-inch display 

 

All the participants received an explanation of the operation of the in-vehicle traffic 
signals, and were given the opportunity to practice operating the driving simulator prior 
to data collection. Each subject was required to drive five times, with each time under one 
different experimental condition and all the five experimental conditions were completed 
in a random order. Meanwhile, the driving route was also chosen from the three routes 
each time for the subject, and it was ensured that two different routes were used in two 
consecutive experiments. 
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Measured variables and data analysis 
 

Operational and driving data, including the positions, driving velocities, and brake strokes 
of vehicles were collected to evaluate the driving operations. 

At signalized intersections, the driving safety is normally ensured by the ground traffic 
lights. Therefore, for the application of in-vehicle traffic signals at signalized 
intersections, the analysis will be mainly focused on its influences on driving operations. 
Two indexes—acceleration operations and braking operations—were used to evaluate the 
driving operations at intersections. 

For the evaluation of eye-gaze behaviors, eye-gaze vectors and eye positions were 
recorded using the Smart Eye Pro system. This enabled us to calculate two measures—
glance frequency and mean glance duration. Glance frequency is the total number of 
glances made to the display device during one driving task. The mean glance duration 
refers to the average value of the glance duration from the instant when the gaze moves 
to the head-up display to the instant that the gaze moves away from it. 

All the participants were required to complete a 5-point scale measurement 
questionnaire to investigate reliability, and distraction avoidance. Evaluation scores 
ranged from 1 to 5: 1 = very low, 2 = low, 3 = average, 4 = high, and 5 = very high. 

Statistical analysis were conducted to distinguish the significant influential factors 
affecting driving operations and eye-gaze behaviors in the 11 participants. 

For the driving operations and eye-gaze behaviors, a two-way repeated measures 
ANOVA were conducted with the mode of in-vehicle traffic signal (current or predicted) 
and in-vehicle devices (4.3-inch display or head-up display) as two within-subject factors. 
The significance level was set at 0.05. A Friedman one-way nonparametric ANOVA and 
a Wilcoxon signed-rank test were conducted to analyze the results of the subjective 
evaluation. 
 
4.1.2. Results of driving simulator experiments at signalized intersections 
 
Acceleration and braking operations 
 
Evaluations of driver behaviors were performed mainly on driving operations, including 
the braking and accelerating, the driving time and eye-gaze behaviors. Dependent 
measures in this study were defined as follows: the number of braking operations was 
defined as the total number of braking operations during one driving task, not counting 
the last braking operation to stop the vehicle after the driving experiment was completed. 
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Similarly, the number of accelerating operations was defined as the total number of 
accelerating operations during one driving task. The driving time was collected as the 
total driving time from the moment when a participant was required to start driving to the 
moment when the participant was required to stop the vehicle during one driving task. 

Evaluations of eye-gaze behaviors were performed based on the analysis of glance 
frequency and mean single glance time. As explained in the last paragraph, glance 
frequency is defined as the total number of glances made to the display device during one 
driving task. Mean single glance time refers to the mean glance duration, in seconds, from 
the instant when gaze moves to the device to the instant it moves away from the device 
during one driving task. 

According to the experimental conditions, the effects of two factors (mode of in-vehicle 
traffic signals and in-vehicle device) were tested. To investigate the influence on driving 
operations of both factors at the 0.05 level of significance, a two-way repeated ANOVA 
with the mode of in-vehicle traffic signals (Current, Predicted) and in-vehicle display 
device (4.3-inch, Head-up) as within-subject factors was performed, comprising a 2 2 
design.  

The results of the ANOVA analysis of braking operations are presented in Fig. 4.4. A 
non-significant interaction existed between the mode of in-vehicle traffic signals and in-
vehicle device (p > 0.05). There was a significant main effect of the mode of in-vehicle 
traffic signals (F(1,10) = 29.78, p < 0.001) and a non-significant main effect of in-vehicle 
device (F(1,10) = 0.242, p = 0.633). 

A similar ANOVA analysis was conducted for the accelerating operations. As shown 
in Fig. 4.5, a non-significant interaction existed between the mode of in-vehicle traffic 
signals and in-vehicle device (p > 0.05). A significant main effect of the mode of in-
vehicle traffic signals (F(1,10) = 9.988, p = 0.01) and a non-significant main effect of in-
vehicle device (F(1,10) = 3.135, p = 0.107) was found in the two-way repeated ANOVA. 

Based on the results of the two-way repeated ANOVA analysis as shown in Figs. 4.4 
and 4.5, a non-significant main effect of in-vehicle device on both the braking and 
accelerating operations was observed.  

As shown in Fig. 4.6, when the head-up display was applied (conditions 1, 2, and 4), 
the influence of different modes of in-vehicle traffic signals on braking operations were 
investigated. A one-way ANOVA with the same in-vehicle display (Head-up) and three 
different modes of in-vehicle traffic signals (None, Current, Predicted) was performed. 
The data satisfied the requirement of homogeneity of variance (p > 0.05).  
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Fig. 4.4. Braking operations. A rectangle represents the middle fifty percent of a set of 
data. A horizontal line drawn through a rectangle corresponds to the median value of a set 
of data. An upper bar indicates the maximum value of a set of data, excluding outliers. A 
lower bar represents the minimum value of a set of data, excluding outliers. Mild outliers 
are indicated by circles (calculated as 1.5-3x the interquartile range). 
 

No significant difference in braking operations was found when current mode was 
applied compared with that of no in-vehicle traffic signal (p = 0.119). In contrast, a 
significant difference in braking operations was observed when predicted mode was 
applied compared with the conditions when no in-vehicle traffic signal was used (p < 
0.001) and when current mode was applied (p < 0.001). 

When the 4.3-inch display was chosen as the in-vehicle device (conditions 1, 3, and 5), 
the influence of different modes of in-vehicle traffic signals on braking operations were 
investigated as shown in the Fig. 4.7. A one-way ANOVA with the same in-vehicle 
display (4.3-inch) and three different modes of in-vehicle traffic signals (None, Current, 
Predicted) was performed. The data satisfied the requirement of homogeneity of variance 
(p > 0.05).    
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Fig. 4.5. Accelerating operations. A rectangle represents the middle fifty percent of a set 
of data. Mild outliers are indicated by circles (calculated as 1.5-3x the interquartile range). 
Extreme outliers are indicated by stars (calculated as >3x the interquartile range) 
 

 

 

Fig. 4.6. Braking operations in three different modes of in-vehicle traffic signals when 
the head-up display was applied. Mild outliers are indicated by circles (calculated as 1.5-
3x the interquartile range) 
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Fig. 4.7. Braking operations in three different modes of in-vehicle traffic signals when 
the 4.3-inch display was applied.  

 

No significant difference in braking operations was found when current mode was 
applied compared with that of no in-vehicle traffic signal (p = 0.201). However, a 
significant difference in braking operations was observed when predicted mode was 
applied compared with the conditions when no in-vehicle traffic signal was used (p < 
0.001) and when current mode was applied (p < 0.001). 

Accelerating operations were analyzed in the same manner as braking operations. As 
presented in Fig. 4.8, when the head-up display was applied (conditions 1, 2, and 4), the 
influence of different modes of in-vehicle traffic signals on accelerating operations were 
investigated. A one-way ANOVA with the same in-vehicle display (Head-up) and three 
different modes of in-vehicle traffic signals (None, Current, Predicted) was performed. 
The data satisfied the requirement of homogeneity of variance (p > 0.05).  

No significant difference in accelerating operations was found when current mode was 
applied compared with that of no in-vehicle traffic signal (p = 0.361). In contrast, a 
significant difference in accelerating operations was observed when predicted mode was 
applied compared with the condition when no in-vehicle traffic signal was applied (p < 
0.001). Meanwhile, the accelerating operations were significantly reduced when the 
predicted mode was applied compared with the current mode (p = 0.01). 
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The acceleration results are reported in Fig. 4.9 for the conditions in which the 4.3-inch 
display was chosen as the in-vehicle device (conditions 1, 3, and 5). A one-way ANOVA 
with the same in-vehicle display (4.3-inch) and three different modes of in-vehicle traffic 
lights (None, Current, Predicted) was performed. The data satisfied the requirement of 
homogeneity of variance (p > 0.05).  

No significant difference in accelerating operations was found when current mode was 
applied compared with that of no in-vehicle traffic signal (p = 0.772). However, a 
significant difference in accelerating operations was observed when predicted mode was 
applied compared with the conditions with no in-vehicle traffic signal (p = 0.002) and 
when current mode was applied (p = 0.01). 

The travel time of drivers was collected for different conditions. Under the condition 1 
(ground traffic lights only), the mean travel time was 504 s, ranging from 393 s to 673 s. 
Under the condition 2 (current mode of in-vehicle traffic signals, displayed by the head-
up display), the mean travel time was 501 s, ranging from 366 s to 646 s. Under the 
condition 3 (current mode of in-vehicle traffic signals, displayed by the 4.3-inch display), 
the mean travel time was 472 s, ranging from 365 s to 562 s. Under the condition 4 
(predicted mode of in-vehicle traffic signals, displayed by the head-up display), the mean 
travel time was 451 s, ranging from 384 s to 478 s. Under the condition 5 (predicted mode  
 

 
 

Fig. 4.8. Accelerating operations in three different modes of in-vehicle traffic signals 
when the head-up display was applied. Mild outliers are indicated by circles (calculated 
as 1.5-3x the interquartile range). 
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Fig. 4.9. Accelerating operations in three different modes of in-vehicle traffic signals 
when the 4.3-inch display was applied. Mild outliers are indicated by circles (calculated 
as 1.5-3x the interquartile range). Extreme outliers are indicated by stars (calculated 
as >3x the interquartile range). 
 
of in-vehicle traffic signals, displayed by the 4.3-inch display), the mean travel time was 
475 s, ranging from 390 s to 565 s. 

According to the experimental conditions, the effects of two factors (mode of in-vehicle 
traffic signals and in-vehicle device) were tested. To investigate the influence on driving 
time of both factors at the 0.05 level of significance, a two-way repeated ANOVA with 
the mode of in-vehicle traffic signals (Current, Predicted) and in-vehicle display device 
(4.3-inch, Head-up) as within-subject factors was performed. The results of the ANOVA 
analysis indicated that a non-significant interaction existed between the mode of in-
vehicle traffic signals and in-vehicle device (p > 0.05). There was a non-significant main 
effect of the mode of in-vehicle traffic signals (p = 0.147) and a non-significant main 
effect of in-vehicle device (p = 0.878). 

As shown in Fig. 4.10, when the head-up display was applied (conditions 1, 2, and 4), 
the influence of different modes of in-vehicle traffic signals on travel time were 
investigated. A one-way ANOVA with the same in-vehicle display (Head-up) and three 
different modes of in-vehicle traffic signals (None, Current, Predicted) was performed. 
The data satisfied the requirement of homogeneity of variance (p > 0.05).  
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No significant difference in travel time was found when current mode was applied 
compared with that of no in-vehicle traffic signal (p = 0.796). In contrast, a significant 
difference in travel time was observed when predicted mode was applied compared with 
the conditions when no in-vehicle traffic signal was used (p < 0.05) and when current 
mode was applied (p < 0.05). 
  The average speed results are reported in Fig. 4.11 for the conditions in which the head-
up display was chosen as the in-vehicle device (conditions 1, 2, and 4). A one-way 
ANOVA with the same in-vehicle display (Head-up) and three different modes of in-
vehicle traffic lights (None, Current, Predicted) was performed. The data satisfied the 
requirement of homogeneity of variance (p > 0.05).  

No significant difference in average speed was found when current mode was applied 
compared with that of no in-vehicle traffic signal (p = 0.661). However, a significant 
difference in average speed was observed when predicted mode was applied compared 
with the conditions with no in-vehicle traffic signal (p = 0.001) and when current mode 
was applied (p = 0.024). 
 

 

 

Fig. 4.10. Travel time in three different modes of in-vehicle traffic signals when the head-
up display was applied. Extreme outliers are indicated by stars (calculated as >3x the 
interquartile range). 
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Fig. 4.11. Average speed in three different modes of in-vehicle traffic signals when the 
head-up display was applied. Mild outliers are indicated by circles (calculated as 1.5-3x 
the interquartile range). Extreme outliers are indicated by stars (calculated as >3x the 
interquartile range). 
 
Glance frequency and mean glance time 
 
The analysis result of glance frequency is illustrated in Fig. 4.12 with a clustered boxplot. 
At the 0.05 level of significance, a two-way repeated ANOVA with mode of in-vehicle 
traffic signals (Current, Predicted) and in-vehicle display devices (4.3-inch, Head-up) as 
within-subject factors was conducted, comprising a 22 design. 

There was a significant main effect of the mode of in-vehicle traffic signals (F(1,10) = 
5.57, p = 0.04) and a significant main effect of in-vehicle device (F(1,10) = 32.77, p < 
0.001). However, a significant interaction existed between the mode of in-vehicle traffic 
signals and in-vehicle device (F(1,10) = 13.94, p = 0.004). Therefore, simple effects 
should be investigated. 

When in-vehicle traffic signals were in the current mode, a significant main effect of 
in-vehicle device was observed (F(1,10) = 17.42, p = 0.002). Meanwhile, when in-vehicle 
traffic signals were in the predicted mode, a significant main effect of in-vehicle device 
was also found (F(1,10) = 35.50, p < 0.001). 
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When the head-up display was used to display in-vehicle traffic signals, there was a 
significant main effect of the mode of in-vehicle traffic signals (F(1,10) = 11.02, p = 
0.008). However, when the 4.3-inch display was applied, a non-significant main effect of 
the mode of in-vehicle traffic signals was observed (F(1,10) = 0.15, p = 0.711). 

The mean single glance time was calculated and shown in Fig. 4.13. At the 0.05 level 
of significance, a two-way repeated ANOVA with the mode of in-vehicle traffic signals 
(Current, Predicted) and in-vehicle display device (4.3-inch, Head-up) as within-subject 
factors was conducted, comprising a 22 design. A non-significant interaction existed 
between the mode of in-vehicle traffic signals and in-vehicle display device (F(1,10) = 
0.198, p = 0.666). There was a non-significant main effect of the mode of in-vehicle traffic 
signals (F(1,10) = 0.694, p = 0.424). Conversely, a significant main effect of in-vehicle 
display device was found (F(1,10) = 121.48, p < 0.001). 
 

 
 
Fig. 4.12. Glance frequency. A rectangle represents the middle fifty percent of a set of 
data. Mild outliers are indicated by circles (calculated as 1.5-3x the interquartile range). 
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Fig. 4.13. Mean single glance time. A rectangle represents the middle fifty percent of a 
set of data.  

 

Subjective evaluations at signalized intersections 
 

Subjective evaluations were performed for all the participants. As for the choice of mode, 
seven of the total eleven participants gave their preferences to the predicted mode, two 
participants would like to choose the current mode and two participants evaluated both 
the current and predicted modes acceptable.   

As shown in the Fig. 4.14, for the distraction avoidance evaluations, significant higher 
scores were given to the head-up display (p < 0.001). The participants believed that the 
usage of head-up display could help the in-vehicle traffic signal system avoid distractions 
to them. 
  As shown in Fig. 4.15, for the reliability evaluations, the application of head-up display 
also obtained significant higher scores (p = 0.001). It was considered that the usage of 
head-up display could make it easier for the participants to feel at ease. 

 



65 
 

 

 

Fig. 4.14. Distraction avoidance evaluation. A rectangle represents the middle fifty 
percent of a set of data. Mild outliers are indicated by circles (calculated as 1.5-3x the 
interquartile range). 

 

 
 

Fig. 4.15. Reliability evaluation. A rectangle represents the middle fifty percent of a set 
of data.  
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4.2. Full deployment scenario at unsignalized intersections 
 
4.2.1. Driving simulator experiments at unsignalized intersections 
 
Apparatus applied 
 
An example of the in-vehicle traffic signal system at unsignalized intersections, in which 
a red signal was displayed to drivers, is presented in Fig. 4.16. The range of in-vehicle 
traffic signals was set as 80 meters, considering of the quality of vehicular 
communications and the speed limit of the driving route [94].  
 
Participants of experiment at unsignalized intersections 
 
Twenty-three healthy men, ranging in age from 21 to 40 years (mean age = 25.6 years), 
participated in this experiment. All participants had a valid driving license and had been 
driving for an average of 4.6 years, ranging from 1 to 10 years. The participants reported 
a mean driving frequency of 1.4 times per week, ranging from one to four times. This 
experiment was performed with the approval of the Office for Life Science Research 
Ethics and Safety at the University of Tokyo. 
 

 
 

Fig. 4.16. Red in-vehicle traffic signal displayed to drivers at an unsignalized intersection. 
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Unsignalized driving scenario 
 
As shown in Fig. 4.17, the driving route used in this experiment is highlighted in red on 
the map. There are six unsignalized intersections in the track, including five two-way 
stop-controlled intersections, I – V, and one all-way stop-controlled intersection, VI. 

After departing from the start point, participants were required to move forward on the 
major road through intersections I and II. As the road connecting intersections II and III 
was a minor road, participants had to stop at intersection III and then turn right from the 
minor road to a major road. After completing a right-turn at intersection III, participants 
crossed intersection IV on the major road and performed a left turn from the major road 
to a minor road at intersection V. Finally, they passed through intersection VI and stopped 
the vehicle at the end point. 

 
Conditions of experiment at unsignalized intersection 
 
To investigate the influence of in-vehicle traffic signals with and without auditory cues 
on driver behaviors, we incorporated an auditory warning system in the driving simulator, 
which provided audio messages such as “Please stop the car” and “Please start the car” 
spoken in Japanese. 

 

 
 
Fig. 4.17. Driving route of the experiment. Two-way stop-controlled intersections: I, II, 
III, IV, and V; All-way stop-controlled intersection: VI 
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Table 4.2 Experimental conditions. 

 

Condition In-vehicle traffic signal Auditory warning 

Condition 1 Signal-off Audio-off 

Condition 2 Signal-off Audio-on 

Condition 3 Signal-on Audio-off 

Condition 4 Signal-on Audio-on 

 

The experiment was performed under four conditions, as presented in Table 4.2. There 
were two in-vehicle traffic signal conditions: signal-off and signal-on, and two auditory 
warning conditions: audio-on and audio-off. All participants received driving simulator 
training before the experiment, and were required to drive under all four conditions 
(which were presented in a random order) with a speed limit of 40 km/h. 

 

Evaluation indexes 

 

At unsignalized intersections, there is no ground traffic light to manage the traffic flow 
and guide drivers to pass through the intersections. How to keep the safety of drivers 
while crossing the unsignalized intersections is one of the most important issues to be 
considered. Therefore, for the application of in-vehicle traffic signals at unsignalized 
intersections, the evaluation will be mainly focused on its influences on driving safety. 
Operational and driving data, including the positions, driving velocities, and brake strokes 
of vehicles were collected to evaluate the driving operations at intersections III and VI. 

As shown in Fig. 4.17, among all the two-way stop-controlled intersections I – V, 
participants were on the major roads which were not controlled by stop lines at 
intersections I, II, IV and V. Thus, participants had the passing priority at these 
intersections. However, for intersection III, participants were on the minor road which 
was controlled by a stop line. They had to enter the intersection from the minor road to 
the major road. Therefore, intersection III was the only one two-way stop-controlled 
intersection where participants had no passing priority. Driving across intersection III was 
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thus considered to be more challenging than driving at intersections I, II, IV, and V. We 
used two indexes—post-encroachment time and maximum brake stroke—to evaluate the 
driving operations at intersection III. 

Post-encroachment time is defined as the time lag between the passage of an offending 
vehicle and that of a conflicting vehicle in a conflict area. The offending and conflicting 
vehicles in this experiment referred to the upcoming major-road vehicle and the vehicle 
operated by participants, respectively. A smaller post-encroachment time suggests greater 
risk of collision. It is therefore considered to be a suitable indicator for evaluating driving 
safety at intersections. The post-encroachment time could be calculated as follows, 

 

                                                           (4.1) 

where  is the post-encroachment time, and  and  are the instantaneous 

distance to the conflict area and the current velocity of the upcoming major-road vehicle, 
respectively. 

However, it was possible that the drivers may choose to brake severely for having a 
larger post-encroachment time to satisfy their subjective safety margin. The maximum 
brake stroke index should be added for evaluating the driving safety together with the 
post-encroachment time. The brake stroke variable represented the extent of brake pedal 
stroke during each trial, and we used its maximum value to evaluate braking performance. 
The brake stroke data, which ranged from 0 to 1, was recorded by the driving simulator.  

Intersection VI was the only all-way stop-controlled intersection in the driving route. 
We used two indexes, maximum brake stroke and stopping type, to evaluate the driving 
operations at intersection VI.  

The drivers’ stopping type at all-way stop-controlled intersections can be classified as 
either a complete stop or no stop [95]. In this experiment, a complete stop was defined as 
the condition in which a vehicle reached a velocity of zero before crossing the stop line. 
Therefore, we were able to calculate the percentage of complete stops based on the 
position and velocity of the simulated vehicle driven by participants. 

For the evaluation of eye-gaze behaviors, eye-gaze vectors and eye positions were 
recorded using the Smart Eye Pro system. This enabled us to calculate two measures—
percent road center and mean glance duration. The percent road center refers to the 
percentage of gaze that falls within the road center area, which is a circular region with 
an eight-degree radius located around the driver’s most frequent fixation point [96-98]. 
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The mean glance duration refers to the average value of the glance duration from the 
instant when the gaze moves to the head-up display to the instant that the gaze moves 
away from it. 

All the participants were required to complete a 5-point scale measurement 
questionnaire to investigate safety, acceptability, and fatigue. Evaluation scores ranged 
from 1 to 5: 1 = very low, 2 = low, 3 = average, 4 = high, and 5 = very high. 

Statistical analysis was conducted to distinguish the significant influential factors 
affecting the post-encroachment time, maximum brake stroke, percent road center, and 
mean glance duration in the 23 participants. For the post-encroachment time, maximum 
brake stroke, and percent road center, we conducted a two-way repeated measures 
ANOVA with the in-vehicle traffic signals (signal-off or signal-on) and auditory 
warnings (audio-off or audio-on) as two within-subject factors. The significance level 
was set at 0.05. Therefore, we used a 22 factorial design with the combination of signal–
off or signal–on and audio–off or audio–on.  

For the mean glance duration, we conducted a one-way repeated measures ANOVA 
with auditory warnings (audio–off or audio–on) as the within-subject factor. Finally, we 
conducted a Friedman one-way nonparametric ANOVA and a Wilcoxon signed-rank test 
to analyze the results of the subjective evaluation. 
 
Experiment considering waiting time 
 
For the experiment considering the influences of waiting time at unsignalized 
intersections, twelve males were involved in the study, ranging from 20 to 30 years old 
(average 24.5 years old). All the participants had a valid driving license and reported that 
they were in a good health condition which would not affect the driving performances. 
They had been driving for 4.7 years on average, ranging from one year to eight years, and 
had a mean driving frequency of 1.2 times per week, ranging from one time to three times. 

It was expected that the driving performances of minor-road drivers would be 
influenced if their waiting time were considered by the in-vehicle traffic signal system. 
Meanwhile, the driving safety of major-road drivers should also be assessed as the minor-
road vehicles were allowed to enter intersections with smaller major-road gaps while 
considering waiting time. Therefore, a minor-road and a major-road experiments were 
prepared for all the participants to evaluate their driver behaviors.  

During the minor-road experiment, the participants were required to drive the vehicle 
A to complete a right-turn at the intersection III. As shown in Fig. 4.18, to analyze the 
influences of waiting time, a congested major-road traffic flow was designed to make the 
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participants wait for more than 30 seconds. Then three major-road gaps G1, G2 and G3 
were provided as a chance for the participants to cross the intersection. 

To avoid learning effects, three orders of G1, G2 and G3 were prepared as shown in 
the Table. 4.3. Meanwhile, three assistance conditions were provided for every participant 
as presented in the Table. 4.4. The orders of G1, G2 and G3 and the assistance conditions 
were combined for the participants, considering counterbalancing.  
 

   
 

Fig. 4.18. Driving scenario of the minor-road experiment and the participants were in the 
vehicle A. 
 

Table 4.3. Orders of major-road gaps. 
 

Gap Order 1 Order 2 Order 3 
G1 5.5 s 6.0 s 6.5 s 
G2 6.0 s  6.5 s 6.0 s 
G3 6.5 s 5.5 s 5.5 s 

 
Table 4.4. Assistance conditions of minor-road experiment. 

 
No. Condition 
1 Without in-vehicle traffic signal 
2 In-vehicle traffic signal without considering waiting time  
3 In-vehicle traffic signal considering waiting time  
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For major-road drivers, the in-vehicle traffic signal system was expected to warn them 
the entry of minor-road vehicles at intersections. According to the relationship between 
the critical gap and waiting time as shown in the Eq. (3.15), the smallest critical gap for 
the minor-road vehicles was 5 seconds if their waiting time were more than 30 seconds. 

To assess the driving safety of major-road drivers, the driving scenario of the major-
road experiment is presented in Fig. 4.19. The participants were in the major-road vehicle 
B. Another major-road vehicle C was set to keep a gap of 5 seconds with the vehicle B 
until the vehicle C crossed the intersection III. At the intersection III, a minor-road vehicle 
D was waiting to make a right-turn. The major-road vehicles before the vehicle C were 
used to make the vehicle D wait for more than 30 seconds. After the vehicle C crossed 
the intersection III, the vehicle D would accept the gap between the vehicles B and C, and 
enter the intersection. The participants in the vehicle B were required to react and avoid 
collisions with the vehicle D.  
  The assistance conditions of the major-road experiment are presented in the Table. 4.5. 
As the gap of 5 seconds would not be accepted by the in-vehicle traffic signal system 
without considering waiting time, the driver behaviors under only two conditions were 
analyzed. 

Driving data, including the positions, velocities and accelerations of all the vehicles, 
were recorded with the driving simulator. Meanwhile, eye-gaze data was also measured 
with the Smart Eye Pro system. 
 

  
 

Fig. 4.19. Driving scenario of the major-road experiment and the participants were in the 
vehicle B. 
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Table 4.5. Assistance conditions of major-road experiment. 
 

No. Condition 
1 Without in-vehicle traffic signal 
2 In-vehicle traffic signal considering waiting time 

 
To evaluate driver behaviors in the minor-road experiment, four indexes were applied: 

maximum gas pedal stroke, blink rate, maximum lateral acceleration and post-
encroachment time. For the major-road experiment, perception response time was 
analyzed, besides the post-encroachment time.   

For the maximum gas pedal stroke, previous studies pointed out that acceleration 
related indexes including maximum acceleration were suitable for evaluating aggressive 
or emotional driving [99], [100]. Therefore, the maximum extent of accelerate pedal 
stroke of the vehicle A at the intersection III was recorded, ranging from 0 to 1. 

The analysis of blink rate was conducted based on the hypothesis that the feeling of 
frustration could be detected by monitoring the blink rate [101]. Previous studies 
suggested that the blink rate might be raised with a frustration emotion [102], [103]. Blink 
rate was then calculated with the waiting time of the participants at the intersection III 
and the times of blink during the period. 

Maximum lateral acceleration was the extreme value of lateral accelerations when the 
vehicle A turned right at the intersection III. It was believed that less maximum lateral 
accelerations might represent fewer deviations from idealized curved paths during a turn 
at intersections [104]. 

Post-encroachment time was the time lag between the passage of an offending vehicle 
and that of a conflicting vehicle in a conflict area. As shown in the Figs. 4.18 and 4.19, 
the conflict area referred to the intersection III in this study. During the minor-road 
experiment, the minor-road vehicle A driven by the participants was the offending vehicle. 
For the major-road experiment, the major-road vehicle B operated by the participants 
acted as the conflicting vehicle.  

Perception response time was defined as the total time elapsed from the entry of minor-
road vehicle D to the brake pedal of major-road vehicle B was depressed, as shown in the 
Fig. 4.19. 

Feelings of frustration and task difficulty were evaluated in the minor-road experiment. 
For the major-road experiment, the feeling of safety was assessed. The evaluation scores 
were collected using a 5-point scale measurement questionnaire at the conclusion of every 
experimental session. 
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Statistical analysis were conducted to distinguish whether the consideration of waiting 
time significantly affected the driver behaviors and subjective evaluations for the 12 
participants. The significance level was set at 0.05. 

 For the driver behaviors including maximum gas pedal stroke, blink rate, maximum 
lateral acceleration, and post-encroachment time and perception response time, a one-way 
repeated measures ANOVA was conducted. For the subjective evaluations, a Wilcoxon 
signed-rank test was performed.  
 
4.2.2. Results of driving simulator experiments at unsignalized intersections 
 
Post encroachment time and braking operations 
 
To validate the proposed in-vehicle traffic signal system in assisting drivers at 
unsignalized intersections, driving operations and eye-gaze behaviors were analyzed 
using carefully selected indexes. Of the available indexes for evaluating driving 
operations, we used post-encroachment time to evaluate driving safety when participants 
were inside intersections, and the maximum brake stroke to analyze braking performance 
before entering intersections. However, it was difficult to calculate the post-encroachment 
time for intersection VI, because of the low traffic flow at all-way stop controlled 
intersections. It was considered that the number of conflicts at unsignalized intersections 
could be reduced when drivers completed stops at the stop line. Therefore, we analyzed 
stopping types to investigate driving safety at intersection VI. For the evaluation of eye-
gaze behaviors, we chose to assess percent road center as it is sensitive to visual 
distraction, and is the only measure that can be used to compare both visual and auditory 
tasks with respect to baseline driving performance. 

As shown in Fig. 4.20, in terms of post-encroachment time, we found significant main 
effects of the in-vehicle traffic signals (F[1, 22] = 43.09, p < 0.001) and the auditory 
warnings (F[1, 22] = 5.99, p = 0.023 < 0.05). However, we also observed a significant 
interaction between the in-vehicle traffic signals and the auditory warnings (F[1, 22] = 
19.56, p < 0.001). Therefore, it was necessary to perform pairwise comparison to analyze 
the effects of in-vehicle traffic signals on post-encroachment time.  

The pairwise comparison analysis revealed that, when there was no auditory warning 
(audio–off conditions), driving safety might be significantly improved by applying in-
vehicle traffic signals as the post-encroachment time was significantly longer for the 
signal-on condition compared with the signal–off condition (p < 0.001). Likewise, when 
auditory warnings were provided (audio–on conditions), the in-vehicle traffic signals 
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should also be applied to improve driving safety since a significantly longer post-
encroachment time was also found for the signal–on condition compared with the signal–
off condition (p < 0.01).  

The results indicated that post-encroachment time was significantly improved by the 
application of in-vehicle traffic signals. Moreover, the influence of in-vehicle traffic 
signals on post-encroachment time was not significantly affected by the usage of auditory 
warnings. 

As presented in Fig. 4.21, for the maximum brake stroke at intersection III, which was 
a two-way stop-controlled intersection, a non-significant interaction existed between the 
in-vehicle traffic signals and the auditory warnings. We found a significant main effect 
of the in-vehicle traffic signals (F[1, 22] = 4.52, p = 0.045 < 0.05) and a non-significant 
main effect of the auditory warnings, which means that the maximum brake stroke would 
be significantly influenced by the usage of in-vehicle traffic signals, while not by auditory 
warnings. According to the pairwise comparison analysis, when there was no auditory 
warning (audio–off conditions), the in-vehicle traffic signals should be employed to 
reduce maximum brake stroke as a significantly lower maximum brake stroke was 
observed for the signal–on condition compared with the signal–off condition (p = 0.018 
< 0.05). 
 

 
 

Fig. 4.20. Post-encroachment time at a two-way stop-controlled intersection (intersection 
III). Circles: mild outliers calculated as 1.5 – 3 × the interquartile range. 
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As shown in Fig. 4.22, for the maximum brake stroke at intersection VI, which was an 
all-way stop-controlled intersection, we also found a non-significant interaction between 
the in-vehicle traffic signals and the auditory warnings. We observed a significant main 
effect of the in-vehicle traffic signals (F[1, 22] = 4.50, p = 0.045 < 0.05) and a non-
significant main effect of the auditory warnings. According to the pairwise comparison 
analysis, when no auditory warning was offered to drivers (audio–off conditions), the 
maximum brake stroke could be significantly reduced by applying in-vehicle traffic 
signals since the maximum brake stroke was significantly lower for the signal–on 
condition compared with the signal–off condition (p = 0.002 < 0.05).  

These results suggest that the maximum brake stroke was significantly decreased by 
the in-vehicle traffic signals. Furthermore, we did not observe a significant difference in 
the maximum brake stroke between the conditions in which the in-vehicle traffic signals 
were used with or without auditory warnings. 

 At the intersection VI, the participants made a complete stop 69.57% of the time in the 
signal–off with audio–off condition. In contrast, the participants performed complete 
stops 82.61% of the time in the signal–off with audio–on condition, and 86.96% of the 
time in the signal–on with audio–off condition. For the signal-on with audio–on condition,  
                                                

 
 
Fig. 4.21. Maximum brake stroke at a two-way stop-controlled intersection (intersection 
III).  
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Fig. 4.22.  Maximum brake stroke at an all-way stop-controlled intersection 
(intersection VI). Circles: mild outliers calculated as 1.5 – 3 × the interquartile range. 
 
the participants performed a complete stop 91.30% of the time before crossing the stop 
line. The results indicate that the application of in-vehicle traffic signals might prompt 
drivers to make complete stops at unsignalized intersection.   
 
Eye-gaze behaviors 
 
As presented in Fig. 4.23, for the percent road center, we found a non-significant 
interaction between the in-vehicle traffic signals and the auditory warnings. Additionally, 
we found non-significant main effects of the in-vehicle traffic signals and the auditory 
warnings. Thus, the percentage of the participant’s gaze falling within the road center 
area was not significantly affected by the application of in-vehicle traffic signals and 
auditory warnings, although an increasing trend was observed in the audio-on conditions. 

As shown in Fig. 4.24, for the mean glance duration to the head-up display, we found 
no significant difference between the signal–on with audio–off and signal–on with audio–
on conditions. Meanwhile, the maximum values of mean glance duration under both 
conditions were smaller than 0.6 s. 
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Fig. 4.23. Percent road center. Circles: mild outliers calculated as 1.5 – 3 × the 
interquartile range. 
 

 
 

Fig. 4.24. Mean glance duration to the in-vehicle traffic signals.  
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Subjective evaluations of safety and acceptability 
 

As demonstrated in Fig. 4.25, for the safety evaluation scores, we found a significant main 
difference among the four conditions (퐹 [3, 23] = chi-squared = 34.42, p < 0.001). 
Furthermore, when there was no auditory warning, drivers felt much safer to be assisted 
by the in-vehicle traffic signals as the pairwise comparison analysis revealed a 
significantly higher score in the signal–on with audio–off condition compared with that 
in the signal–off with audio–off condition (z[23] = −3.83, p < 0.001).  

As shown in Fig. 4.26, for the acceptability evaluation scores, a significant main 
difference was also found among the four conditions (퐹 [3, 23] = chi-squared = 48.11, p 
< 0.001). Moreover, when auditory warnings were not applied, the usage of in-vehicle 
traffic signals was highly regarded by drivers as a significantly higher score was found in 
the signal–on with audio–off condition compared with that in the signal–off with audio–
off condition (z[23] = −3.93, p < 0.001). 

 

 

 

Fig. 4.25. Score of safety. Evaluation scores ranging from 1 to 5: 1 = very low, 2 = low, 
3 = average, 4 = high, and 5 = very high. Circles: mild outliers calculated as 1.5 – 3 × the 
interquartile range.  
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Fig. 4.26. Score of acceptability. Evaluation scores ranging from 1 to 5: 1 = very low, 2 
= low, 3 = average, 4 = high, and 5 = very high. Circles: mild outliers calculated as 1.5 – 
3 × the interquartile range. Stars: extreme outliers calculated as > 3 × the interquartile 
range. 
 

As illustrated in Fig. 4.27, for the fatigue evaluation scores, we found a significant main 
difference among the four conditions (퐹 [3, 23] = chi-squared = 39.85, p < 0.001). 
Meanwhile, for the conditions without auditory warnings, drivers found it much more 
difficult to feel fatigued with driving when they were assisted by in-vehicle traffic signals, 
since a significantly higher score was observed in the signal–on with audio–off condition 
compared with that in the signal–off with audio–off condition (z[23] = −3.56, p < 0.001).  

These results indicate that the in-vehicle traffic signals were evaluated as performing 
well in terms of safety, acceptability, and fatigue. Additionally, the subjective evaluation 
scores did not significantly increase when the in-vehicle traffic signals were 
supplemented with auditory warnings.  
 
Influences of waiting time on driver behaviors 
 
The maximum gas pedal stroke was used in the minor-road experiment for analyzing the 
acceleration behaviors of the participants at the intersection III. As presented in the  
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Fig. 4.27. Score of fatigue. Evaluation scores ranging from 1 to 5: 1 = very low, 2 = low, 
3 = average, 4 = high, and 5 = very high.  
 
experiment introduction part, the maximum gas pedal stroke, which is an index related 
with acceleration, is considered suitable for evaluating aggressive or emotional driving. 
A higher value of maximum gas pedal stroke indicates a higher possibility of aggressive 
driving. 

As presented in Fig. 4.28, there was no significant difference existed in the maximum 
gas pedal stroke between the conditions when there was no in-vehicle traffic signal and 
that when in-vehicle traffic signal without considering waiting time was used, although a 
decreasing trend could be observed. For the results when the in-vehicle traffic signal 
considering waiting time was applied, a significant decrease could be found, compared to 
the condition without in-vehicle traffic signals (p = 0.001 < 0.05).  

The blink rate was used for analyzing the mental states of drivers during the minor-
road experiment. It was expected that the feeling of frustration could be detected by 
monitoring the blink rate, and the blink rate might be raised with a frustration emotion. 
Therefore, a higher blink rate might be considered as the result of frustration.  
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Fig. 4.28. Results of maximum gas pedal stroke in the minor-road experiment. IVTS is 
short for in-vehicle traffic signals. 
 

As presented in Fig. 4.29, when the in-vehicle traffic signal considering waiting time 
was applied, the blink rate significantly decreased, compared to that of in-vehicle traffic 
signal without considering waiting time (p = 0.033 < 0.05). Meanwhile, a significant 
difference in the blink rate was observed between the conditions when no in-vehicle 
traffic signal was offered and that of in-vehicle traffic signal considering waiting time (p 
= 0.044 < 0.05). There was no significant difference between the conditions when no in-
vehicle traffic signal was provided and that of in-vehicle traffic signal without considering 
waiting time. The results of blink rate revealed that the frustration emotion of drivers 
might be significantly reduced with the application of in-vehicle traffic signal considering 
waiting time.  

The maximum lateral acceleration was applied to evaluate the steering stability in the 
minor-road experiment. A lower value of maximum lateral acceleration indicates a better 
steering performance.  

As shown in Fig. 4.30, the maximum lateral acceleration of the minor-road vehicle was 
significantly reduced by using the in-vehicle traffic signal considering waiting time, 
compared to that without the consideration of waiting time (p = 0.049 < 0.05). A 
significant difference was also observed between the conditions when there was no in- 
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Fig. 4.29. Results of blink rate in the minor-road experiment. IVTS is short for in-vehicle 
traffic signals. 
 
vehicle traffic signal and that of in-vehicle traffic signal without considering waiting time 
(p = 0.043 < 0.05). 

The post-encroachment time were calculated for evaluating the driving safety in both 
the minor-road and major-road experiments. The results of the minor-road experiment 
were presented in Fig. 4.31. The application of in-vehicle traffic signal considering 
waiting time significantly increased the post-encroachment time, compared to that when 
no in-vehicle traffic signal was provided (p = 0.01 < 0.05). Meanwhile, there was no 
significant difference in the post-encroachment time between the in-vehicle traffic signals 
with and without the consideration of waiting time. 

For the results of the major-road experiment, as shown in the Fig. 4.32, when the in-
vehicle traffic signal considering waiting time was adopted, the post-encroachment time 
was significantly improved with a mean value of 5.5 seconds, compared to that without 
in-vehicle traffic signals (p = 0.037 < 0.05).  
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Fig. 4.30. Results of maximum lateral acceleration in the minor-road experiment. IVTS 
is short for in-vehicle traffic signals. 

 

 
 

Fig. 4.31. Results of post-encroachment time in the minor-road experiment. IVTS is short 
for in-vehicle traffic signals.  
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Fig. 4.32. Results of post-encroachment time in the major-road experiment. IVTS is short 
for in-vehicle traffic signals. 
 

A larger post-encroachment time indicates a smaller possibility of collision at 
intersections. Therefore, it suggests that the driving safety in the minor-road experiment 
might not be significantly influenced when the waiting time was considered. For the 
major-road experiment, the results implied that the driving safety of major-road drivers 
could be ensured, when the smallest critical gap of 5 seconds was accepted by minor-road 
vehicles with the application of in-vehicle traffic signal considering waiting time. 

The perception response time was applied to evaluate the driver reactions to the entry 
of minor-road vehicles in the major-road experiment. A smaller perception response time 
indicates a faster reaction to the entry of minor-road vehicles. It can be observed from Fig. 
4.33 that, the perception response time was significantly reduced when the in-vehicle 
traffic signal considering waiting time was used (p = 0.002 < 0.05).  

The frustration evaluation was performed to analyze the mental conditions of drivers 
in the minor-road experiment. As shown in Fig. 4.34, the participants felt significant more 
frustrated when there was no in-vehicle traffic signal, compared to that when the in-
vehicle traffic signal without considering waiting time was applied (p = 0.002 < 0.05).  
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Fig. 4.33. Results of perception response time in the major-road experiment. IVTS is short 
for in-vehicle traffic signals. 
 
Moreover, the feelings of frustration were significantly reduced when the in-vehicle 
traffic signal considering waiting time was used, compared to that without the 
consideration of waiting time (p < 0.001). 

The difficulties of completing the same driving task under different assistance 
conditions were evaluated in the minor-road experiment. As presented in Fig. 4.35, 
although the participants were required to turn right at the same intersection, they felt that 
it was significant more difficult to complete the driving task without the in-vehicle traffic 
signal, compared to the other two conditions (p < 0.001). No significant difference in task 
difficulty evaluation was observed between the in-vehicle traffic signals with and without 
the consideration of waiting time. 

For the major-road experiment, the results of driving safety evaluation of major-road 
drivers were demonstrated in Fig. 4.36. A significant difference was observed between 
the conditions when there was no in-vehicle traffic signal and that of in-vehicle traffic 
signal considering waiting time (p < 0.001), indicating that the participants felt much safer 
when assisted by the in-vehicle traffic signal considering waiting time.   
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Fig. 4.34. Scores of frustration evaluation in the minor-road experiment, ranging from 1 
to 5: 1 = very low, 2 = low, 3 = average, 4 = high, and 5 = very high. IVTS is short for in-
vehicle traffic signals. 
 

 
 

Fig. 4.35. Scores of task difficulty evaluation in the minor-road experiment, ranging from 
1 to 5: 1 = very low, 2 = low, 3 = average, 4 = high, and 5 = very high. IVTS is short for 
in-vehicle traffic signals. 
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Fig. 4.36. Scores of safety evaluation in the major-road experiment, ranging from 1 to 5: 
1 = very low, 2 = low, 3 = average, 4 = high, and 5 = very high. IVTS is short for in-
vehicle traffic signals. 
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Effect of in-vehicle traffic signals in partial deployment scenario 
 
5.1. Partial deployment scenario at signalized intersections 
 
5.1.1. Actual vehicle experiments at signalized intersections 
 

For a scenario when multiple vehicles are approaching an intersection, if both the 
preceding and the following vehicles were without the in-vehicle traffic signals, the driver 
in the following vehicle would only rely on the ground traffic light and the preceding 
vehicle to control the vehicle. If the preceding vehicle is equipped with the in-vehicle 
traffic signal system and the following vehicle is unequipped, the driver behaviors of the 
preceding vehicle will be influenced by the in-vehicle traffic signals. As for the driver 
behaviors of the following vehicle, it may be influenced by the behaviors of the preceding 
vehicle, considering the car following model. Therefore, it is possible that the driver 
behaviors of the following vehicle may be indirectly influenced by the in-vehicle traffic 
signals. 
  On the other hand, there is another possibility that the preceding vehicle is unequipped, 
and the following vehicle is equipped with the in-vehicle traffic signal system. In this 
case, the preceding vehicle will only be influenced by the ground traffic light and the 
following vehicle may be not only influenced by the in-vehicle traffic signal system but 
also the behaviors of the preceding vehicle. 

Moreover, as shown in Figs. 5.1 and 5.2, even for the scenario when only the following 
vehicle is equipped with the in-vehicle traffic signals, it should be divided into two parts: 
a pass scenario and a stop scenario. In the pass scenario, the ground traffic signal will turn 
to green just before the vehicles arrive at the intersection. Therefore, for the preceding 
vehicle, the driver behaviors will be influenced by the red signal, while for the following 
vehicle equipped with in-vehicle traffic signals, a green signal will be displayed to the 
driver in advance and the driver behaviors may be affected by the condition that the 
ground traffic light is red while the in-vehicle traffic signal is green. In the stop scenario, 
the ground traffic light will change from green to red when vehicles reach the intersection. 
Therefore, for the preceding vehicle, it will be influenced by the green signal, while for 
the following vehicle equipped with in-vehicle traffic signal system, a red signal will be 
displayed to the driver in advance and the car following behavior may be affected by the 
condition that the ground traffic light is green while the in-vehicle traffic signal is red. 

Therefore, it is essential to analyze the influences of in-vehicle traffic signals on driver 
behaviors, considering all the possible scenarios.   
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Fig. 5.1. Pass scenario when only the following vehicle is equipped with the in-vehicle 
traffic signals, and a green signal is displayed by the in-vehicle traffic signal system while 
the ground traffic light is red. 
 

 
 
Fig. 5.2. Stop scenario when only the following vehicle is equipped with the in-vehicle 
traffic signals, and a red signal is displayed by the in-vehicle traffic signal system while 
the ground traffic light is green.  
 
Employed vehicles 
 
For the system diagram of in-vehicle traffic signals in actual driving environment, as 
shown in Figs. 5.3 and 5.4, when a vehicle equipped with on-board unit is approaching a 
signalized intersection, the vehicle-to-infrastructure communication with roadside unit 
should be firstly established, and the ground traffic light information will be transferred 
to the on-board unit.  

Then the status of the GPS receiver will be checked and the real-time speed and 
location information of the vehicle will be used to estimate the time to arrival at the 
upcoming intersection. Afterwards, the predicted traffic signal information will be 
generated, and finally the in-vehicle traffic signals will be displayed to drivers if the 
vehicle enters the range of in-vehicle traffic signal system. 
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Fig. 5.3. System diagram of in-vehicle traffic signals for actual vehicle experiment. 
 

As presented in Fig. 5.5, two super compact electric vehicles CMOS, which were 
produced by Toyota Body Company, were used in the actual vehicle experiment. The 
length, width and height of the vehicle were 2.3, 1.1 and 1.5 meters, respectively. And 
the maximum speed of the vehicle could be 60 km/h. To implement the in-vehicle traffic 
signal system for on-road assessment, four subsystems were required: communication 
system, data collection system, data processing system and display system. The detailed 
information of these four subsystems were introduced in the following parts. 
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Fig. 5.4. Information exchange between the vehicle and roadside unit. 
 

 
 

Fig. 5.5. Super compact electric vehicles applied in the experiment. 
 

For the communication system, this study adopted the vehicle-to-infrastructure 
communication which used the 700 MHz band to transfer information between on-board 
unit and roadside unit. For the data collection system, a Globalsat BU-353S4 GPS 
receiver was applied to collect the speed and location information of the vehicle, as shown 
in Fig. 5.6. The receiver had an update rate of 20 Hz. The accuracy of the position was 
below 2.5 meters and the accuracy of the speed was 0.1m/s. Moreover, it is pointed out 
that the GPS receiver is possible to be used only when at least four satellites are visible 
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from the position of the receiver. In this study, there was no interfering objects around 
the experimental area and there were at least nine satellites visible during the experiment, 
which assured the availability of GPS information. 
  Furthermore, a laptop computer was used for the data processing system, which 
calculated the predicted time to arrival at the intersection based on the speed and location 
information of the vehicle, and compared the predicted arrival time with the phase of the 
ground traffic light. In this experiment, the phase of the ground traffic light was set as 
follows: green signal phase for nine seconds, yellow signal phase for three seconds and 
red signal phase for 18 seconds. Finally, for the display system, an 8-inch display was 
chosen to display the in-vehicle traffic signals to drivers (LCD-8000V, Century 
Company). It was made of non-glare panel making it easier to be observed by drivers, 
and was positioned according to the guideline for in-vehicle display systems, as shown in 
Fig. 5.7. 
 
Participants of actual vehicle experiments 
 
Twelve participants were involved in the experiment (twelve male with a mean age of 
24.3 years old, range: 22.1–26.5 years old). All participants had a valid driving license, 
with a mean driving frequency of 1.8 times per week (range: 1.0–3.0 times per week), 
and an average driving experience of 3.4 years (range: 1.2–6.1 years).  
 

 

 
Fig. 5.6. Implementation of in-vehicle traffic signals for actual vehicle experiments. 
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Fig. 5.7. In-vehicle traffic signals for on-road assessment. 
 
Test course 
 
The experiment was conducted in the Chiba experimental campus of the University of 
Tokyo, and had received the approval from the Ethical Examination Committee of the 
Office of Life Science Research Ethics and Safety. 

As shown in Fig. 5.8, there was only one signalized intersection in this scenario. To 
investigate the influence on driver behaviors of in-vehicle traffic signals in a partial 
deployment environment, two same electric vehicles were applied. The preceding car 
started 50 meters away from the intersection, and the following car started 10 meters 
behind the preceding car, taking into account the minimum stopping distance, to keep 
driving safety [105]. Considering the speed limit of the campus, participants were 
required to drive with a speed limit of 20 km/h. 

The experimental environment was shown in Fig. 5.9. There were no tall building and 
trees near the driving route. Therefore, the conditions of the GPS devices were good 
enough for the experiment. To avoid the influences of the ground traffic light for 
pedestrian, the ground traffic light for pedestrian was turned off during the experiment. 
Meanwhile, during the preparation phase of the experiment, every participant had the 
chance to practice to accelerate to 20 km/h from both the preceding and following cars.  

To make sure that both the two cars started at the same time, a countdown of three 
seconds was performed before the start. For the stop scenario, the countdown was started 
from the timing when the ground traffic light had been red for 16 s. For the pass scenario, 
the countdown was started from the timing when the ground traffic light had been red for 
five seconds. 
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Fig. 5.8. Experimental scenario. 
 

 
 
Fig. 5.9. Experimental environment without tall trees and buildings (free open street map 
[106]). 
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Driving conditions 
 
Twelve experimental conditions were prepared for every participant, as shown in Table. 
5.1. It was designed based on three factors: either stop at or pass through the intersection 
(stop scenario or pass scenario), the place of the participant (preceding car or following 
car), and the deployment conditions of in-vehicle traffic signals (both the two cars 
unequipped, only the preceding car equipped, and only the following car equipped). In 
the stop scenario, the ground traffic light would change from green to red when the 
vehicles reached the intersection. Oppositely, in the pass scenario, the ground traffic light 
would turn to green just before the vehicles arrived at the intersection. 
 

Table 5.1. Experimental conditions. IVTS is short for in-vehicle traffic signals. 
 

Condition Preceding car Following car Place of driver Scenario 

Condition 1 IVTS unequipped IVTS unequipped Preceding Stop 

Condition 2 IVTS unequipped IVTS unequipped Following Stop 

Condition 3 IVTS equipped IVTS unequipped Preceding Stop 

Condition 4 IVTS equipped IVTS unequipped Following Stop 

Condition 5 

Condition 6 

IVTS unequipped 

IVTS unequipped 

IVTS equipped 

IVTS equipped 

Preceding 

Following 

Stop 

Stop 

Condition 7 IVTS unequipped IVTS unequipped Preceding Pass 

Condition 8 IVTS unequipped IVTS unequipped Following Pass 

Condition 9 IVTS equipped IVTS unequipped Preceding Pass 

Condition 10 IVTS equipped IVTS unequipped Following Pass 

Condition 11 

Condition 12 

IVTS unequipped 

IVTS unequipped 

IVTS equipped 

IVTS equipped 

Preceding 

Following 

Pass 

Pass 
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All the participants received driving training for electric vehicles before the experiment. 
The twelve participants were divided randomly into six groups. Every group has two 
participants, of which one drove the preceding car, and the other drove the following car. 
And the experiment was conducted considering counterbalancing. 
 
Data collection and analysis 
 
The acceleration data of the vehicle were recorded by a wireless motion sensor. The range 
of the motion sensor was ± 16 G, and the sampling frequency was set as 20 Hz. Moreover, 
the experiment time, location and speed information were recorded by the GPS receiver. 
The GPS receiver and motion sensor were fixed on each vehicle, and were simultaneously 
controlled by a laptop computer. Therefore, all the information of the two vehicles could 
be recorded at the same time.  
 
Effects of penetration rate at signalized intersections 
 

As it is difficult to have enough equipment, including numerous vehicles and vehicular 
communication devices, simulations are considered to be an effective method to carry on 
the analysis for different levels of penetration rate at signalized intersections. 

As shown in the Fig. 5.10, the traffic simulations were performed for an isolated 
intersection. The intersection connected with an upstream road and a downstream road. 
During the simulations, the vehicles would cross the intersection from the upstream to the 
downstream.  
 

 

 
Fig. 5.10. An isolated signalized intersection.  
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The simulations were performed with MATLAB software. As a signalized intersection, 
the signal cycle information of the ground traffic light was needed to control the traffic 
flow. During the simulations, the signal cycle was set as green for 32 seconds, yellow for 
three seconds, and red for 25 seconds.  

For other variables related with the intersection, they were listed as follows: the length 
of the upstream and downstream roads were set as 500 meters; the length of intersection 
was set as 20 meters; and the intersection capacity was set as 1200 vehicle/hour. The main 
parameters related with the vehicle were listed in Table 5.2.  
 

Table 5.2. Parameters applied at signalized intersections. 
 

Parameters Values 
Free flow speed / speed limit 50 km/h 

Time step between iteration computations 
Number of cars per simulation run                      

Time after a green light that a car can enter intersection 
Time before a red light that a car can enter intersection  
Absolute value of the maximum braking deceleration 

Maximum forward acceleration 
Safe spacing between stopped cars 

0.1 s 
1000 
1.2 s 
2 s 

4 m/ 2S   
3 m/ 2S  

7 m 
 
 The time after a green signal that a car can enter intersection was set based on the 

consideration of reaction time of drivers. The time before a red light that a car can enter 
the intersection was set as 2 seconds.  

A control method of a leading vehicle is needed for carrying on the simulations. The 
leading vehicle can be defined as the vehicle for which no other vehicles exist between 
the vehicle and the upcoming intersection. The behaviors of the leading vehicle will 
mainly depend on the predicted signal of the system. If the predicted signal is green, the 
stop distance of the vehicle will be calculated with the current speed and the absolute 
value of the maximum braking deceleration. If the distance to the upcoming intersection 
of the vehicle is bigger than the calculated stop distance, the vehicle will travel with the 
speed limit. If the distance to the upcoming intersection of the vehicle is smaller than the 
calculated stop distance, the vehicle will keep the current speed. If the predicted signal is 
red, the stop distance of the vehicle will be calculated with the current speed and the 
absolute value of the maximum braking deceleration. If the distance to the upcoming 
intersection of the vehicle is bigger than the calculated stop distance, the vehicle will keep 
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the current speed. If the distance to the upcoming intersection of the vehicle is smaller 
than the calculated stop distance, then the vehicle needs to decelerate with the maximum 
braking deceleration. 

 Moreover, in order to avoid collisions at the beginning of the simulation, the initial 
speed of the vehicles should be decided. It is considered that the initial speed should be a 
function of the position and the speed of the vehicle in front. Therefore, the maximum 
stop distance should be calculated with the speed limit and the absolute value of the 
maximum braking deceleration. If the distance to the preceding vehicle is bigger than the 
maximum stop distance, then set the speed limit as the initial speed. If the distance to the 
preceding vehicle is smaller than the maximum stop distance, then set the initial speed of 
the vehicle k according to the following equation, 

                          max2v a x                             (5.1) 

where maxa  is the maximum braking deceleration, x  is the distance between the 

vehicle k and its preceding vehicle k-1. 
There are some assumptions for performing the simulation. In the simulation, it is 

considered that no overtaking will happen for all the vehicles. A driver in the following 
vehicle will react to the change in the speed of the preceding vehicle after a reaction time. 
The position and speed of all the vehicles will be governed by the Newton's laws of 
motion, and the acceleration will be governed by the car following behaviors. To decide 
which vehicle in the simulation is in-vehicle traffic signal system equipped and which is 
not, the Random function in the MATLAB will be used to distribute the vehicles with and 
without in-vehicle traffic signals. 

For the evaluation of the influences of in-vehicle traffic signals at signalized 
intersections, the travel time was chosen as the index. It was calculated based on the 
following equation, 

    
limit

(upstream downstream intersection)
t ravel k d k a k

lengtht t t
v

 
       (5.2) 

where t ravel kt  was the modified travel time of the vehicle K, d kt  was the system time 

when the vehicle K finished the simulation, a kt  was the time when the vehicle K entered 

the simulation, and limitv  was the speed limit.  
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5.1.2. Results of actual vehicle experiments at signalized intersections 
 
Results of actual vehicle experiments 
 
For the stop scenario, the maximum deceleration index was used to evaluate the driving 
operations. For the maximum deceleration, it was the largest value of deceleration from 
the starting time to the moment when the vehicle arrived at the intersection.  

For the evaluation of driving operations in the pass scenario, two indexes—maximum 
deceleration and travel time were applied. As for the travel time, it was defined as the 
period from the starting time to the moment when the vehicle crossed the intersection. 
Therefore, the travel time was calculated only for the pass scenario: 

                          p sT T T                                  (5.3) 

where pT  is the time when the vehicle crossed the intersection, and sT  means the 

starting time.  
Maximum deceleration and travel time were analyzed using one-way repeated 

measures ANOVA with the deployment conditions of in-vehicle traffic signals (both the 
two cars unequipped, only the preceding car equipped, only the following car equipped) 
as the within-subject factor. And the Bonferroni correction was applied as the adjustment 
method. 
 
Results of stop scenario 
 
The results of a preceding car in a stop scenario were shown in Fig. 5.11. The data 
satisfied the requirement of homogeneity of variance (p > 0.05). When only the preceding 
car was equipped with in-vehicle traffic signals, the maximum deceleration was 
significantly reduced, compared to the condition when both the two cars were in-vehicle 
traffic signals unequipped (p = 0.042 < 0.05). And for the preceding car, there was no 
significant difference between the conditions when only the following car was equipped 
with in-vehicle traffic signals and that when both the two cars were in-vehicle traffic 
signals unequipped (p = 1.00).  

It was suggested that the application of in-vehicle traffic signals could significantly 
reduce the maximum deceleration for a preceding car in a stop scenario. 

As presented in Fig. 5.12, for the results of a following car, the data also satisfied the 
requirement of homogeneity of variance (p > 0.05). When only the following car was in- 
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Fig. 5.11. Maximum deceleration of the preceding car in the stop scenario. IVTS is short 
for in-vehicle traffic signals. 
 

 

 
Fig. 5.12. Maximum deceleration of the following car in the stop scenario. IVTS is short 
for in-vehicle traffic signals. 
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vehicle traffic signals equipped, the maximum deceleration significantly decreased, 
compared to the condition when both the two cars were without in-vehicle traffic signals 
(p = 0.002 < 0.05). However, for the following car, there was no significant difference 
between the conditions when the car itself used in-vehicle traffic signals and that when 
only its preceding car was equipped with in-vehicle traffic signals (p = 0.59).  

It was indicated that, for a following car, the maximum deceleration significantly 
decreased when in-vehicle traffic signals were applied in it. Interestingly, a significant 
reduction of maximum deceleration could also be observed when only its preceding car 
was equipped with in-vehicle traffic signals. 
 
Results of pass scenario 
 
For the maximum deceleration of a preceding car in a pass scenario, the results were 
provided in Fig. 5.13. The data satisfied the requirement of homogeneity of variance (p > 
0.05). It can be observed that, if the preceding car itself was in-vehicle traffic signals 
equipped, the maximum deceleration could be significantly reduced, compared to the 
condition when both the two vehicles were without in-vehicle traffic signals (p < 0.001). 
And for the preceding car, there was no difference between the conditions when only the 
following car used the in-vehicle traffic signals and that when both the two vehicles were 
without in-vehicle traffic signals (p = 1.00). It could be concluded that, in a pass scenario, 
the maximum deceleration of a preceding car significantly decreased by applying the in-
vehicle traffic signals.  

The results of a following car in a pass scenario were presented in Fig. 5.14. The data 
satisfied the requirement of homogeneity of variance (p > 0.05). When the following car 
was equipped with in-vehicle traffic signals, the maximum deceleration significantly 
decreased, compared to the condition when both the two cars were without in-vehicle 
traffic signals (p = 0.001 < 0.05). Moreover, for the following car, compared to the 
condition when both the two cars were without in-vehicle traffic signals, the maximum 
deceleration was also significantly reduced even when only its preceding car used in-
vehicle traffic signals (p < 0.001). 

The result suggested that, for a following car, the application of in-vehicle traffic 
signals could significantly reduce the maximum deceleration. Furthermore, even the 
following car itself was without in-vehicle traffic signals, the maximum deceleration 
could also be significantly reduced if its preceding car was in-vehicle traffic signals 
equipped. 
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Fig. 5.13. Maximum deceleration of the preceding car in the pass scenario. IVTS is short 
for in-vehicle traffic signals. 

 

 

 

Fig. 5.14. Maximum deceleration of the following car in the pass scenario. IVTS is short 
for in-vehicle traffic signals. 
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For the travel time of a preceding car, the results can be observed from Fig. 5.15. The 

data satisfied the requirement of homogeneity of variance (p > 0.05). When the preceding 
car was equipped with in-vehicle traffic signals, the travel time was significantly reduced, 
compared to the condition when both the two cars were without in-vehicle traffic signals 
(p < 0.001). And for the preceding car, there was no significant difference between the 
conditions when only the following car used in-vehicle traffic signals and that when both 
the two cars were without in-vehicle traffic signals (p = 1.00). 

It was indicated that the travel time of a preceding car could be significantly reduced 
with the application of in-vehicle traffic signals in the pass scenario.  

As shown in Fig. 5.16, for the travel time of a following car, the data satisfied the 
requirement of homogeneity of variance (p > 0.05). Surprisingly, when only the following 
car was equipped with in-vehicle traffic signals, there was no significant difference in 
travel time, compared to the condition when both the two vehicles were without in-vehicle 
traffic signals (p = 1.00). However, for the following car, compared to the condition when 
both the two cars were without in-vehicle traffic signals, the travel time significantly 
deceased if the preceding car was equipped with in-vehicle traffic signals (p = 0.003 < 
0.05). 

 

 

Fig. 5.15. Travel time of the preceding car in the pass scenario. IVTS is short for in-
vehicle traffic signals. Mild outliers are indicated by circles (calculated as 1.5-3x the 
interquartile range). 
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Fig. 5.16. Travel time of the following car in the pass scenario. IVTS is short for in-
vehicle traffic signals. 
 

The results indicated that, for a following car, the travel time could be significantly 
reduced if its preceding car was in-vehicle traffic signals equipped. However, no 
significant reduction in travel time could be observed even when the following car was 
equipped with in-vehicle traffic signals if its preceding car was in-vehicle traffic signals 
unequipped. 
 
Effects of penetration rate at signalized intersections 
 

To evaluate the influences of penetration rate on the effectiveness of the system at 
signalized intersections, simulations were performed for the following penetration rates: 
0%, 20%, 40%, 60%, 80%, and 100%. And the average travel time of all the vehicles in 
the simulations were chosen as the index. 

The results of the average travel time in different penetration rates of in-vehicle traffic 
signals at signalized intersections were shown in Fig. 5.17. It could be observed that the 
average travel time was in a decreasing trend with an increase in the penetration rate of 
in-vehicle traffic signals.  
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Fig. 5.17. Average travel time in different penetration rate of in-vehicle traffic signals. 
 

It might be concluded from the results that the application of in-vehicle traffic signals 
at signalized intersections might improve traffic flow at intersections by reducing the 
average travel time. Moreover, as has been explained in Fig. 5.16, the results of the actual 
vehicle experiments also revealed that the application of in-vehicle traffic signals might 
significantly reduce the travel time. Therefore, it could be considered that the results of 
the simulations were in coincide with the results of the actual vehicle experiments. 
 
5.2. Partial deployment scenario at unsignalized intersections 
 
The availability of in-vehicle traffic signal system at unsignalized intersections in a partial 
deployment scenario is highly related with drivers’ trust on the system. However, for the 
drivers’ trust model, there are still a lot of contents remain unclear. To determine the 
necessary parameters of the trust model, a driving simulator experiment would be 
performed to obtain data on the change of drivers’ trust, and related driver behaviors while 
using the in-vehicle traffic signal system. Then traffic simulations will be performed 
based on the results of the experiment. 
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5.2.1. Experiments and simulations at unsignalized intersections 
 
Driving simulator experiments for analyzing drivers’ trust 

 
For the investigation of drivers’ trust, a driving simulator and smart eye system were 
applied to record drivers’ behaviors. Twelve healthy participants, ranging in age from 21 
to 29 years (mean age = 24.6 years), participated in this experiment. All the participants 
had a valid driving license and had been driving for an average of 3.3 years, ranging from 
0.5 to 4.5 years. The participants reported a mean driving frequency of 1.3 times per week, 
ranging from one to four times. This experiment was performed with the approval of the 
Office for Life Science Research Ethics and Safety at the University of Tokyo. 
 
Experimental procedure 
 
At the beginning of the experiment, all the participants were required to complete a 
practice for evaluating their’ trust on a system. They were asked to report their trust on 
the following cases that whether the train will arrive on time during the rush hour, and 
during noon time, respectively. During the experiment, all the evaluation scores were 
collected using a 10-point scale measurement questionnaire, and the higher the score is, 
the more trust on the system. 

After the practice, the in-vehicle traffic signals were introduced to the participants. The 
participants would be informed that the in-vehicle traffic signal system would assist them 
to cross unsignalized intersections. Then the first questionnaire about the trust on the in-
vehicle traffic signal system was performed. Afterwards, an introduction that the in-
vehicle traffic signal system might make a mistake in some cases would be presented to 
the participants. The introduction would be presented as follows: at unsignalized 
intersections, the in-vehicle traffic signal system calculated the arrival time of other 
vehicles based on V2V communication. If some vehicles were unequipped with the in-
vehicle traffic signal system and therefore, could not communicate with other vehicles 
equipped with the system. Then the arrival time of other vehicles might not be calculated 
correctly. A green light might be displayed to the drivers at a wrong time. 
  The participants could then be informed that the penetration rate of the in-vehicle traffic 
signal system might influence the effectiveness of the system. Then the second 
questionnaire about the trust on the in-vehicle traffic signal system was performed after 
the introduction. The participants were required to report their trust on the in-vehicle 
traffic signal system for different penetration rates, including 0%, 25%, 50%, 75%, and 
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100%. It was considered that the data obtained with the first and second questionnaires 
could be used for the evaluation of drivers’ initial trust on the system. After the survey of 
initial trust, an opportunity to practice driving with the driving simulator would be offered 
for every participant. 
  Then experiments would be performed to verify the changes in drivers' trust by making 
the participants experience successful and failed usages of the system. Before starting the 
experiment, all the participants would be informed that the experiments would be 
performed without telling them the penetration rate. The data related with drivers’ trust 
were mainly recorded using questionnaire survey, and changes in driver behaviors were 
analyzed by using smart eye and the data recorded with the driving simulator. 

The driving scenario of the experiments was presented in Fig. 5.18. The participants 
were required to cross an unsignalized intersection from the minor road to the major road. 
After departing from the start point, which was 300 meters away from the intersection, 
the participants would firstly move forward and stop at the stop line of the intersection. 
Then they would turn right from the minor road to a major road. After completing a right-
turn at the intersection, they would stop the vehicle at the end point. 

As shown in Table. 5.3, two conditions were prepared for every participant to 
investigate the influences of successful and failed experience on the trust. For the 
condition of successful usage, the participants would experience the successful usage of 
the in-vehicle traffic signal system for multiple times until the trust reaches its maximum 
value. The evaluation of trust would be performed based on the questionnaire, and the 
trust of the participants would be set to the minimum value before the experiment through 
failed usages. 

 

 
 
Fig. 5.18. Driving scenario for evaluating drivers’ trust. 
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Table 5.3. Experimental conditions for analyzing the change of trust. 
 

Participant Experimental condition 
1 Successful usage Failed usage  
2 Failed usage Successful usage 
3 Successful usage Failed usage 
4 Failed usage Successful usage 
5 Successful usage Failed usage 
6 Failed usage Successful usage 
7 Successful usage Failed usage  
8 Failed usage Successful usage 
9 Successful usage Failed usage 
10 Failed usage Successful usage 
11 Successful usage Failed usage 
12 Failed usage Successful usage 

  
For the condition of failed usage, the participants would experience the failed usage of 

the in-vehicle traffic signal system for multiple times until the trust reaches its minimum 
value. The evaluation of trust would be performed based on the questionnaire, and the 
trust of the participants would be set to the maximum value before the experiment through 
successful usages. The order of the two conditions would be provided for the participants, 
considering the counter balance. By conducting experiments with the two conditions, the 
change of drivers’ trust on the system could be evaluated. 
 Then the participants would be informed that the first experiment for evaluating the 
initial trust and the change of trust had been completed, and the second experiment for 
evaluating the influences of penetration rate on the application of the system would be 
started. The participants were required to reset their trust on the system. Afterwards, the 
second experiment to investigate the driving safety or the times of near miss accidents 
would be performed for six conditions, including the condition that no in-vehicle traffic 
signal system was applied and the conditions that the penetration rate is 0%, 25%, 50%, 
75%, and 100%, as presented in the Table 5.4. 

For every condition, at the beginning and the end of the experiment, the participants 
were required to reset their trust to avoid the influences on other conditions. Moreover, to 
avoid the learning effect, 10 scenarios were prepared for every condition, and the scenario  
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Table 5.4. Experimental conditions for analyzing the influences of penetration rate. 
 

Participant Penetration rate 

1 None 0 100 25 75 50 

2 0 25 None 50 100 75 

3 25 50 0 75 None 100 

4 50 75 25 100 0 None 

5 75 100 50 None 25 0 

6 100 None 75 0 50 25 

7 None 0 100 25 75 50 

8 0 25 None 50 100 75 

9 25 50 0 75 None 100 

10 50 75 25 100 0 None 

11 75 100 50 None 25 0 

12 100 None 75 0 50 25 

 
was chosen in a random order during the experiment. For every condition, the experiment 
would be conducted for 10 times. 

At unsignalized intersections, there is no ground traffic light to manage the traffic flow 
and guide drivers to pass through the intersections. How to keep the safety of drivers 
while crossing the unsignalized intersections is one of the most important issues to be 
considered. Therefore, for the second experiment, questionnaire survey would be 
performed for all the participants to investigate the trust on the system and the feeling of 
near miss accidents. Meanwhile, the gaze behaviors would be recorded with the smart 
eye system. The driving operations would be recorded with the driving simulator. 
 
Simulation at unsignalized intersections 
 
Considering the limited times of experiments and the number of participants, traffic 
simulations were performed for a deeper analysis on the influences of different 
penetration rates. 
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  The parameters of drivers’ trust model, including the initial trust and the change of trust 
on the system could be obtained, based on the data from the driving simulator experiment. 
Moreover, a driver behavior model is also needed to perform the simulations. It was 
assumed that the drivers would start to confirm the traffic conditions and try to enter the 
intersection if a green signal was displayed by the system. The driver behaviors, including 
the right and left confirming behaviors, were considered to be related with drivers’ trust 
on the system. It was believed that a driver would confirm the traffic condition and check 
the left and right more carefully if their trust on the system is lower, and they would not 
enter the intersection if they observed a vehicle which might collide with the ego vehicle.  
  When drivers did not trust on the system at all, the confirming behaviors could be 
expressed as follows [107]: the largest angle for the left and right confirmation was 90 °; 
the effective field of view was 20 °, the gaze movement speed was 60 °/s, and the viewing 
distance was 60 m. As for the driving operations, the speed was set to 5 km /h based on 
the Road Traffic Act [108]. The acceleration could be set to 2 m/푠 ; the brake could be 
set to 3 m/푠 ; the sudden brake could be set to 4 m/푠 , and the reaction time could be set 
to 1 s. When the drivers totally trusted on the system, the confirming behaviors might be 
expressed as follows: the largest angle for left and right confirmation was 45 °, the 
effective field of view was 20 °, the gaze movement speed was 60 °/s, and the viewing 
distance was 60 m. As for the driving operations, the acceleration was set to 3 m/푠 ; the 
brake was set to 3 m/푠 ; the sudden brake was set to 4 m/푠 ; and the reaction time was 
set to 1 s. When drivers’ trust on the system ranged from 0, which meant that they did not 
trust the system at all, to 1, which meant that they totally trusted the system, the 
confirming behaviors might be expressed as follows: the largest angle for left 
confirmation was 90 °- 45 °Trust value and the largest angle for right confirmation was 
90 °-45 °Trust value. The effective field of view was 20 °, the gaze movement speed 
was 60 °/s, and the viewing distance was 60 m. As for the driving operation, the 
acceleration was set to 2+Trust value m/푠 ; the brake was set to 3 m/푠 ; the sudden brake 
was set to 4 m/푠 ; and the reaction time was set to 1 s. 

Number of simulations was set to 5000 times for each penetration rate in one condition. 
Traffic flow was controlled by the time headway. The distribution of the inter-vehicle 
time headway was approximated by a normal distribution, of which the average was set 
to seven seconds and the dispersion was set to three seconds [109]. Meanwhile, the 
minimum inter-vehicle time headway was set to 1.5 seconds, considering the driving 
safety. The position, speed and acceleration of the vehicles were controlled by the free 
flow model and the car following model. The maximum speed of vehicles were set to 40 
km / h. 
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For the control of the vehicles on the major road, the worst case was considered in the 
simulations as follows: the major road vehicles had a high awareness of the priority, and 
would like to pass through the intersection without deceleration. The vehicles on the 
major road would try to avoid collisions or reduce the damage of the collision with 
emergency automatic brake, only when the minor road vehicles entered the lane of the 
major road vehicles and a possibility of collision existed. Meanwhile, the trust of major 
road vehicles was not considered in the simulation, to be consistent with that of driving 
simulator experiments, as it was difficult to set trust for other vehicles in the driving 
simulator. Moreover, for the comparison with the condition when there was no in-vehicle 
traffic signal system, it was reported that there were only 15 vehicles out of 101 vehicles 
completely stopped at the stop line when passing through unsignalized intersections [110]. 
Meanwhile, it was found that about 30% of the minor road vehicles would not temporarily 
stop at the stop line in our conducted driving simulator experiments. On the other hand, 
around 91% of the minor road vehicles would stop temporarily at the stop line if in-
vehicle traffic signal system was applied [61]. Therefore, it was considered that when in-
vehicle traffic signals were displayed for minor-road vehicles, it would urge the drivers 
to temporarily stop at the stop line, even when the penetration rate was 0%. 

The simulations will be performed with MATLAB software, and the times of near miss 
accidents will be chosen as the evaluation index. To simulate an unsignalized intersection 
without the assistance of in-vehicle traffic signals, the simulation model in a previous 
study would be used, in which all the vehicles were controlled with gap acceptance theory 
[111]. The critical gaps were distributed to each vehicle according to a log normal 
distribution [112]. The parameters μ and σ could be set to 1.87 and 0.5, respectively. 
And it was assumed that no driver would accept a gap that the driver thought will certainly 
lead to a collision. Therefore, the minimum gap in the model was set to two seconds, 
which means no driver would accept a gap smaller than two seconds. 

The Random function in the MATLAB was used to distribute the vehicles with and 
without in-vehicle traffic signals. The vehicle equipped with in-vehicle traffic signal 
system was distributed with the state value of one, while the vehicle without in-vehicle 
traffic signals would have the state of zero. The gap on the major road would only be 
calculated for the vehicles with the state value of one. Therefore, a minor-road vehicle 
may enter the intersection when a major-road vehicle without in-vehicle traffic signals 
exists and the gap between the major-road vehicle and the intersection in this condition 
may be smaller than the critical gap. Near miss accidents, which were defined as the 
situations when PET was smaller than three seconds, may occur in this condition [64].  
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5.2.2. Results of experiments and simulations at unsignalized intersections 
 
Results of driving simulator experiment 
 
The initial trust on the system and the change of trust while using the system were 
analyzed based on the data obtained from the driving simulator experiments with 12 
participants. As shown in Fig. 5.19, the initial trust on the in-vehicle traffic signals were 
presented for different penetration rates. The data of initial trust were collected with a 10-
point scale measurement questionnaire, where one point means the participant did not 
trust the system at all, and 10 points represent that the participant totally trust the system. 
It can be observed from the figure that most of the participants did not trust the system at 
all when the penetration rate was around zero, and highly trust the system when the 
penetration rate was near 100%. The initial trust on the system would increase slowly 
with the increasing of penetration rate at first and then start to increase rapidly when the 
penetration rate was high enough. 
  For the change of trust while using the in-vehicle traffic signal system, the results of 
the changes of trust while experiencing continuous failures were offered in Fig. 5.20. The 
data of trust were also collected with a 10-point scale measurement questionnaire. It was 
found that all the participants would not trust the system at all if they had experienced  

 

 
Fig. 5.19. Initial trust of the participants on the in-vehicle traffic signals. 
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Fig. 5.20. Change of trust while experiencing continuous failures. 
 
continuous failures for more than four times. It could be observed from Fig. 5.20 that the 
trust on the system would have the largest drop when the participants experienced the 
failure of using the system for the first time. The reason could be considered that all the 
participants received an introduction of the in-vehicle traffic signal system, including the 
possible failure caused by low penetration rate, before the experiment. Therefore, they 
might recognize that the penetration rate was not 100% when a failure occurred, without 
considering the failure as a sporadic event. Afterwards, their trust on the system would 
become lower and lower with continuous failures until they did not trust the system at all. 
  The results of the changes of trust while experiencing continuous success were 
provided in Fig. 5.21. It can be observed that the differences between individuals might 
be more obvious while experiencing continuous success, compared to those of continuous 
failures. Meanwhile, the trust on the system would increase slowly with the times of 
continuous success and have the largest increase when the participants experienced the 
success of using the system for around four time. Afterwards, the trust on the system 
would have a slow increase again as the trust was already in a comparatively high state. 

Experiments were also performed to investigate the driving safety in different 
conditions. The participants were required to drive in ten different scenarios in the 
conditions when no in-vehicle traffic signal was applied, and when the penetration rates 
of in-vehicle traffic signals were 0%, 25%, 50%, 75% and 100%. The times of near miss 
accidents were chosen as the evaluation index. The subjective evaluations of the  
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Fig. 5.21. Change of trust while experiencing continuous success. 
 
participants on the near miss accidents and their trust on the system were collected with 
a 10-point scale measurement questionnaire, where one point means the participant did 
not feel the near miss accident at all in the near miss accidents evaluation and did not trust 
the system at all in the trust evaluation, and 10 points represent that the participant have 
a strong feeling of near miss accident in the near miss accidents evaluation and totally 
trust the system in the trust evaluation. It was observed that the changes of trust were 
mainly related with the performance, either success or failure, and were similar within 
different states of trust. 
  For the near miss accident evaluation, an evaluation score larger than five would be 
counted as a near miss accidents. As shown in Fig. 5.22, the participants felt the most 
near miss accidents when no assistance was provided. For the influences of penetration 
rate, the participants reported more near miss accidents when the penetration rate was 
50%, compared to other penetration rates. Meanwhile, there was almost no difference 
when the penetration rates were 0% and 25%, and the times of near miss accidents started 
to decrease when the penetration rate was larger than 50%. 

  For the post-encroachment time of the ego vehicle while crossing intersections in 
different driving conditions, the results were presented in Fig. 5.23. As shown in the figure, 
the median value of the post-encroachment time was the smallest when no in-vehicle  
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Fig. 5.22. Subjective evaluations of times of near miss accidents in different driving 
conditions. 
 

 

 
Fig. 5.23. Post-encroachment time of the ego vehicle while crossing intersections in 
different driving conditions. 
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traffic signal was applied. For the influences of penetration rate, the median value of the 
post-encroachment time started to decrease slightly when the penetration rate changed 
from 0% to 50%, and then began to increase when the penetration rate was larger than 
50%. There was no significant difference existed among the conditions when no in-
vehicle traffic signal was applied and when the penetration rate was 0%, 25%, and 50%. 
Moreover, a significant difference was found between the conditions when no in-vehicle 
traffic signal was used and when the penetration rate was 100% (p=0.01). A significant 
difference might also existed between the conditions when no in-vehicle traffic signal was 
applied and when the penetration rate was 75% if more participants would attend the 
experiments (p=0.08). 
 
Results of simulations at unsignalized intersections 
 
Simulations were performed for unsignalized intersections, based on the data of initial 
trust on the system and the change of trust while using the system, which were obtained 
from the driving simulator experiments.  

The initial trust on the system in different penetration rates were presented in Table. 
5.5. They were the mean values of the initial trust of 12 participants. For the change of 
trust, the change of trust while continuous failures and success were provided in Tables. 
5.6 and 5.7, respectively. In the case that a failure occurred, and the current value of 
drivers’ trust was smaller than the absolute value of the change of trust, it was considered 
that the drivers would then not trust on the system at all. In the case of a success usage, 
the sum of the current value of drivers’ trust and the change of trust was larger than the 
maximum value, it was considered that the drivers’ trust would totally trust on the system.   
  Afterwards, traffic simulations were performed for each condition, and the results of 
the simulations for 2500 times were presented in Fig. 5.24. 
 

Table 5.5. Initial trust on the system in different penetration rates. 
 

 Penetration rate 

0% 25% 50% 75% 100% 

Initial trust 1.17 2.08 3.08 5.08 7.91 
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Table 5.6. Change of trust with continuous failures. 
 

 Times of continuous failures 

1 2 3 4 

Change of trust -4.17 -2.67 -1.33 -0.83 

 
Table 5.7. Change of trust with continuous success. 

 

 Times of continuous success 

1 2 3 4 5 6 7 8 9 10 

Change 
of trust 

1.33 1.33 1.50 2.16 0.83 0.33 0.33 0.50 0.33 0.17 

 

 
 

Fig. 5.24. Results of times of near miss accidents in different driving conditions. 
 

It can be observed that there were the most near miss accidents when no in-vehicle 
traffic signal was provided. For the influences of penetration rate, there were more near 
miss accidents when the penetration rate was 50%, compared to all the other penetration 
rates. Meanwhile, the times of near miss accidents would increase at first with the increase 
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in the penetration rate. Afterwards, the times of near miss accidents could be reduced with 
the increase of the penetration rate when the penetration rate was larger than 50%. It was 
considered that the improvement in drivers’ stopping behaviors at the stop line while in-
vehicle traffic signals were applied might contribute to the reduction of near miss 
accidents at intersections, compared to the condition when no in-vehicle traffic signal was 
applied.  
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Discussions 
 
6.1. Influences of in-vehicle traffic signals on driving behaviors 
 
The objectives of the study were to investigate the influences of in-vehicle traffic signals 
on driving behaviors based on driver models considering look ahead information, and 
demonstrate that the in-vehicle traffic signals could still have positive effects even in a 
partial deployment situation. The discussions would therefore be conducted, from the 
viewpoint of driving safety, traffic flow and visual distraction. 
 
6.1.1. Driving safety 
 
For analyzing the influences of in-vehicle traffic signals on driving safety in full 
deployment situations, as shown in Fig. 4.20, the post-encroachment time at unsignalized 
intersections were significantly improved with the application of in-vehicle traffic signals. 
It was considered that a lower value of post-encroachment time indicated a higher 
possibility of conflict [63], [64]. The results revealed that the driver assistances provided 
by the proposed system might be effective in improving driving safety. A previous study 
found that drivers who drove a vehicle with an intersection collision warning system had 
a shorter response time [113]. Therefore, it is possible that the in-vehicle traffic signals, 
working as one type of visual warning signal, shortened the response time of drivers to 
an appropriate gap on the major road, which contributed to a longer post-encroachment 
time. Moreover, the results of maximum brake stroke were presented in Figs. 4.21 and 
4.22. We observed a significant decrease in the maximum brake stroke when the 
participants had access to the in-vehicle traffic signals. A previous study reported that an 
increase in the brake stroke significantly deteriorated the vehicle performance during an 
emergency stop [114]. Our results regarding maximum brake stroke implied that driving 
safety could be improved during the braking period when in-vehicle traffic signals were 
applied. In terms of stopping types, the results suggested that more participants would 
perform a complete stop when the in-vehicle traffic signals were used. It was introduced 
that many collisions at intersections were related with the uncomplete stop of drivers [95]. 
It was, therefore, revealed that the conflict risk at unsignalized intersections might also 
be reduced by applying the in-vehicle traffic signal system. 
  For the results of driving simulator experiment considering waiting time at 
unsignalized intersections, it was expected that the driving performances of the minor-
road vehicles would be improved, by considering the waiting time in the implementation 
of in-vehicle traffic signals, without detriment to the driving safety of major-road vehicles. 
For the results of maximum gas pedal stroke, as shown in Fig. 4.28, the application of in-
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vehicle traffic signal considering waiting time significantly reduced the maximum gas 
pedal stroke of minor-road vehicles. The acceleration related indexes including maximum 
acceleration were considered suitable for evaluating aggressive or emotional driving [99], 
[100]. Therefore, the results revealed that the consideration of waiting time might be 
effective in avoiding aggressive driving for minor-road vehicles. As for the cause of 
aggressive driving, it was reported that aggressive driving was more likely to occur in 
dense traffic situations [115]. During the minor-road experiment, the continuous major-
road traffic flow was considered challenging for the minor-road drivers, which might 
result in aggressive driving if the waiting time were not considered. Meanwhile, it had 
been demonstrated that challenging or unexpected traffic situations could induce 
frustration and other negative emotional states for drivers [116]. According to the 
frustration–aggression hypothesis, the frustration emotions of drivers might also lead to 
risky and aggressive driving behaviors, including strong accelerations [117], [118].   

The evaluations of frustration emotions were performed with the blink rate analysis 
and subjective evaluations. It was considered that the feeling of frustration could be 
detected by monitoring the blink rate [101]. Previous studies pointed out that the blink 
rate might be raised with a frustration emotion [102], [103]. Normally, an average blink 
rate is around 14 blinks per minute [119]. During the minor-road experiment, it was found 
that the measured blink rates ranged from 12 to 22 times, therefore, were considered 
reliable for evaluation. As presented in Fig. 4.29, when the in-vehicle traffic signal 
considering waiting time was applied, the blink rate significantly decreased. Therefore, it 
indicated that the frustration emotions of drivers might be reduced by considering their 
waiting time while applying the in-vehicle traffic signals. Meanwhile, according to the 
subjective evaluation of frustration, as shown in Fig. 4.34, drivers felt less frustrated with 
the in-vehicle traffic signal considering waiting time, compared to that without the 
consideration of waiting time, which was coincided with the blink rate analysis. However, 
no significant diffidence in the blink rate was observed between the conditions when no 
in-vehicle traffic signal was provided and that of in-vehicle traffic signal without 
considering waiting time, although the participants reported more frustrated feelings 
without in-vehicle traffic signal in the subjective evaluation. It was considered as the 
influence of task difficulty. It was suggested that the blink rate tended to decrease if the 
task difficulty was increased [120]. As presented in Fig. 4.35, the participants reported 
that it was more difficult to complete the driving task without in-vehicle traffic signals, 
which might reduce the blink rate. 

For the analysis of maximum lateral acceleration, as shown in Fig. 4.30, when the in-
vehicle traffic signal considering waiting time was applied, the maximum lateral 
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acceleration significantly decreased, compared to that without the consideration of 
waiting time. The results implied that the steering stability of minor-road vehicles might 
be significantly improved by considering the waiting time while using the in-vehicle 
traffic signals. It was believed that less maximum lateral accelerations might represent 
fewer deviations from idealized curved paths during a turn at intersections [104]. 

A major-road experiment was also performed at unsignalized intersections to evaluate 
the driving safety of major-road drivers. A critical part of driving safety is the ability to 
detect and respond to emergency traffic hazards. The entry of minor-road vehicles in the 
major-road experiment was considered as an emergency hazard, therefore, perception 
response time was applied to analyze the detection and response ability of major-road 
drivers. As shown in Fig. 4.33, when there was no in-vehicle traffic signal, the values of 
perception response time ranged from 1.01 s to 1.15 s. When the in-vehicle traffic signal 
considering waiting time was applied, the perception response time decreased, ranging 
from 0.84 s to 0.96 s. It was reported that the mean value of perception response time was 
around one second [121]. Meanwhile, to analyze drivers’ perception response time to 
intruding vehicles at intersections, another study found that the mean time from the start 
of motion until brake pedal application was 1.14 s, which was in accordance with the 
results when no in-vehicle traffic signal was applied [122], [123]. It should be noted that, 
by applying the in-vehicle traffic signal, the major-road drivers had an advantage to detect 
the entry of minor-road vehicles, as they would be immediately warned once other 
vehicles started entering intersections. 

For the effects of in-vehicle traffic signals on driving safety in partial deployment 
situations, as shown in Fig. 5.23, the post-encroachment time at unsignalized intersections 
were the smallest when no in-vehicle traffic signal was applied, compared to the 
conditions when the penetration rates of in-vehicle traffic signals changed from 0% to 
100%. Meanwhile, there were the most near miss accidents when no in-vehicle traffic 
signal was provided according to the simulation results, as shown in Fig. 5.24. It was, 
therefore, considered that the driving safety might be improved with the application of 
in-vehicle traffic signals even in a partial deployment scenarios. 

It could be concluded that the in-vehicle traffic signal system might improve driving 
safety for both full deployment and partial deployment scenarios. 
 
6.1.2. Traffic flow 
 
This study mainly focused on the analysis of acceleration and braking operations to 
evaluate the influence of in-vehicle traffic signals on traffic flow. As shown in Figs. 4.4-
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4.7, braking and accelerating operations in the driving simulator experiment at signalized 
intersections were significantly reduced when the predicted mode of in-vehicle traffic 
signals was applied. Conversely, no significant difference existed between the condition 
when current mode was applied and that of no in-vehicle traffic signal. The results 
indicated that the application of predicted mode of in-vehicle traffic signals might 
improve the traffic flow. It was pointed out that several characteristics of driving 
behaviors including avoiding unnecessary stops, braking and acceleration, were 
significantly related with eco-driving [124], [125]. A previous study introduced that fuel 
economy was maximized when accelerating and braking events were minimized [126]. 
Meanwhile, a similar conclusion was reported that the improvement in driver behaviors 
had the potential to generate fuel savings of up to 20% [127]. It was expected that fewer 
braking and accelerating operations, resulting from the application of predicted mode of 
in-vehicle traffic signals, might provide drivers with a comfortable driving experience. 
Based on a smart-driving report by the University College London, successful 
anticipation of traffic conditions avoids unnecessary braking and acceleration, which 
makes driving smoother [128]. 

Moreover, for the evaluations of driving operations while using in-vehicle traffic 
signals in the actual vehicle experiment, as shown in Figs. 5.11 and 5.12, the significant 
decrease in maximum deceleration also verified that the application of in-vehicle traffic 
signal system might significantly prompt drivers to ecological driving. A significant 
decrease in the maximum deceleration could be observed from a car without in-vehicle 
traffic signals if its preceding car was in-vehicle traffic signals equipped. It suggested that 
the influences on ecological driving of a vehicle equipped with in-vehicle traffic signals 
might affect its following traffic flow, even when the following vehicles were without in-
vehicle traffic signals. Besides, the braking operations were also considered to have great 
influences on ecological driving. It was reported that approximately seven percent energy 
of a vehicle was lost due to braking [129]. Hence, reducing hard braking and assisting 
drivers in achieving smoother braking operations was assumed a direct fuel savings 
strategy for eco-driving. It was pointed out that the inherent benefit of avoiding hard 
braking was reducing fuel-consumption and emission levels due to smoother driver 
behavior [130]. A previous study believed that an automobile was able to make more 
efficient use of its power by accelerating and decelerating smoothly [131]. It was also 
introduced that driving styles had a great influence on energy consumption for the same 
physical driving conditions because aggressive driving with speeding, rapid acceleration 
and hard braking wastes energy considerably [132].  

For the application of in-vehicle traffic signals in a partial deployment scenario, the 
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simulation results of average travel time in different penetration rates of in-vehicle traffic 
signals were shown in Fig. 5.17. It could be observed that the average travel time was in 
a decreasing trend with the increase of penetration rates.  
  It might be concluded that the application of in-vehicle traffic signals at signalized 
intersections might improve traffic flow by reducing unnecessary braking and 
acceleration operations, and travel time, based on the experiments and simulation results. 
 
6.1.3. Visual distraction 
 
As a visual-based ADAS system, driver distraction is an important safety concern for the 
in-vehicle traffic signal system, therefore, the visual distraction of the system should be 
analyzed [133]. Compared with a normal display, a head-up display is considered a 
suitable device for displaying information inside vehicles and does not require drivers to 
look away from their usual viewpoints [134]. Still, there is concern that head-up devices 
may be unsafe for displaying in-vehicle information. 

As presented in Fig. 4.12, based on the analysis of the glance frequency in the 
experiments performed at signalized intersections, drivers tended to glance significantly 
more at the head-up display than at the normal 4.3-inch display. It was found that curiosity 
about the presence of the head-up display tended to increase the frequency of glancing at 
it [135], which might be an explanation for the high glance frequency when head-up 
display was applied. Furthermore, it was reported that, when comparing the speed gauge 
in a head-up display with a conventional speedometer, subjects had a higher glance 
frequency to the head-up display than to the speedometer [136]. Based on the high glance 
frequency, it was deemed that the head-up display, which was located high in the field of 
view and closer to the line of sight to the forward roadway, was placed conveniently for 
driver to observe [136]. However, if the glance frequency was the only metric that was 
taken into consideration, it might lead to the conclusion that head-up display was more 
distracting. It was noted that glance metrics, including glance frequency and mean glance 
duration, should not be interpreted separately as individual metrics, or it might lead to 
wrong conclusions because glance frequency and mean glance duration might be 
reciprocal [136]. Thus it is essential to analyze the mean single glance time together with 
the glance frequency to reach a dependable conclusion. 

According to the mean single glance time results shown in Fig. 4.13, the mean single 
glance time to the head-up display was significant shorter than to the 4.3-inch display. 
When comparing Figs. 4.12 and 4.13, a negative correlation existed between glance 
frequency and mean single glance time, which was in agreement with the conclusions 



127 
 

provided in [136]. Individual driver choice, resulting in two different glance strategies 
(more glances of a short glance duration compared with fewer glances of a long glance 
duration), were considered as a suitable explanation [137], [138]. Moreover, according to 
the research reported by Federal Highway Administration, the acceptable mean glance 
time away from the roadway was less than one second [140]. The mean single glance 
time on the head-up display of every participant, as shown in Fig. 4.13, was less than 0.5 
s, which indicated that this type of display device did not affect driving safety. Also, when 
the head-up display and the 4.3-inch display were applied, the median values of mean 
single glance time were around 0.3 s and 0.5 s, respectively. An on-road driving study 
analyzed glance behaviors when using an in-vehicle smart driving aid, and found that the 
mean single glance duration to the in-vehicle information system was 0.43 s [141], which 
was comparable to this study and added further evidence of the reliability and accuracy 
of the method that was used here to process eye-gaze behaviors. 
  For the analysis of eye-gaze behaviors at unsignalized intersections, as shown in Fig. 
4.23, the mean percent road center values were between 60% and 70% for all the 
conditions. A previous study reported that the percent road center values for attentive 
drivers were around 70−80% [142]. Another study also stated that the percent road center 
value under normal conditions was 75% [143]. The percent road center values obtained 
in this research were significantly smaller than those in the two previous studies. However, 
it was found that the percent road center was generally lower during a general driving 
session, ranging from 44% to 73% [96]. Therefore, we considered our percent road center 
data to be valid for evaluation. Moreover, the non-significant main effect of the in-vehicle 
traffic signals suggested that no significant increase in visual distraction was induced by 
the proposed system. Furthermore, the maximum percent road center values in all the 
conditions were around 80%. One study suggested that a percent road center value of 
more than 92% could be an indication of cognitive distraction [98]. The percent road 
center data in this experiment indicated that the in-vehicle traffic signals did not increase 
the level of cognitive distraction. For the results of mean glance duration, the mean values 
in the two conditions were around 0.4 s, as presented in Fig. 4.24. As a comparison, the 
mean glance duration to an in-vehicle analogue speedometer was between 0.4 s and 0.7 s 
[143]. Therefore, the mean glance durations to the head-up display in our study were 
deemed reliable and did not appear to affect driving safety. 
  Based on the analysis of eye-gaze behaviors, it could be concluded that no significant 
driver distraction was induced by the usage of in-vehicle traffic signal system. 
  As a conclusion, the application of in-vehicle traffic signals at intersections could 
successfully offer positive effects on traffic systems, including the improvement of 
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driving safety and traffic flow, without inducing negative effects, including driver 
distractions. Moreover, the positive effects provided by the in-vehicle traffic signals 
would not only exist in full deployment situations, but also in partial deployment 
scenarios, when the penetration rate changes from 0% to 100%. 
 
6.2. Issues related with the application of in-vehicle traffic signals  
 
6.2.1. Application in partial deployment scenario by monitoring drivers’ trust 
 
It was demonstrated that the effectiveness of the in-vehicle traffic signals in a partial 
deployment scenario was related with drivers’ trust on the system. To better apply the 
system in a partial deployment scenario, it will be a smart choice to monitor drivers’ trust 
state in real time while using the system.  
  Several previous studies have been performed to try to detect the over trust state of 
users. Researchers from Nagoya University tried to apply sensors to measure people’s 
behaviors while they were in over trust state, and construct a database of the behaviors 
related with over trust. A warning system was then proposed to warn the users if an over 
trust behavior was detected [75]. For the monitoring of drivers, researchers from Tsukuba 
University proposed a collision avoidance support system based on unconstrained 
monitoring, and a human machine interface was used to suppress drivers’ over trust. If an 
over trust state was detected from drivers’ brain activity and pulse waves, a warning 
would be provided for the drivers [76]. Another previous research proposed a method to 
monitor driving operations including the steering, acceleration and brake operations, and 
compared the observed data of these operations with the predicted data. If a significant 
difference was found in the comparison, the system would send a warning to the drivers 
[77]. 
  Therefore, a trust monitoring system may be a choice to cooperate with the in-vehicle 
traffic signal system in partial deployment scenarios. Driver behaviors including driving 
operations and eye-gaze behaviors can be monitored in real time and the obtained data 
can then be used for the estimation of drivers’ state. If it is observed that the drivers are 
over trust on the system, a warning can be provided for the drivers.   
 
6.2.2. Validity of driving simulator experiments 
  
Operation range is one of the essential parameters in the application of in-vehicle traffic 
signs. It is normally decided, considering the quality of vehicular communications and 
the speed limit of the road. The operation range was set as 150m in the driving simulator 
experiments at signalized intersections. In real driving conditions, it is possible that a 
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driver can see the ground traffic lights 150 meters away from an intersection. However, 
it depends on many external factors including the weather, traffic conditions and time of 
day. Therefore, the current mode of in-vehicle traffic signals can work as a reference point 
for drivers. In the driving simulator experiment, drivers could not clearly see the ground 
traffic lights 150 meters away from an intersection. It was designed based on the policy 
on geometric design of highways and streets, published by American Association of State 
Highway and Transportation Officials, considering the design speed and stopping sight 
distance [144].    

For the validity of the results of driving simulator experiments, even though 
considerable efforts were taken to make the simulation experiments close to a road 
experience, driving behaviors within a driving simulator cannot be expected to replicate 
real-world driving behavior precisely. Driving conditions in reality are more complicated, 
although the traffic flow within the driving simulator was set according to the real traffic 
conditions. However, the trends observed in the driving simulator were similar to real-
world driving in despite of these limitations, while the driving simulator was applied in 
driver behavior studies [145]. As a driving simulator study, the experiment has an 
advantage of providing exactly the same experimental condition for every participant. For 
the experiment which investigated the in-vehicle traffic signals considering waiting time 
at unsignalized intersections, it was essential to thoroughly manage the major-road traffic 
flow and gaps during this experiment, which was extremely difficult to be implemented 
with real vehicles. A driving simulator was therefore considered suitable for performing 
this kind of experiment. Moreover, for the driving simulator experiments which were 
performed to analyze the changes of drivers’ trust on the system, the influence of drivers’ 
trust state on the changes of trust was not considered. It is difficult to investigate the 
influences of successful and failed usages on the change of trust while the drivers were 
in different states of trust, as the drivers’ trust changed discontinuously. As the simulations 
for analyzing the effects of penetration rate on driving behaviors were performed with 
drivers’ initial trust and the changes of trust while using the system, the results might be 
more realistic if drivers’ trust state was taken into consideration. Nevertheless, the results 
of the simulations in this study were considered reliable, as they were consistent with the 
results of the driving simulator experiments which were performed for investigating the 
driving behaviors in different penetration rates. 
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Conclusions 
 
Intersections are one of the most common and essential places in transportation systems 
which will influence the driving safety and traffic flow. To solve traffic problems at 
intersections, advanced driver assistance systems attracted the interests of many 
researchers over recent decades. Contributing to this interesting topic, this study tried to 
apply an in-vehicle traffic signal system to assist drivers in crossing signalized and 
unsignalized intersections. This dissertation primarily focused on the effects of the in-
vehicle traffic signals on driving behaviors based on driver models considering look 
ahead information and validated the proposed system by performing experiments and 
simulations for different penetration rates.  
  In Chapter 1, the background of this research, including the existing traffic problems 
at intersections and previous studies on providing driver assistances at intersections were 
introduced. Meanwhile, Chapter 1 also provided a brief introduction of the in-vehicle 
traffic signals concept. 

Chapter 2 introduced the methodology of in-vehicle traffic signals in different 
penetration rate environment. For the in-vehicle traffic signal system in full deployment 
scenarios, the driver model was proposed considering the influences of look-ahead 
information. For the driver model while using the in-vehicle traffic signal system in a 
partial deployment scenario, the car following behaviors were taken into consideration at 
signalized intersections. As for the unsignalized intersections, the effects on driving 
behaviors were analyzed considering drivers’ trust on the system. 

The implementations of in-vehicle traffic signals at signalized and unsignalzied 
intersections were presented in Chapter 3. For the application at signalized intersections, 
two modes of in-vehicle traffic signals were proposed: current mode and predicted mode. 
In the current mode, the real time signal of the upcoming ground traffic light was directly 
displayed to drivers. In the predicted mode, the signal of ground traffic light when drivers 
arrived at the upcoming intersections were predicted based on the predicted time to 
intersection and the signal cycle information of ground traffic light. For the application at 
unsignalized intersections, the in-vehicle traffic signals were proposed for two-way and 
all-way stop-controlled intersections, respectively. At the two-way stop-controlled 
intersections, the gap acceptance theory was applied to decide whether a minor-road 
vehicle could enter the intersections or not. At the all-way stop-controlled intersections, 
the first-come-first-serve method was applied to decide the order of crossing. 

Chapter 4 were focused on providing the details of the experiments for full deployment 
scenarios. A driving simulator experiment was elaborated at signalized intersections to 
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evaluate the two modes of in-vehicle traffic signals presented by two kinds of in-vehicle 
displays, respectively. The results indicated that by applying the predicted mode of in-
vehicle traffic signals, braking and accelerating operations were significantly reduced. 
Meanwhile, the mean single glance time for the head-up display was significantly shorter 
than for the normal 4.3-inch display. It is believed that the predicted mode of in-vehicle 
traffic signals might prompt driving performances, and the head-up display was deemed 
suitable for the display of in-vehicle traffic signals without inducing driver distractions. 
We also tested the effectiveness of the system to assist drivers in passing through 
unsignalized two-way and all-way stop-controlled intersections. Meanwhile, this study 
proposed in-vehicle traffic signals with the consideration of waiting time to better assist 
drivers in crossing unsignalized intersections. Experimental results demonstrated that the 
in-vehicle traffic signals significantly improved post-encroachment time and decreased 
maximum brake stroke, which implied that driving safety was enhanced. In terms of eye-
gaze behaviors, the percent road center and mean glance duration values indicated that 
the system did not present an increase in visual distraction. The proposed system was 
therefore deemed to be reliable in terms of providing driver assistance at unsignalized 
intersections. Moreover, for minor-road and major-road experiments considering waiting 
time, in the minor-road case, the application of in-vehicle traffic signal considering 
waiting time significantly reduced the maximum gas pedal stroke and blink rate, which 
indicated that the aggressive driving of minor-road vehicles might be successfully 
avoided. Meanwhile, a significant decrease was observed in the maximum lateral 
acceleration with the consideration of waiting time, which represented that a better 
steering stability might be achieved. For the major-road case, it was observed that the 
post-encroachment time significantly increased and the perception response time was 
significantly reduced by applying the system while considering waiting time. The results 
indicated that the in-vehicle traffic signal might enhance drivers’ ability to detect the entry 
of other vehicles, which would contribute to a safe driving. Based on the results of post-
encroachment time, it was believed that the driving safety of major-road drivers could be 
ensured when the in-vehicle traffic signal considering waiting time was applied. 

In Chapter 5, the information of the experiments and simulations for partial deployment 
scenarios were provided. An actual vehicle experiment involving two electric vehicles 
was conducted at a signalized intersection to investigate the influences of in-vehicle 
traffic signals on driver behaviors. Different from driving simulator studies, the actual 
vehicle experiment investigated the driver behaviors of both preceding and following cars, 
considering the existence of vehicles without in-vehicle traffic signals. It was observed 
that the maximum deceleration significantly decreased when predicted traffic signal 
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information was displayed to drivers with the in-vehicle traffic signals. Furthermore, for 
a following car without in-vehicle traffic signals, a significant decrease in maximum 
deceleration could also be found if its preceding car was in-vehicle traffic signals 
equipped. Meanwhile, the travel time of a preceding car could be significantly reduced 
by applying in-vehicle traffic signals. For a following car without in-vehicle traffic signals, 
its travel time could also be significantly reduced when the preceding car was in-vehicle 
traffic signals equipped. The results indicated that the driving performances of a following 
car might be significantly improved if its preceding car was equipped with in-vehicle 
traffic signals. For the applicability of the in-vehicle traffic signal system in a partial 
deployment condition at unisgnalized intersections, a driving simulator experiment was 
conducted to investigate the influences of successful and failed usages on drivers’ trust. 
Traffic simulations and experiments were then performed to analyze the driving safety 
while applying the system in different penetration rates. It can be observed that the near 
miss accidents could be reduced in any penetration rate of the system, compared to the 
condition when no in-vehicle traffic signal system was applied. Moreover, the number of 
near miss accidents might increase at first with the increase in penetration rate. 
Afterwards, the numbers of near miss accidents could be reduced with the increase in 
penetration rate when the penetration rate was larger than 50%. 

In Chapter 6, the influences of in-vehicle traffic signals on driving behaviors, including 
the driving safety and traffic flow were discussed. Afterwards, issues related with the 
application of in-vehicle traffic signals, especially the application in partial deployment 
scenarios by monitoring drivers’ trust, were discussed. 

In Chapter 7, it concludes the details and significances of this research. 
 

The contributions of this dissertation are highlighted as follows: 
 

(1) The effects of in-vehicle traffic signals on driving behaviors were analyzed based 
on the driver models considering the influences of look ahead information. It was 
confirmed that the application of in-vehicle traffic signals could produce positive effects, 
including the improvement of driving performances and the reduction of driver workload, 
without producing negative effects, including driver distraction and the impairment of 
driving safety; 
  (2) For the application of in-vehicle traffic signals in partial deployment conditions, the 
influences on driving behaviors were investigated based on driver models considering 
look ahead information, car following behaviors and drivers’ trust on the system. It was 
demonstrated that the in-vehicle traffic signals could still have certain positive influences 
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on the traffic systems without impairing driving safety, even at the stage when the 
penetration rate changed from 0% to 100%; 

(3) It was revealed that the acceleration and braking operations could be significantly 
reduced by providing predicted traffic signal to drivers, which might contribute to the 
ecological driving, when the in-vehicle traffic signals were applied in full deployment 
scenarios at signalized intersections. For the application of in-vehicle traffic signals 
within full deployment scenarios at unsignalized intersections, it was demonstrated that 
the post-encroachment time of vehicles significantly increased, indicating a significant 
improve in the driving safety. Moreover, a better steering stability might be achieved if 
the waiting time was considered in the implementation of in-vehicle traffic signals; 

(4) It was proved that no visual distraction was induced by the application of in-vehicle 
traffic signals with the analysis of eye-gaze behaviors; 

(5) For the influences of penetration rate on the application of in-vehicle traffic signals, 
an actual vehicle experiment was performed at a signalized intersection. It was indicated 
that an in-vehicle traffic signals equipped vehicle might influence the driving behaviors 
of the following unequipped vehicle, including a significant reduction in maximum 
deceleration. Meanwhile, the results of traffic simulations revealed that the average travel 
time at signalized intersections might be reduced with an increase in the penetration rate 
of in-vehicle traffic signals. As for the unsignalized intersections, it could be observed 
that the near miss accidents were reduced in any penetration rate of the system, compared 
to the condition when no in-vehicle traffic signal system was applied. Meanwhile, the 
number of near miss accidents might increase at first with the increase in penetration rate. 
Afterwards, the numbers of near miss accidents would be reduced with the increase in 
penetration rate when the penetration rate was larger than 50%; 

(6) This study may offer useful references for the design and evaluation of visual-based 
driver assistance systems at intersections, and provide useful references for further 
applications of V2X communications in intelligent transportation systems. 
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