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駕駛跟車心理物理因素聯合不確定之實驗與分析— 

量子視覺流觀點 
 

學生：吳熙仁 指導教授： 許鉅秉教授 
陳穆臻教授

國立交通大學運輸與物流管理學系博士班 

摘要 
 

道路駕駛者經由眼睛接受外在環境光線刺激，做為同車道內判斷跟車距離的重要參考依據。

但目前跟車理論多以前車與目標車之物理距離量做為重要依據，鮮少將視覺的感知納入跟車理論

中。故本研究主要目的係由量子視覺流理論之觀點出發，除分析駕駛跟車心理物理因素聯合不確

定，例如跟車行為關鍵影響之駕駛者相對速度感知不確定與反應時間不確定外，亦進行環境不確

定因素，例如晴天及濃霧天候條件因素之模式構建。 

由於真實的跟車現象較為複雜，本研究先行嘗試以刺激-反應理論為基礎，以量子光學流理論

觀點提出了一種隨機且具有動態發展潛力之感知模型來研究晴天及濃霧天候條件下相對速度感知

的不確定性與駕駛者反應時間不確定性之間的關係。具體來說，該模型推測駕駛者察覺與前車相

對速度和反應時間是時變的、不確定的且具有權衡關係，類似於海森堡測不準原理的形式。 

本研究先進行定性分析，並以模擬道路駕駛視覺環境的駕駛模擬器，辦理晴朗天候條件下兩

階段實驗，分析道路駕駛者對前車相對速度感知標準差與反應時間標準差之關聯性。結果說明了

在跟車行為中駕駛者感知的不確定下，存在反應時間的標準差與感知相對速度標準差之間的關係，

即由實驗發現說明了當知覺相對速度的標準差相對增加時，同時伴隨著其反應時間的標準差相對

減小；反之亦同。再將其模型擴充應用至濃霧之不同天候條件下跟車行為中駕駛者感知的不確定。 

本研究成果，例如反應時間部分數據，已應用於事件路段中可供自動駕駛車輛與手動駕駛車

輛混合行駛車道之車流模擬。另可有助於描述在駕駛者感知的不確定下的跟車行為現象，促進道

路安全之改善，亦可提供當前道路運輸安全中有關駕駛之人因工程與行為之基礎應用，甚至新的

車流理論。 

 

關鍵字：跟車、感知相對速度、量子光流、反應時間、感知不確定性 
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Prof.  Mu-Chen Chen

Department of Transportation and Logistics Management 
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ABSTRACT 

Road drivers receive external light stimuli via eyes as an important judgment to spacing on the 
same lane. The majority of car-following theories put many emphases on physical spacing between the 
leading vehicle and the following vehicle. However, an important basis for visual perception rarely was 
concerned in the car-following theory. The purpose of the research is to analyze uncertainties in 
car-following behavior and environment, such as the driver's uncertainty of perception of perceived 
relative speed and uncertainty of reaction time that play a key role on the affect of the car-following 
behavior, and to construct a model considering those uncertainties from a viewpoint of quantum optical 
flow theory. 

Because the real traffic phenomena are complex, the study grounds on stimulate-response theory 
and proposes a quantum optical flow theory that presents a stochastic and potential dynamic model on an 
optical flow point of view. It is a stochastic and potential dynamic driver perception model to investigate 
the relationship between the uncertainty of perceived relative speed and that of reaction time during car 
following in clear and foggy weather conditions. Specifically, the proposed model hypothesizes that 
driver perceived speed and reaction times are time-varying and uncertain, and correlate in a trade-off 
relationship mimicking the form of Heisenberg Uncertainty Principle.  

This study conducts qualitative analysis followed by a two-stage experiment rooted in quantum 
optical flow theory using data collected from a driver simulator. Then this study tests the relevant 
between standard deviation of perceived relative speed and that of reaction time of following vehicle 
driver under a clear weather condition. The results illustrate that under the driver's perception of the 
uncertainty in the driver’s behavior in the car following there is a trade-off relationship between the 
standard deviations of perceived relative speed time and the standard deviations of reaction time. That is, 
if the standard deviation of the perceived relative speed increases, then the standard deviation of reaction 
time decreases. On the contrary condition, it is similar to the trade-off relationship. Then this model was 
expanded to analysis those driving uncertainties in a foggy weather condition. 

In the application, some of the reaction time data has been applied to an automatic driving vehicle 
following control logic in a mixed lane where automatic and manual driven vehicles mix near the event 
area and adjacent to automated highway system. This study could not only help to describe in the 
driver's perception of uncertainty for car phenomenon, but also contribute to the improvement of road 
safety. Another can also provide the enhancement of current road safety in the basic application of 
human factors relating to driving and behavior even as the new development of car following theory. 

Keywords: Car following; perceived relative speed; quantum optical flow; reaction time; perception 
uncertainty 
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CHAPTER 1 INTRODUCTION 
 

1.1   Background and Motivation 
 

Road drivers receive external light stimuli via eyes as an important judgment to 
spacing on the same lane in car following (Marsh et al., 2017). The majority of 
car-following theories put many emphases on physical spacing between the leading 
vehicle and the following vehicle. However, an important basis for visual perception 
rarely was concerned in the car-following theory. Furthermore driver perception 
uncertainty exists ubiquitously, and plays a key role in characterizing driver 
car-following behavior and induced other lane traffic phenomena (Sheu, 2013; Sheu 
and Wu, 2015). Lane traffic phenomena refer to intra-lane and inter-lane traffic 
phenomena, including car-following, lane-changing, and vehicular queuing. In fact, 
driving is both visual and psychological complex. Roughly 90% of driving 
information is input through the eyes (Robinson et al., 1972). Unfortunately, no one 
in driving can perfectly perceive all the driving information with 100% accuracy, 
according to the quantum optical flow theory (Baker, 1999; Sheu, 2008; Sheu and Wu, 
2015). Particularly, perception errors may occur while perceiving moving images in 
driving due to the wave-image duality during the transfer of visual information (Baker, 
1999), thus resulting in the uncertainty of driver perception in car following (Sheu, 
2013) which complicates lane traffic phenomena. Furthermore, lane traffic 
phenomena characterized by the interactions and reactions of drivers of multiple 
vehicles surrounding are rooted in psychological reactions of the drivers 
(Papageorgiou and Maimaris, 2012). For example, congestion upstream of a traffic 
bottleneck or shockwave can vary in propagation length, depending upon the 
upstream traffic flow and density perceived by drivers (Shiomi et al., 2011; Talebpour 
and Mahmassani, 2016; Qian et al., 2017). Therein, shockwaves were also discussed 
in numerous previous studies (Bose and Ioannou, 2000; Nagai et al., 2006; Tanaka et 
al., 2006; Hanaura et al., 2007; Chiu et al., 2010; Qian et al., 2017). From either a 
theoretical or practical perspective, modeling lane traffic phenomena grounded upon 
such an unrealistic assumption of traffic parameter determinism may no longer be 
valid in the context of driver perception uncertainty. Instead, it is arguably agreed that 
driver perception uncertainty which underlies driver behavioral uncertainty should be 
taken into account in characterizing lane traffic phenomena.  

Car-following is one of lane traffic phenomena. The car-following means that a 
vehicle follows its leading vehicle (LV) by maintaining appropriate spacing on a 
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roadway. As to the issue of driver perception uncertainties in car following, relative 
speed (RS) and reaction time (RT) are two crucial factors. In reality, a new branch of 
car-following research has been focused on the psycho-physical aspects (Wiedemann, 
1974, 1991, 1992; Leutzbach, 1988; Toledo, 2003), particularly with respect to RS 
(Hoffmann and Mortimer, 1996; Jiang et al., 2002; Shiomi et al., 2011; Durrani et al., 
2016; Rößing, 2016; Ngoduy and Jia, 2017) and RT (Mehmood and Easa, 2009; Sheu 
and Wu, 2011; Wang et al., 2011; Koutsopoulos and Farah, 2012; Wagner, 2012; 
Sheu, 2013; Markkula et al., 2016; Abbasi-Kesbi et al., 2017). For example, the work 
of Sheu (2008) which used the quantum-optical-flow-based model to explain driver 
stimulus and response was one of the pioneering researches in the association of 
uncertainty in perceived relative speed (PRS) with driver behavior in car following. 
Specifically, Sheu asserted that as backward PRS increases, the resulting 
psychophysical momentum (PPM) and psychophysical energy (PPE) increase. 
Therein, the uncertainty of PRS in car following is defined as the standard deviation 
of PRS, where PRS refers to as the relative speed between the leading vehicle (LV) 
and following vehicle (FV) perceived by the FV driver. Using a 
quantum-mechanics-based approach, Sheu (2013) further developed a dynamic 
stimulus-response car-following model which consists of the following two recursive 
phases: (a) transformation of visual stimuli, and (b) approximation of speed 
adjustment. Nevertheless, the uncertainty in RT and its association with other 
perception uncertainties remain as critical issues which are not addressed in Sheu's 
works (2008, 2013). For example, as argued in Sheu (2013) the uncertainty in RT 
may contribute to irregular start-up delays during a forward shockwave (e.g., when 
vehicular queuing starts to disperse), thus leading to greater deviations in reproducing 
vehicular trajectories, compared with normal car-following cases. Moreover, the 
association of the uncertainty in RT with that in PRS may exist, collectively 
influencing quantum optical field and driver behavior; and however, remains unclear 
in characterizing car-following behavior. The mentioned above is the background. 

Because the real traffic phenomena are complex, the study grounds on 
stimulate-response theory and proposes a quantum optical flow theory that presents a 
stochastic and potential dynamic model on an optical flow point of view. It is a 
stochastic and potential dynamic driver perception model to investigate the 
relationship between the uncertainty of PRS and that of RT during car following. 
Specifically, the proposed model hypothesizes that driver perceived speed and RTs are 
time-varying and uncertain, and correlate in a trade-off relationship mimicking the 
form of Heisenberg Uncertainty Principle. Thus, the motivation of this dissertation is 
to understand the relationship between deviations of speed and RT to the LV in 
car-following phenomena. 
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1.2   Research Problems 
The most existing car-following models seem to emphasize the space/temporal 

which are mechanically and physically measured. As we know, the majority of car 
following models focused on the physical measurements, such as the space and time, 
which are measured by meter and second. However, some of traffic phenomena can 
hardly be described by theories of pure physics and mechanics. Furthermore, there are 
a few drivers who can know the exactly distance between the front car and the 
objective car. Actually, many drivers keep a safety distance based on the 
psychological perception, such as very fast or very slow. Baker (1999) and Sheu 
(2008, 2013) indicated that the car following models based on quantum mechanics of 
optic flow can consider driver perception uncertainties. One of the most important 
reasons is that human beings would take a response for a stimulus based on the optical 
flow. The car following models based on quantum mechanics of optic flow can 
consider driver perception uncertainties.  

According to the properties of quantum optical flow theory mentioned in the 
background, this study inferred that both PRS and RT have dynamic and stochastic 
characteristics which collectively dominate driver perception uncertainty, thus 
influencing the dynamics of driver car-following behavior under uncertainty. 
Accordingly, this study aims to answer the following questions regarding driver 
perception uncertainty revealed in driver car-following behavior and in clear and 
foggy weather conditions. 

1. Does a trade-off relationship between the uncertainty in PRS and that in RT 
exist in car following in a clear condition?  

2. Does a trade-off relationship between the uncertainty of psychophysical 
energy and that of RT exist in car following in a clear condition? 

3. Does a trade-off relationship between the uncertainty of PRS and that of RT 
given that the mean values of PRS and driving mental workload are known in a clear 
condition? 

4. Do these trade-off relationships mentioned above also exist in a foggy weather 
condition? 
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1.3   Research Objectives 
 

In order to answer the study problems mentioned above, the main objectives of 
this study can be shown as followed points: 

(1) According to quantum optical flow theory in car following, expand a model 
containing PRS and RT that dominate driver perception uncertainty. The 
proposed model is not limited to driver psychology, but to characterize the 
antecedents of driver car-following behavior under perception uncertainty. The 
entire methodology is new against existing models, and may stimulate more 
research for the development of stochastic and potential dynamic traffic behavior 
modeling and stochastic traffic flow theories by taking different ways (e.g., 
experimental physics and applied quantum mechanics). 

(2) Design a two-stage experiment to test two relationships: (a) a trade-off 
relationship between the uncertainty of psychophysical energy and that of RT 
exist in car following; (b) a trade-off relationship between the uncertainty in PRS 
and that in RT exist in car following. 

(3) Improve the simulation capability of the car-following models based on trade-off 
principle for RT and PRS from the LV in clear and foggy weather conditions. 

This research focused on participants’ homogeneity of rather than their 
heterogeneity, thus their age and gender were not discussed. 

1.4   Research Flow Chart 
Aiming to answer the problem and reach the goal of this study, this study was 

organized as Figure 1-1 and was divided into seven chapters. In Chapter 2, the 
literatures regarding the car following theories and quantum mechanics in optical flow 
were reviewed. In Chapter 3, quantum mechanics-based car-following model and two 
hypotheses were provided. In Chapter 4, a two-stage experiment rooted in quantum 
optical flow theory using data collected from a driver simulator and in a clear weather 
condition. Then, in Chapter 5, the applications contains three parts, (1) uncertainties 
of PRS and RT in foggy and emergency braking conditions; (2) the processes to a 
upgraded simulation design; (3) some of the RT data has been applied to an automatic 
driving vehicle following control logic in a mixed lane where automatic and manual 
driven vehicles mix near the event area and adjacent to an automated highway system. 
In Chapter 6, this study provided discussions from the some perspectives. Finally, the 
conclusions and recommendations were made in Chapter 7. 
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CHAPTER 2 LITERATURE REVIEW 

 

Based on the proposed research framework, issues of psychological and 
psychophysical factors, car following models, psychological quantum mechanics, 
quantum theory of vision, visual perception, and a foggy weather condition would be 
discussed. This section reviews some of the relevant literature in these areas. 

 

2.1  Psychological and Psychophysical Factors 

Trade-off between safety and other goals and motives of driving is a fundamental 
feature of the road user and the traffic system (Summala, 2005). In aspect of 
psychology, the psychological pacing factors in car driving are including emotional 
tension, subjective risk monitor, excitatory motives (target speed level), safety zone in 
driver’s task control, time margin, attentional resource capacity, and work load shown 
in Figure 2-1 (Summala, 2005). At sight on the individual differences, Rothengatter 
(2002) indicated that optimism bias and illusion of control in relation to driver 
behavior to be correlated, but self enhancement and self justification to be separate 
constructs. Furthermore Lewis-Evans et al. (2010) not only reported that subjective 
impressions of task difficulty, risk, effort, and comfort are key variables of several 
theories of driver behavior, but also showed the result that a threshold awareness of 
task difficulty, risk, effort, and comfort are related to time headway. 

Vehicle control is extensively based on time margins. Time safety margins have 
an important feature. Available time determines brake reaction latencies and time 
sharing, among other things. The detection of an obstacle often triggers nothing more 
than gas pedal response (lifting a foot off the pedal) and steeling response. Braking 
takes place at the threshold determined by time-to-collision (Summala, 2005). The 
audio-visual display resulted in improved traffic efficiency while not compromising 
safety (Houtenbos et al., 2017). 

Waard (2010) observed hand positions (high ,medium, and low) of participants in 
a driving simulator during the performance of a demanding task to measure driver’s 
perception of risk and then concluded that changes in hand positions do seem to be 
associated with changes in workload demand and hand position can give some 
information about driving mental workload. Dijksterhuis (2011) used a driving 
simulator to determine changes in mental effort in response to manipulations of 
steering demand while speed was fixed in all conditions to prevent a compensatory 
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reaction. 

 

Figure 2-1 Time margins and available time for action, through mental load, mediate 
between different level of driving.  

Resource: Summala (2005) 

In aspect of perceived stimulus’ psychophysical factors, Baker (1999) discussed 
the quantum mechanics of optic flow and its application to driving in uncertain 
environments. Some forms of the Heisenberg Uncertainty Principle (trade-off) was 
considered when the uncertainty in the position of the focal point,Δ x, and 
psychophysical momentum,Δγ, are at best equal to a time-based action constant 'h . 
Δx．Δγ≧ 'h . Furthermore, to consider psychological values of psychophysics, 
Sheu (2008) took a deep insight in the variations of psychological factors under 
anomalous traffic environments, e.g., lane-blocking incidents, and their influences in 
driver behavior may contribute to the existing car-following models falling short in 
deducing the resulting lane traffic phenomena. Sheu also extended a study about a 
quantum optical flow-based driver’s stimulus-response model to characterize 
car-following behavior (Sheu, 2013).  

Typically, driver, vehicle, roadway, and environment characteristics influence 
collision occurrence and injury severity. Driver characteristics (or human factors) 
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include age, gender, driving experience, and mental/physical health. Research has 
shown that two principal factors involved in the majority of rear-end collisions are 
driver’s inability to perceive and/or react to a lead vehicle’s actions and following a 
lead vehicle too closely (Knipling et al., 1993). Studies have revealed that driver 
perception and reaction to the lead vehicle’s action is the prime contributing factor in 
rear-end collisions (Dingus et al., 2006; Xiang et al., 2016). Environmental factors 
such as ice and poor road surface contribute to relatively few rear-end collisions since 
they predominately occur during daylight hours, on straight roads, and under clear 
weather conditions (Baldock et al., 2005). Whenever the uncertainty about when the 
light is going to come on increases, the RT increases (Fitts and Posner, 1967). 

RT can be deemed as a psychophysical factor. That is, RT is the time between 
the moment sensory stimulus appears and the consequent behavioral response. 
Mehmood and Easa (2009) asserted that RT exists when the front vehicle brakes and 
its brake light is on, and deceleration RT starts when the FV driver reacts and changes 
his/her speed. They also obtained experimental results indicating that RT differed 
significantly in normal, urgent, and stationary scenarios. Both urgency and 
expectancy significantly affect RT. Some empirical studies (Lee, 1976; Wang et al., 
2011) indicated that braking RT is roughly 1s for an alert driver. 

The RT is introduced with the aim of delaying the perception and processing of 
information about the neighboring vehicles. A delay is assumed to exist between the 
driver’s acquisition of information and the effective use of that information. In a 
car-following context, the RT seems to be an essential parameter that defines a 
physiological delay. (Tordeux et al., 2010) A RT was incorporated in a version of 
optimal speed model. (Davis, 2003) 

There are some important results of RT from researchers. Davis et al. (2006) 
found that (a) short following headways by the colliding drivers were probable causal 
factors for the collisions, (b) for each collision, at least one driver ahead of the 
colliding vehicles probably had a RT that was longer than his or her following 
headway, and (c) that driver’s RT had been equal to his or her following headway, the 
rear-end collision probably would not have happened. Treiber et al. (2006) considered 
four factors, (a) finite RTs, (b) estimation errors, (c) spatial anticipation, and (d) 
temporal anticipation, to basic physics-oriented traffic models incorporating into the 
human driver model. Summala et al. (1998) showed the result that RT was a function 
of the lead-car eccentricity (forced by different in-car display positions) for each 
experience group and distance–speed combination. 

Others researchers considered the RT as an important influence in their research 
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(Young and Stanton, 2002; Tseng, 2005; Wang, 2004; Liu, 2010). The variables 
affecting car-following behavior include (a) distance between a LV and the FV, (b) 
speed differential between a LV and the FV, (c) the FV’s speed, and (d) traffic 
conditions (Tseng, 2005). Liu (2010) presented that there was apparent influence in 
response time in the stimulus intensity and the intensity of stimulus was stronger, the 
shorter of the response time was. 

Figure 2-2 presents how the RT increases with the quantity of information that 
needs to be processed (World Road Association, 2003). It can be seen that RTs widely 
used in traffic engineering practices (1 second in urban areas, 2.0-2.5 seconds in rural 
areas correspond to very simple situations. The unit of information is bit that a bit is 
one decision (e.g., turning left/right, fast/slow, etc.). According to Lunenfeld and 
Alexander (1990), factors to be judged when computing the information load include 
land use, access control, traffic volumes, speed, task/maneuver, hazard (quantity and 
visibility), hazard visibility, sight distance, expectancy violations, and complexity. 

 

Figure 2-2 Reaction Time  
Resource: World Road Association (2003) 

 

In most experiments upon RT, a preparatory signal is given before the 
presentation of the stimulus. It is found that the RT varies with the length of the 
interval between the preparatory signal and reaction signal. Constant intervals are 
between 2 and 4 sec. 

The use of psycho-physiological measures to determine human responses to 
workload, particularly driving mental workload, has been extremely limited in the 
human factors test and evaluation (HFTE) realm. The U.S. Army has used 
physiological measures extensively to determine individual soldier responses to 
physical workload under battlefield conditions by collecting heart rate, ventilation rate, 
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skin temperatures, and core temperature. At least one attempt at integrating 
psycho-physiological measurement into HFTE procedures has been suggested ( Miller, 
1988). 

To sum up, the variables effecting car-following behavior include (a) distance 
between LV and FV, (b) speed differential between LV and FV, (c) FV’s speed, (d) 
uncertain environment. Furthermore, few researches analyze the relationship for the 
deviation of RT Δt with Δv (deviation of relative speed). 

Uncertainty is a parameter that means the dispersion of values. If a value of a 
mass is set as (1 ± 0.5) kg, the actual value is stated as likely to be somewhere 
between 0.5 kg and 1.5 kg. The uncertainty is 0.5 kg as a standard deviation and a 
positive quantity. By contrast, an error may be positive or negative. Random and 
systematic errors have contrasting natures. Random errors can be exposed when we 
replicate the measurement as attempting to keep the conditions constant. On the other 
hand, systematic errors can be exposed when we change the conditions, whether 
consciously or unintentionally (Kirkup and Frenkel, 2006). 

An uncertainty index (UI) is constructed as the value of deviation of observation 
(x) over the distribution interval (from a left endpoint to a right endpoint of an interval) 
of observation (x). 

xx

x
UI

−
=

)(δ

                                          (2.1) 

The Eq. (2.1) above is where )(xδ  is the value of deviation of observation (x), 

x  a left endpoint on interval, and x a right endpoint on interval. 

 

2.2 Car Following Models 

There are some major groups of the published car following models including (a) 
Gazis-Herman-Rothery (GHR) model, (b) psychophysical or action point (AP) 
models, and (c) safety distance or collision avoidance were discussed (Brackstone et 
al. 1999). A Car following situation is shown in Figure 2-3 (Toledo, 2003). The two 
kind of car-following models, such as GM model and Psycho-physical model, and 
car-following logic are reviewed as follows.  
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Figure 2-3 A Car following situation  
Resource: Toledo ( 2003) 

 

2.2.1 GM model  

Researchers at the GM Research Laboratories presented the sensitivity-stimulus 
framework that is the basis for most car following models to date. According to this 
framework a driver reacts to stimuli from the environment. The response (acceleration) 
the driver applies is lagged to account for RT and is given by Eq. (2.2),  

)()()( nnnn tstimulustysensitivittresponse τ−×=      (2.2) 

where, t is the time of observation and τn is the RT for driver n. The RT includes 
perception time (time from the presentation of the stimulus until the foot starts to 
move) and foot movement time. The GM models assume that the stimulus is the 
leader relative speed (the speed of the leader less the speed of the subject vehicle).  

The main advantage of the linear GM model is its simplicity. However, the 
assumption that the response to the relative leader speed is independent of the spacing 
between the vehicles is unrealistic. Moreover, steady state equations derived from this 
model yield a linear flow-density relationship, in which capacity is obtained at zero 
density. To overcome this problem Gazis et al.(1961) proposed a nonlinear model, in 
which the response is inversely proportional to the spacing. 

2.2.2 Psycho-physical model  

Weidmann (1974, 1991, 1992) and Leutzbach (1988) showed two unrealistic 
behavioral inferences of the GM models. The model presumes that drivers follow 



13 
 

their leader even when the spacing between them is large, and it presumes perfect 
perception and reaction even to small changes in the stimulus. They introduced the 
term perceptual threshold to define the minimum value of the stimulus that the driver 
will react to. The perceptual threshold value increases with the space headways. This 
captures both the increased alertness of drivers at small headways and the lack of car 
following behavior at large headways. Perceptual thresholds were found to be 
different for acceleration and deceleration decisions.  

Figure 2-4 demonstrates how car following proceeds under these assumptions. A 
vehicle traveling faster than its leader will get closer to it until the deceleration 
perceptual threshold is crossed (a). The driver will decelerate in an attempt to match 
the leader speed. However, the driver is unable to do this accurately and the headway 
will increase until the acceleration threshold is reached (b). The driver will again 
accelerate and so on. This model is able to explain the oscillating phenomenon 
observed in car following experiments. However, no rigorous framework for 
calibration of this model was proposed.  

 

Figure 2-4 Behavior of the Psycho-physical model 
Resource: Weidmann (1974, 1991, 1992) and Leutzbach (1988) 

2.2.3 Car Following Logic 

There are numerous literatures about car following logic. According to the types 
of vehicle on a lane (manual driven vehicles (MDVs), automatic driving vehicles 
(ADVs), and a mixed lane where automatic and manual driven vehicles mix (mixed 
vehicles)) and the event status, there are six categories as follows. 

1. MDVs and no event status (Brackstone et al., 1999; Pipes, 1953; Forbes et al., 
1959; Gazis et al., 1961; Chandler et al., 1958). Some researchers focused on the 
traffic consisting of manually driven vehicles and no event status and explored the car 
following logic, such as GM Model mentioned above. GM model took distance 
between a LV and the FV, acceleration and deceleration, the RT, the sensitivity 
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coefficient, the front distance factor (l) and the speed factor (m). Based on the 
quantum mechanical point of view, researchers considered important variables, such 
as psychological momentum, energy psychology, RT and the relative speed of a LV 
and the FV to describe the car following logic of external eyesight stimuli (Sheu, 
2008; Sheu and Wu, 2011; Sheu, 2013; Sheu and Wu, 2015). 

2. MDVs and an event status (Sheu and Dan, 2001). Acceleration, deceleration, 
and position of FV when the incident happened with the LV, relative speed between 
the LV and the FV, the RT and other important variables, were considered to build the 
logic of manual vehicle to predict events in advance. 

3. ADVs and no event status (Ohtsuka and Vlacic, 2002). Acceleration, vehicle 
speed, relative speed from the front vehicle, road gradient, vehicle weight and other 
important variables were considered to construct the car following judgment logical 
formula for the speed and braking system judgment. 

4. ADVs and an event status (Sheu, 2007; Sheu, 2004; Dong, 2006). Some 
researchers studied the acceleration change, event detection time point, distances from 
the front vehicles to the event point of occurrence, a spacing between ADVs, and 
other variables, constituted the dynamic proportion of combination and formulated an 
acceleration mode logic for ADV. 

5. Mixed vehicles and no event status (Huang et al., 1999). Some researchers 
thought about the relative speed, relative distance, vehicle distance, a safe distance, 
and RTs, and used situational judgment and decision tree to find the formula of 
judging the car following logic. 

6. Mixed vehicles and an event status (Sheu, 2007; Tsai, 2005). Some researchers 
considered an event detection point in time, a distance from the front vehicle to the 
point of occurrence of the event, vehicle speed regulation rate, the time to complete 
the lane change, buffer time, instant speed and other important variables to explore 
how to avoid the incident with the car control logic from a microscopic point of view. 

 

2.3  Quantum Mechanics in optical flow 

Some pioneering researches (Gibson and Crooks, 1938; Gibson, 1950, 1966; Lee, 
1980; Baker, 1999; Sheu, 2008, 2013) have investigated quantum mechanics in 
optical flow. These researches are to deal with the procedure of transmitting the 
driver’s perceived motion-related phenomena and the induced driving responses by 
computational judgment theories or the ecological optic theories. The researchers 
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Contel et al. (2009) stated that mental states, during perception and cognition of 
ambiguous figures, show to follow quantum mechanics. 

Sheu (2008) recommended the stimulus-response driver behavior model 
including two chronological phases: (a) visual stimulus, and (b) approximation of 
speed adjustment to reproduce the intra-lane individual driver’s decision process 
under the effects of perceived changes in external traffic environments. The 
formulation of the model is described in brief as follows.  

The states of linear momentum that satisfy the equality in the Heisenberg 
uncertainty principle for position and momentum, that is the intelligent states, are also 
the states that minimize the uncertainty product for position and momentum (Pegg et 
al.,2005). Briggs and Rost (2001) stated that energy-time uncertainty principle in 
quantum mechanics that Heisenberg himself assumed the subsistence of an analogous 
relationship for energy and time rooted in their classical conjugate relationship. Some 
rearchers (Shapiro, et al., 2005) developed the minimum uncertainty-product property 
from the perspective of wave functions and called the zero-mean squeezed state, a 
squeezed vacuum state.  

 

2.3.1 Visual stimulus 

A stimulus is such a change of energy in the environment as affects a sense organ. 
Light becomes a stimulus when it enters the eye and falls upon a sensitive retina. The 
quantum mechanics-based optical flow model is considered as an extension of a 
cognitive approach (MacLeod et al., 1983; Cavallo and Laurent, 1988; Baker, 1999). 
Herein, the optical flow-induced stimulus process is conceptualized in the quantum 
optical field, followed by a psychophysical momentum function to infer the driver’s 
post-stimulus response. The uncertainties in a quantum optical field change as a 
vehicle speed changes shown as Figure 2-5. 

 

Figure 2-5 The uncertainties in a quantum optical field change as a 
vehicle speed changes.  

Resource: https://www.skybrary.aero/index.php/Vision_(OGHFA_BN) 
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The conclusions of Baker (1999) were borrowed, and quantum mechanics to 
develop the incident-induced optical flow model was applied. The process is shown as 
follows. First, a peripheral visual field ( [ ])(),( tytxD ∆∆ ) is defined and shown in 
Figure 2-6. Here, the scope of the peripheral visual field may change with the 
instantaneous speed ( )(tvi ).  A driver driving in higher speeds need the 
concentration of processing resources and “tunnel vision”' must be considered as a 
demonstration of focused forward motion. Thus, Δx (the uncertainty in the forward 
field) and Δy (the uncertainty in the peripheral field), must be dealt with separately, 
due to experimentally recorded asymmetry from the interaction of the two field 
elements, namely. As claimed in Baker (1999), a higher vehicular speed may require 
the concentration of processing resources, thus forming the driver’s “tunnel version”, 
which is a manifestation of focused forward motion.  Therefore, a trade-off 
relationship between )(ty∆  and )(tvi  may exist (Sheu, 2008). 

 

 

 

 

 

Figure 2-6 Definition of a peripheral visual field  
Resource: Sheu (2008) 

Reaction times (RTs) are usually reduced when temporal uncertainty about 
stimulus occurrence is minimized. Rolke and Hormann (2007) concluded that 
temporal uncertainty influences stimulus processing at a perceptual level.  

In a study using computer simulations of car-following scenes, De Lucia and 
Tharanathan (2005) measured the time it took participants to respond to the 
deceleration of a LV. Mean response time was significantly shorter when headway 
was relatively near (0.5 s vs. 1.0 s). Furthermore, optic flow information became less 
effective (e.g., farther headways and slower rates of deceleration, which had smaller 
optical expansion rates). 

2.3.2 Approximation of speed adjustment   

Based on the quantum optical flow theory, the stimulus-response of the target 
driver can be treated as the outcome of the target vehicle’s speed adjustment 

 

y∆
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( )( ii ttv ∆+ ) at time 
itt ∆+  for continuously responding to the aggregate quantum 

optical flow resulting from the perceived vehicles dispersing ahead. The mathematical 
form of  )( ii ttv ∆+  is given by Eq. (2.3), 
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where 1α  represents a positive parameter; the aggregate psychological 
momentum ( )(t

FJM ); the instantaneous psychophysical momentum ( )(tM
Fj ); a 

time-varying weight ( )(, tw
Fji ); the driver’s workload ( )(tUi ), and it∆  is the RT of 

the target driver i . 

There are some reasons to accept the proposed model mentioned above. First, the 
proposed model shows applicable particularly under the effects of lane-blocking 
incidents (Sheu et al., 2001a; Sheu, 2003). Second, from a psychophysical point of 
view, it seems agreeable that the magnitude of speed adjustment by the target vehicle 
relies also on the driver’s workload ( )(tUi ). Third, if two different types of front 
vehicles, e.g., truck and private vehicle, were perceived in the above example, then 
the resulting amount of speed adjustment can be different in these two cases. 
Psychologically, the target driver can be more sensitive to the perceived front truck’s 
behavior, relative to the case of perceiving a private vehicle. 

2.4 Quantum Theory of Vision  

According to present vision theory (e.g., Geldard, 1972), the stimulus for the 
sensory modality of vision/sight is electromagnetic radiation (light) between 
approximately 380 and 740 nanometers (billionth of a meter), and where the initial 
processing of visual information is the receptor system consisting of photosensitive 
cells (rods and cones) in the retina of the eye. Vision is the process of transforming 
physical light energy into biological neural impulses that can then be interpreted by 
the brain. The electromagnetic radiation can vary in intensity (which is perceived as a 
difference in brightness level) and wavelength (which is perceived as a difference in 
color). The quantum theory of vision (e.g., Harris and Levey, 1975) sustains that light 
energy travels to the eye in the form of discrete or discontinuous changes in energy 
where wavelength frequencies correspond to definite energies of the light quanta 
called photons (Roeckelein, 1998). Furthermore Kilpeläinen and Summala (2007) 
indicated that daylight should assist drivers’ perceptions of road conditions and 
compose condition estimates more valid. 
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2.5  Visual Perception 

The wholly empirical approach to perception, created by Purves and Lotto 
(2003), grasps that percepts depend on evolutionary and individual experience with 
sensory impressions and the objects from which they derive. Much evidence advises 
that the perception of color, contrast, distance, size, length, and motion, may be 
verified by empirically associations between the sensory patterns and the relative 
success of behavior in response to those patterns (Wikipedia, 2013). 

Perception of motion is bewildered by a problem: movement in three 
dimensional spaces does not map absolutely onto movement on the retinal plane. A far 
object moving at a certain speed will interpret more slowly on the retina than a nearby 
object moving at the same speed. As stated above size, distance and orientation are 
given only the retinal image. As with other aspects of perception, empirical theorists 
propose that this problem is solved by trial-and-error experience with moving stimuli, 
their associated retinal images and the consequences of behavior. 

The same ambiguity pertains to the positional origin of light rays. Since size, 
distance and orientation are also conflated in the retinal projection (Purves and Lotto, 
2003). Fukushima (2008) recommended a method of extracting local speed from 
retinal images. X- and Y-cells of the retina extract spatial-temporal contrast of 
brightness from visual stimuli. 

Motion is a perceptual attribute. The visual system deduces motion from the 
changing pattern of light in the retinal image. Often the inference is correct. 

The optic flow then provides information about the observer's heading and the 
relative distance to each surface in the world. Gibson hypothesized that there's 
sufficient information in the visual stimulus to specify a unique, unambiguous 
interpretation of 3D motion and depth. Recently, mathematicians have proven that this 
hypothesis is basically correct. There is a caveat, however: distance and speed are 
ambiguous (e.g., they trade off). That is, a small, close object when you are moving 
slowly creates the identical retinal images over time as a large, distant object when 
you are moving quickly. That's why a driver needs a speedometer in a car. A driver is 
awful at making absolute speed and distance judgments. But, a driver is very good at 
relative speed/direction and relative distance. 

2.6 Foggy Weather Condition 

A Foggy weather condition affects driver perceptual judgments of speed and 
distance (Ni et al., 2012; Anwar and Khosla, 2015). Some researchers (Yan et al., 
2014) presented that the drivers reduced their speeds to decrease the driving risk 
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under foggy conditions. For safety reason drivers might slow the FV speed (Pretto et 
al., 2012) and enlarge the spacing between the LV. 

2.7 Sub-Summary 

Most car-following models emphasize vehicular spatial/temporal characteristics, 
e.g., relative speed, spacing, and headway, which are assumed to follow the laws of 
pure physics and mechanical engineering, where the uncertainties in human 
psychological factors and their interactions jointly influencing drivers can be ignored. 
This study emphasizes the importance of the driver perception uncertainty 
characterized in PRS and RT when analyzing or predicting driver response during car 
following in clear and foggy weather conditions. 

Theoretically, human psychological factors, such as driver perception of moving 
environments and stimulated responses should be embedded in a driver behavior 
model to characterize “real” driver behavior (Paz and Peeta, 2009; Chen et al., 2014). 
Particularly, this work aims at the effect of joint uncertainty of PRS and RT on 
car-following behavior in clear and foggy weather conditions. 

Previous research has shown that the two principal factors accounting for the 
majority of rear-end collisions are a driver’s inability to perceive and/or react to the 
actions of the LV and following an LV too closely (Knipling et al., 1993). Whenever 
uncertainty about when the LV’s brake lights will come on increases, RT increases 
(Fitts and Posner, 1967). Additionally Wang et al. (2011) developed a safety-based 
behavioral approaching model with different driving characteristics. 

Understanding the relationship of uncertainty in PRS with that in RT can provide 
additional insights regarding the correlation between driver perception and behavior 
under uncertainties, such that one can rationalize the dynamics of driver behavior in 
car-following scenarios. Notably, this work defines RT as the elapsed time (

12 ttT −≡ ) 
from the time when the LV driver takes action to change speed (e.g., the brake light of 
the LV is on) at time 1t  to the time when the FV driver takes action (e.g., puts a foot 
on the brake pedal) in response to the speed change of the LV at time 2t . Thus, RT 
relies on mental processes, including perception, comparison, and decision-making 
(Salvia et al., 2012). Using quantum optical flow theories, such effects can be 
characterized in the form of quantum-based PPM, thereby stimulating a driver’s 
intuitive adjustment in speed (Sheu, 2008). Additionally, a PRS (scale) is described as 
an FV driver perceiving physical relative speeds measured from records in driving 
simulator software during RT. Hoffmann and Mortimer (1996) developed a method to 
scale the relative speed between an FV and an LV, indicating that a power law 
relationship existed between subjective and physical quantities of the form (Stevens, 
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1957). This study took the operator, the natural logarithm (ln), on both sides of the 
form to obtain the linear relationship that relates subjective relative speeds to physical 
relative speeds. 
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CHAPTER 3 MODEL 

 

In this section, first this study introduced several key elements which underlie 
the fundamentals of existing quantum optical flow-based driver behavior models 
(Baker, 1999; Sheu, 2008; 2013) in subsection 3.1. Then, this study presented the 
proposed quantum-theoretic analytical models, including proposed hypotheses, in 
subsequent subsections to characterize driver perception uncertainty in the 
car-following scenario using the properties of quantum uncertainty in optics. 

 

3.1 Stimulus, Driver Perception, and Response 
In this work, stimulus, driver perception, and response are regarded as three key 

functional components determining the outcome of driver car-following behavior. The 
relationships among stimulus, driver perception, and response are indicated as follows. 
As such, stimuli can be classified into external and internal stimuli. External stimuli 
include visual stimuli (e.g., PRS and perceived rear brake lights) and driving 
environmental conditions (e.g., roadway and weather conditions). According to 
stimuli-response human behavior models (Jacoby, 2002; Tan et al., 2007), visual 
stimuli induce perceptual processing in brains when they are perceived. From the 
quantum optical flow perspective, the external stimuli can then be transformed into 
internal stimuli, e.g., PPE and PPM determined by driver characteristics such as 
driving mental workload which refers to the size of driving mental workload allocated 
for driving behavior. Using Sheu's model (2008, 2013), such internal stimuli can then 
be associated with driver response, e.g., acceleration and deceleration, in car 
following. Figure 3-1 showed the relevant relations of external stimuli, internal 
mental process, and response behavior. 
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Figure 3-1 The Relations of Stimulus, Driver Perception, and Behavior in Research 

Resource: Jacoby (2002); Tan et al. (2007) 

3.2 External and Internal Stimuli under Driver Perception Uncertainty 
According to quantum optical flow theories (Miura, 1987; Bartmann et al., 1991; 

Baker, 1999), one can define a quantum optical field ( )](),([ tytxD ∆∆ ) associated with 
any driver (e.g., the FV driver), to characterize the time-varying probability-based 
range (i.e., )(tx∆  and )(ty∆ ) of the driver attention allocated across the longitudinal 
( X ) and lateral (Y ) dimensions of )](),([ tytxD ∆∆  shown in Appendix A. Therein, 

)(tx∆  and )(ty∆  vary with time, and have stochastic features, mimicking Guassian 
processes, indicating that driver attention is not allocated evenly in )(tx∆  and )(ty∆ . 
Instead, driver attention is likely to spread in both the longitudinal ( X ) and lateral 
(Y ) dimensions of )](),([ tytxD ∆∆ , where the highest intensity of a driver's attention 
can be allocated at the center of the optical field )](),([ tytxD ∆∆  with the highest 
probability, thus forming a two-dimensional Gaussian wave packet (Morrison, 1990; 
Sheu, 2008).  

Now consider an FV (termed FV-vehicle i  moves in a given lane l  at time t . 
The FV driver observes surrounding traffic flows composed of a certain number of 
vehicles ahead (denoted by DJ ) within the corresponding quantum optical field 
( )](),([ tytxD ∆∆ ) at time t . Notably, )(tx∆  also represents the instantaneous visual 
scope in the longitudinal dimension of the quantum optical field at time t . Let each 
perceived vehicle (i.e., the vehicle perceived by the driver of FV vehicle i ) be 
denoted by 

Dj  (
DD Jj ∈∀ ). Then, vehicle Dj  contributes to the external stimulus 
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(i.e., PRS) to the driver of FV i  (denoted by )(tV ijD → ) at time t . Therein, )(tV ijD →
 

is given by Eq. (3.1) under driver perception uncertainty. 

)()()()( ttvtvtV ijijij DDD →→ +−= ε  ( ti,∀ ; DD Jj ∈∀ )                 (3.1) 

where )(tvi  and )(tv
Dj

 are the instantaneous speeds of FV-vehicle i  and 

Dj  at time t ; and )(tijD→
ε  represents the time-varying error term of PRS 

associated with the driver of FV-vehicle i  under perception uncertainty with the 

standard deviation )(tV ijD →
∆ ( tji D ,,∀ ). It is noted that )(tV ijD →

∆  can also be 

regarded as the magnitude of the uncertainty of PRS changing with time.  

As mentioned earlier (subsection 3.1), such an external stimulus attributed to 

PRS (i.e., )(tV ijD →
) then contributes to internal stimuli, including PPM (denoted by 

)(P tijD →
) and PPE (denoted by )(K tijD →

) associated with the driver of FV vehicle i  

via the effect of the optical flow. Using the computational judgment modeling 
approach to optical flow characterization in the quantum optic field (Baker 1999, 

Sheu, 2008, 2013), we have )(P tijD →
 and )(K tijD →

 given by Eq.s (3.2) and (3.3), 

respectively. 

)()()()(P tWtVtmt iijijij DDD
⋅⋅= →→→   ( ti,∀ ; DD Jj ∈∀ )               (3.2)   

[ ]
2

)()()(
)(K

2 tWtVtm
t iijij

ij
DD

D

⋅⋅
= →→

→   ( ti,∀ ; DD Jj ∈∀ )           (3.3)                    

where )(tm ijD →
 is light mass of Dj  perceived by the driver of FV vehicle i  

at time t ; and )(tWi  is the instantaneous driving mental workload of the driver of 
FV vehicle i  at time t, based on physiological measures (Brookhuisa and de Waard, 

2010). According to Eq.s (3.1) and (3.2), a negative PPM ( 0)(P <→ tijD
) may occur 

when 0)( <→ tV ijD
, meaning that the driver of FV vehicle i  perceives vehicle Dj  

http://www.sciencedirect.com/science/article/pii/S000145750900116X#aff1#aff1
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moving backward (e.g., moving toward FV vehicle i ). In this work, such a negative 

psychophysical momentum ( 0)(P <→ tijD
) is regarded as a negative internal stimulus 

to the driver of FV vehicle i , thus contributing to a negative effect on the speed 
adjustment (e.g., deceleration) of the driver. 

Using the quantum solution for stability we can further define PPE and PPM as 
functions of the optic flow, as suggested in Baker (1999). The induced image-wave 

duality relationship can then be utilized to derive that the uncertainty ( )(P tijD →
∆ ) of 

PPM revealed in the quantum optical field )](),([ tytxD ∆∆  has the trade-off 
relationship with )(tx∆ , which can be expressed in the form of Heisenberg 
Uncertainty Principle as Eq. (3.4): 

')()( httx ijD
≥∆Ρ∆ →   ( ti,∀ ; DD Jj ∈∀ )                           (3.4) 

where 'h  is an action constant, as defined in Baker (1999). For example, given 
that the driver of FV vehicle i  perceives a leading vehicle Dj  located ahead (e.g., 

)(tx ijD →
) within the quantum optical field )](),([ tytxD ∆∆  of the driver, where 

)(tx ijD →
 ( )()( txtx ijD

∆≤→
, t∀ ) represents the relative distance between vehicle Dj  

and FV vehicle i  perceived by the driver of FV vehicle i  at time t . Equation (3.4) 

indicates that the magnitude ( )(P tijD →
∆ ) of uncertainty in PPM increases (decrease) 

as the range ( )(tx∆ ) of the driver's quantum optical field )](),([ tytxD ∆∆  decreases 
(increases) in the longitudinal dimension under driver perception uncertainty. 

In the following, we further discuss the reasoning underlying the PPE function 
(Eq. (3.3)) in several aspects. 

First, we reasonably assume that it is possible to model the relationship between 
PPE and PRS using an analogy to a kinetic energy equation. 

Second, from a psychophysical viewpoint, that the magnitude of PPE associated 
with the FV driver also relies on the driver’s driving mental workload ( )(tWi ) seems 
reasonable. Theoretically, a driver with high driving mental workload may have a 
better awareness of surrounding traffic situations than a driver with a small driving 
mental workload (Recarte and Nunes, 2002). This may generate greater deceleration 
after perceiving an LV braking in the surrounding traffic situations. Therefore, PPE 



25 
 

( )(K tijD →
) is proportional to driving mental workload ( )(tWi ), as indicated in Eq. 

(3.3).  

Third, given two different LVs, such as a truck and a sedan, perceived in the 
above example, the resulting magnitude of PPE can differ. Psychophysically, the FV 
driver can be more sensitive to the perceived leading truck’s behavior than to the 
perceived sedan’s behavior, thereby contributing to different magnitudes of PPE in 
these two cases. Such a type-of-vehicle effect on car-following behavior can also be 
differentiated by using psychophysical momentum and energy in the proposed model 
and may not be addressed in existing car-following models. 

In addition, some properties derived from PPM and PPE (e.g., Eq.s (3.2) and 
(3.3)) are provided in the following to characterize the correlation between the 
external and internal stimuli during car following from the FV driver perspective. 

Corollary 1. Let )(tX ijD →
 be the relative distance between the FV i  and LV 

Dj  at time t . The change in )(tV ijD →
 has a time-varying effect (i.e., )(K t

iDjV →
′ , 

)(
)(K

)(K
tV
t

t
ij

ij
ij

D

D

D
→

→
→ ∂

∂
≡′ ) on )(K tijD →

,which can be characterized by either Eq. (6a) or 

(6b). 

( )
( ) )(P)(K

)()(
)()()(2

)(K 2

2

tt
tVtX

ttVttVtX
t ijij

ijij

ijijij
ij DD

DD

DDD

D →→
→→

→→→
→ +⋅













∂

∂⋅+∂⋅⋅
=′  ( ti,∀ ; DD Jj ∈∀ )(3.6a) 

or 

( )
( ) )(P)(K

)()(
)()()(2

)(K 2

2

tt
tVtX

tXtXtX
t ijij

ijij

ijijij
ij DD

DD

DDD

D →→
→→

→→→
→ +⋅













∂

∂+∂⋅
=′  ( ti,∀ ; DD Jj ∈∀ )  (3.6b) 

Corollary 1 indicates that given the driver of the FV i  perceives the change in 

)(tV ijD →
 (termed external stimulus change, i.e., 0)( ≠∂ → tV ijD

), the resulting change 

in PPE (termed internal stimulus change, i.e., )(K t
iDjV →

′ ) has something to do with the 

perceived instantaneous inter-vehicle relationship such as relative distance ( )(tX ijD →
) 

and PRS ( )(tV ijD →
), as well as the instantaneous internal stimulus itself, i.e., PPE 
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( )(K tijD →
) and PPM ( )(P tijD →

). Specifically, the magnitude of such a time-varying 

effect on PPE ( )(K t
iDjV →

′ ) is positively associated with PRS ( )(tV ijD →
) and the 

perceived change of relative distance (i.e., )(tX ijD →
∂ ); and however, negatively 

associated with )(tX ijD →
. The proof of Corollary is provided in Appendix A. 

In addition, motivated by the work of Briggs and Rost (2001) on the derivation 
of the time-dependent Schrödinger equation (TDSE), we further postulate that the 

uncertainty in PPE (denoted by )(K tijD →
∆ ) has the trade-off relationship with the 

uncertainty in driver RT (denoted by )(tT ijD →
∆ ). In reality, numerous researchers of 

quantum mechanics attempted to introduce the time construct into the quantum 
system to characterize the association of a particle's quantum state of movement with 
time. Therein, TDSE is a well-known fundamental equation of quantum mechanics 
which was proposed by Schrödinger (Schrödinger, 1926) to generalize the 
time-dependent Hamiltonians from conservative time-independent Hamiltonians. 
Nevertheless, TDSE had gave rise to quite a few challenges (e.g., Born et al., 1926; 
Briggs and Rost, 2001) and resolutions (e.g., Dirac, 1927) on its mathematical 
plausibility and validity in precisely determining a particle's position given its energy 
at time t , which may violate the properties of a quantum system. Furthermore, 
Heisenberg also reasoned that a trade-off analogous relationship between the 
uncertainty in energy and time (denoted by htE ≥∆∆ ) may exist in a conjugate 
form similar to Heisenberg Uncertainty Principle (Eq. (3.4)). Accordingly, we infer 
that an analogy may exist between the PPE－RT uncertainty principle revealed in car 
following and the energy–time uncertainty principle in quantum mechanics, and thus, 
postulate the hollowing hypothesis (Hypothesis 1). 

Hypothesis 1. For a given driver of FV i  who perceives LV Dj  in car 

following at time t , the uncertainty in psychophysical energy ( )(K tijD →
∆ ) and that in 

RT ( )(tT ijD →
∆ ) are two complementary variables which also exhibit the properties of 

quantum uncertainty in a conjugate form given by Eq. 3.7). 

')()(K htTt ijij DD
≥∆⋅∆ →→  ( ti,∀ ; DD Jj ∈∀ )                       (3.7) 
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According to Hypothesis 1 regarding the PPE–RT uncertainty principle, we 
illustrate two extreme cases that may occur in the imaginary traffic car-following 
scenario. The first case is that the uncertainty of PPE is infinitesimal, mimicking the 
situation in which a space-control device connected between the LV and FV, linking 
LV and FV like articulated cars. This can make the FV driver feels so comfortable in 
car following without any change of PPE, leading to the phenomenon that the 
uncertainty in the FV driver’s RTs goes infinite as no chance exists for the FV to 
collide with the LV. The other case is that uncertainty of PPE is infinite, sort of like 
the situation when both the LV and FV move fast in a small spacing and free-cruising 
state while the LV changes speed frequently and irregularly. Under such a condition, 
the FV driver may pay fully attention on the movement of FV for any quick response 
in car following, thus leading to the phenomenon that the uncertainty in FV driver's 
RT goes infinitesimal (e.g., a constant RT), as indicated in Hypothesis 1. 

Furthermore, it is worth mentioning that statistically defining )(tT ijD →
∆  as the 

standard deviation of RT is advantageous, as is defining )(K tijD →
∆  statistically as 

the standard deviation of PPE for the perception of an FV driver during RT in the 
car-following scenario. Thus, one can easily see that a trade-off might exist between 

)(K tijD →
∆  and )(tT ijD →

∆  ( ti,∀ ;
DD Jj ∈∀ ).  

As the properties of the squeezed state of light have been verified in the area of 
quantum optics (Iida et al., 2012; Mitra and Mukhopadhyay, 2013), we further posit 
that the squeezed state of quantum uncertainty attributed to the quadrature 

components )(K tijD →
∆  and )(tT ijD →

∆  may exist under driver perception 

uncertainty such that minimizing the uncertainty product of Eq. (3.7) yields an 
approximate expression equivalent to an action constant 'h . Therein, the squeezed 
state is regarded as a minimum quantum uncertainty state in which the quantum 
uncertainty associated with a quadrature component is squeezed at the expense of the 
other, e.g., two quadrature components of quantum uncertainty are squeezed 
unequally; however, the quantum uncertainty represented by the product of the 
quadrature components can reach to its minimum value. Therefore, the conjugate 

form which characterizes the trade-off relationship between )(K tijD →
∆  and 

)(tT ijD →
∆  in Hypothesis 1 can be transformed into a linear relationship, as presented 
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in Eq. (3.8). 

))(Kln()'ln())(ln(

)'ln())(ln())(Kln(

')()(K

1 thtT

htTt

htTt

ijij

ijij

ijij

DD

DD

DD

→→

→→

→→

∆−=∆⇒

=∆+∆⇒

=∆⋅∆

α

 ( ti,∀ ; DD Jj ∈∀ )           (3.8) 

where 1α  represents a dummy parameter to facilitate conducting the hypothesis 
tests for Hypothesis 1 using the one-tailed t-test. Specifically, one can propose the null 

hypothesis ( nullH ) given by 0: 1 ≤αnullH  to infer that ))(ln( tT ijD →
∆  and 

))(Kln( tijD →
∆  are not related. The alternative hypothesis (

AH1
) is 0: 11 >αAH  

indicating that ))(ln( tT ijD →
∆  and ))(Kln( tijD →

∆ are negatively related. 

 

3.3 Relationship of Uncertainty between )(tV ijD →
∆  and )(tT ijD →

∆  

Grounded on the principles derived above, this subsection presents the extended 
model which permits characterizing the relationship between the uncertainty of PRS 
and that of RT under driver perception uncertainty in car following. 

First, employing the method proposed by Ferson et al. (2007) we approximate 

)(K tijD →
∆  in the form of the weighted quadrature sum with respect to the standard 

deviation of PRS ( )(tV ijD→
∆ , tji D ,,∀ ) and that of driving mental workload ( )(tWi∆ ,

ti,∀ ), as expressed in Eq. (3.9). 
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 ( ti,∀ ; DD Jj ∈∀ )  (3.9) 

Using Eq. (3.9), we can easily derive Corollary 2 presented as follows.  

Corollary 2. Given driving mental workload is fixed at time t  (i.e., 0)( =∆ tWi
,

t∀ ), we then have 
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DDD
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∆
=

∂

∂
⇔∆⋅′=∆  ( ti,∀ ; DD Jj ∈∀ )  (3.10) 

Corollary 2 indicates that the change of PRS ( )(tV ijD →
∂ ) causes the change of 

PPE ( )(K tijD →
∂ ) which can be statistically approximated by the standard deviation of 

PPE ( )(K tijD →
∆ ) divided by the standard deviation of PRS ( )(tV ijD →

∆ ). Furthermore, 

Corollary 2 can be regarded as a generalization complementary to Corollary 1 to 

characterize the association of the external stimulus ( )(tV ijD →
∂ ) with the internal 

stimulus ( )(K tijD →
∂ ). 

By applying Corollary 2 to Hypothesis 1, then we can rewrite Eq. (3.7) as 

K
'

)(K
')()(

')()()(K

')()(K
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D
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DD

  ( ti,∀ ; DD Jj ∈∀ )          (3.11) 

where K′  represents the upper bound of )(K tijD →
′  ( ti,∀ ;

DD Jj ∈∀ ). 

Accordingly, we postulate Hypothesis 2 as follows. 

Hypothesis 2. For a given driver of FV i  who perceives LV 
Dj  in car 

following at time t , the uncertainty in PRS ( )(tVi∆ ) and that in RT ( )(tT ijD →
∆ ) are 

two complementary variables which also exhibit the properties of quantum 

uncertainty in a conjugate form given by 
K

')()(
′

≥∆⋅∆ →→
htTtV ijij DD

 ( ti,∀ ;

DD Jj ∈∀ ). 

In contrast with Hypothesis 1, Hypothesis 2 provides two implications. First, Eq. 
(3.11) infers that the trade-off relationship exists between the uncertainty of PRS 

( )(tVi∆ ) and uncertainty of RT ( )(tT ijD →
∆ ), similar to the trade-off relationship of 

uncertainty between )(K tijD →
∆  and )(tT ijD →

∆  revealed in Hypothesis 1. Such an 

information uncertainty relationship enhances our reasoning about the association of 
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external stimulus (e.g., )(tV ijD →
∆ ) with internal stimulus (e.g., )(tT ijD →

∆ ) in car 

following under driver perception uncertainty. Second, by comparing the lower 
bounds of Eq.s (3.7) and (3.11) we infer that the magnitude of the trade-off of 

uncertainty between )(tV ijD →
∆  and )(tT ijD →

∆  (Hypothesis 2) is greater than that 

between )(K tijD →
∆  and )(tT ijD →

∆  (Hypothesis 1). Such a reasoning infers the 

natural existence of a human mental buffer mechanism, sort of like the decoupling 
function of logistics－inventory, to decouple the effect of uncertainty in external 
stimulus on human psychology and behavior.   

Similar to Eq. (3.8), using the properties of the squeezed state of quantum 
uncertainty we further transform the conjugate form (Eq. (3.11)) presented in 
Hypothesis 2 into a linear relationship to characterize the trade-off relationship 

between )(tV ijD →
∆  and )(tT ijD →

∆  bounded with a minimum lower bound. Thus, 

we have 

))(ln()'~ln())(ln(
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''~()'~ln())(ln())(ln(
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1 tVhtT
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ijij
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DD

→→

→→

→→

∆−=∆⇒
′

==∆+∆⇒

′
≥∆⋅∆

β

 ( ti,∀ ; DD Jj ∈∀ )    (3.12) 

Thus, the conjugate form presented in Hypothesis 2 can be represented by the 
other form given by Eq. (3.12) to facilitate conducting the hypothesis test. Therein, 

we have the null hypothesis 0: 1 ≤βnullH  such that ))(ln( tT ijD →
∆  and 

))(ln( tV ijD →
∆  are not related. The alternative hypothesis (

AH 2
) is 0: 12 >βAH  

indicating that ))(ln( tT ijD →
∆  and ))(ln( tV ijD →

∆  are negatively related. 

Figure 3-2 shows the quantum optical flow-based research roadmap for linking 

the relationship of uncertainties )(tV ijD →
∆  and )(tT ijD →

∆ . The research roadmap 

indicates that the trade-off between )(tV ijD →
∆  and )(tT ijD →

∆  ( ti,∀ ;
DD Jj ∈∀ ) in 

the car-following scenario under driver perception uncertainty. By defining the 
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uncertainties as the standard deviations of probability distributions, the 

aforementioned uncertainties, e.g., )(tV ijD →
∆  and )(tT ijD →

∆ , can then be 

approximated for hypothesis tests using the driving simulator. 

)](),([ tytxD ∆∆ )(tV ijD→
∆ )(K tijD→

)(P tijD→

)(K tijD→
∆

)(tT ijD→
∆ )()(K tTt ijij DD →→ ∆⋅∆

0)( =∆ tWi'h

)()( tTtV ijij DD →→ ∆⋅∆

  
Figure 3-2 The quantum optical flow-based research roadmap linking the relationship 

between uncertainties )(tV ijD →
∆  and  )(tT ijD →

∆  
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CHAPTER 4 EXPERIMENTS AND RESULTS 

Following the procedure of the experiment adopted in Sheu and Wu (2011, 2015), 
this work designs a two-stage experiment, which is detailed in the next section to 
facilitate conducting the corresponding hypothesis tests. The two-stage experiment 
contains two separate experiments executed one after the other (Figure 4-1), where 
the first stage experiment explores psychophysical energy-time uncertainty and tests 
Hypothesis 1; and the second stage experiment discovers the revised trade-off 
between ΔPRS and ΔRT, and tests Hypothesis 2. The two-stage experiment was 
conducted using a driving simulator. The following details the experimental 
procedures in the upgraded simulation software. 

Based on Figure 4-1, we further specified the primary procedures required to 
conduct the first stage and second stage experiments which contained eight and seven 
steps, respectively, as presented in Figure 4-2 and Figure 4-3. Furthermore, we 
adopted the measure suggested in Bar-Anan et al. (2009) to reveal the detailed 
information about the purpose of and procedures in the two-stage experiment to each 
participant to avoid uncertainty caused by a lack of information. 
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Figure 4-1 The two-stage experimental flowchart  

 

End 

Yes 

No 

Design the programs for 
the driving simulator 

Follow the steps of the 
second experiment. 

Follow the steps of the 
first experiment. 

Are the programs fit for 
the driving test? 

Use statistical software to 
analyze the data, e.g., PPE and 
the minimum action constant. 

Use statistical software to analyze the 
data, e.g., PRS, RT, and the minimum 
action constant 

Start to plan the two-stage 
experiment based on Eq. (3.7) 
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Figure 4-2 The first stage experimental procedure  

End 

Start 1st Exp. 

Does the tester do the 
experiment? 

No 

Yes 

2. Let the tester do a driving trial 
in the driving simulator. 

Yes 

Does the tester feel 
comfortable? 

No 

6-1. Fill in the questionnaire 
of workload and weight. 

5. Let the tester leave the driving 
simulator and sit in front of the 

computer. 

6-2. Fill in the questionnaire of 
PRS. 

4. Software records 
the RTs and 
figures. 

7. Check the questionnaires and 
insure the data useable. 

Yes 

No If the accumulated 
number of tester ≧

16? 

3. Make the tester do the formal 
driving test in the driving 
simulator.  

1. A participant was briefed on purposes, 
methods, procedures, and potential risk 
and signed an agreement. 

8. Call for the next 
tester on schedule 
and go to the start. 

Stop 
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Figure 4-3 The second stage experimental flowchart  

 

4.1 Participants 
The original number of participants was 20. Due to some participants were 

Start 2nd Exp. 

2. Software records 
the RTs and figures. 

Yes 

No If the accumulated 
number of tester 

≧16? 

6. Call for the next 
tester on schedule 
and go to the start. 

5. Check the questionnaires and 
insure the data useable. 

4. Fill in questionnaire of PRS. 

3. Let the tester leave the driving 
simulator and sit in front of the 

 

1. Make the tester do the formal 
driving test in the driving 
simulator.  

End 
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distracting, or not feel well, the finally number of participants was 16. Sixteen 
volunteers, 8 males and 8 females who had an average age of 37.9 years, (range 
20–60 years), were selected to join in the experiments. Criteria for enrollment were 
normal or corrected vision, no medication use, no alcohol consumption in the 
previous 24 hours, and aged 18 or older. Each participant was aware of test 
requirements and provided written consent. 

 

4.2 Independent and Dependent Variables 

The quantum optical flow-based driver’s stimulus-response model (Sheu, 2008) 
was applied to characterize car-following behavior. The quantum optical flow from 
the rear brake light blinking on/off and the different environmental situations was 
affected by speed and spacing (space headway) determined intuitively. Thus, different 
levels of speed and spacing were the input stimuli and independent variables in the 
experiments. The PRS and RT were outputs and dependent variables. 

The specifications of independent variables are provided as follows. This work 
defines three independent variables: speed, spacing and perceived light mass of LV. 
The variable of speed refers to as the speed of the FV. In the work, we consider three 
levels of speed, 30 kph, 60 kph and 90 kph, preset for experiments using the driver 
simulator. In each experiment, the speed level was chosen randomly by the program. 
Participants who acted as the FV drivers were, then, given an audio suggest via the 
system to maintain comparable speed during the tests. The spacing between the 
simulated LV and FV had three levels: 20 m, 40 m, and 60 m. The three levels of 
spacing in virtual environments were also simulated using EON Studio 4.0 in the lab. 

The perceived light mass of LV (i.e., )(tm ijD →
) refers to the magnitude of )(tm ijD →

 

perceived by the FV driver (i.e., the participant). The magnitude of )(tm ijD →
 at 

different relative speeds was transformed into input types using the Lucas–Kanade 
optical flow algorithm (Doğan et al., 2010) in OpenCV software in the experiment. 

In addition to independent variables, this work specifies four dependent variables, 
including RT, PRS, driving mental workload, and PPE. The following presents the 
definitions of dependent variables. 

Reaction time (RT)－The RT is defined as the elapsed time 
12 tt − , and recorded 

by the driving simulator software, where 
1t  is the time at which the brake light of the 

LV turns on/off, and 
2t  is the time at which the driver of the FV car takes action and 
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places a foot on the brake/accelerate pedal. 

Perceived relative speed (PRS)－The PRS reported by the FV driver was 
recorded. Furthermore, the brake/accelerate pedal of the FV vehicle was used to trace 
the RT to changes in FV driver’s visual perception. Participants’ PRSs were obtained 
after each task using a method adopted from Hoffmann and Mortimer (1996). 
Hoffmann and Mortimer (1996) scaled the relative speed between vehicles by setting 
the same spacing and different decelerations/accelerations of the LV. By contrast, our 
experiments designed additional scenarios with same deceleration/acceleration values 
and different spacings (Tian et al., 2015) and initial speeds to enhance the reality of 
driver perception in experiments. To reduce the measurement bias of PRS, this study 
conducted a scaling-PRS experiment that had also been conducted in Hoffmann and 
Mortimer (1996). A seven-point Likert scale (1–7) was used to assess PRS with 20 m, 
40 m, and 60 m spacings. The seven subjective perceptual points and their physical 
relative speeds were as follows: 1, no relative speed (0 m/s); 2, quite slow (1 m/s); 3, 
slightly slow (2.2 m/s); 4, moderate (3.4 m/s); 5, slightly fast (4.5 m/s); 6, quite fast 
(5.6 m/s); and 7, extremely fast (6.7 m/s). The physical relative speed was shown in 
Figure 4-4. Comparing with the physical relative speed and the PRS, the consistence 
exists in both of them (Hoffmann and Mortimer, 1996). 

 

 

Figure 4-4 Physical relative speed.  

 

Driving mental workload－Driving mental workload scores were subjective as 
they were reported by the participants on a Likert seven-point scale in the experiment, 

t1 t2

x1

x2

x3
x4

X :Time
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physical relative velocity=V1-V2= (x4-x3)/(t2-t1)- (x2-x1)/(t2-t1)
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V2

Trajectory of the front car
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ranging from 1 for no time pressure to 7 for extreme time pressure, in the nine 
scenarios. Compared with the six factors of the National Aeronautics and Space 
Administration-Task Load Index (NASA-TLX) (Hart, 2006)—mental demand, 
physical demand, time pressure, performance, effort and frustration level—time 
pressure in different driving scenarios in the first stage  experiment is the most 
important factor and the others factors are the same in different scenarios. 

Perceived psychological energy (PPE)－The PPE defined in Eq. (3.3) mentioned 
above is half of the product of perceived light mass, square of PRS, and driving 
mental workload. The variable PPE is not one that we can measure directly. However, 
according to the definition that PPE is a function of PRS originated in the quantum 
mechanics of optic flow aspect (Baker, 1999) we can measure PPE indirectly by 
means of PRS. Until now this may be the only way to measure PPE due to the 
limitations in the driver simulator. So this indirect measurement can be regarded as a 
preliminary experiment to identify the correlation between RT and PPE. 

We collected experimental data associated with RTs and PRSs which were same 
variables in the first stage and the second stage experiments. Then we divided the 
collected data into two sub-data-sets. The first sub-data-set were used in the first stage 
experiment for investigating the psychological energy-time uncertainty, 

')()(K htTt ijij DD
≥∆⋅∆ →→

. The Κ consists of the factors of PRS  and W . The RT 

is affected by the speed perception and optical information produced by driving on a 
straight open road. The second sub-data-set were used in the second stage experiment 

to identify the revised trade-off relationship between the value of ))(ln( tT ijD →
∆  and 

that of ))(ln( tV ijD →
∆ under driver perception uncertainties. To decrease the 

propagation of uncertainty, we assumed that the uncertainty of the driving mental 
workload is zero. Then the simplified relationship between the uncertainty of PRS and 
the uncertainty of RT was tested in the second stage experiment. 

 

4.3 First Stage Experiment 

The purpose of first stage experiment was to test Hypothesis 1, where the 

corresponding null hypothesis is 0: 1 ≤αnullH ; and alternative hypothesis (
AH1

) is 

0: 11 >αAH  such that the relationship between )(tT ijD →
∆  and )(K tijD →

∆  (i.e., 
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')()(K htTt ijij DD
≥∆⋅∆ →→

) presented in Hypothesis 1 can be verified.  

According to hypothesis test for regression slope, we focused on the slope of the 

regression line, ))(Kln()'ln())(ln( 1 thtT ijij DD →→ ∆−=∆ α , where )'ln(h is a constant, 1α

is the slope (also called the regression coefficient). If we found that the slope, 1α , of 
the regression line is significantly different from zero, then we concluded that there is 

a significant relationship between ))(ln( tT ijD →
∆ and ))(Kln( tijD →

∆ , and we rejected 

the null hypothesis. This involved comparing the P-value to the significance level and 
rejecting the null hypothesis when the P-value is less than the significance level (α). 

A driving simulator provided by Institute of Transportation (IOT), Taiwan was 
used in the following experiments. This simulator has a physical driving cabin, virtual 
reality–based visual and audio systems, a computer program for vehicle motion 
simulation, and an FV computer system that simulates a lifelike driving environment. 
Figure 4-5 (a) shows a screen view of the driving environment. The driving cabin is a 
real car body. The virtual environments are generated using EON Studio 4.0 (EON 
Reality, Inc., USA), a program for developing 3D interactive applications (Sheu and 
Wu, 2015). 

 

(a)                                    (b) 

  Figure 4-5  The IOT driving simulator：(a) a lifelike screen view; (b) a 
personal computer screen view. 

Furthermore, a powerful software Unity that can be applied in a personal 
computer shown in Figure 4-5 (b) was also used in this study shown in Appendix B. 

The simulated driving scenario is described as follows. The roadway was 4,500 
m long with three 3.65 m wide straight lanes and took rough nine minutes to complete. 
The nearby virtual environment was a rural road. Participants were told to drive as 
naturally as possible. The 4,500 m roadway was divided into nine sections, each 500 
m long, and randomly assigned one scenario to one of the nine sections. Figure 4-6 
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illustrates a simulated LV appeared in one road section. According to literature for 
relative speed perception (Hoffmann and Mortimer, 1996), participant drivers were 
requested to drive the simulated FVs at a constant speed chosen randomly from the 
designed three speed levels (i.e., 30 kph, 60 kph and 90 kph). The spacing between 
the LV and FV was controlled by a computer program for vehicle motion simulation 
at three spacing levels (i.e., 20 m, 40 m, and 60 m). Then the LV was controlled such 
that the LV－FV spacing remained at one of the three designed spacing levels 20 m, 
40 m, and 60 m in a given test. Therefore, there were nine combined test scenarios. 
Figure 4-7 shows the concepts of the nine test scenarios. The red dotted-line ovals 
represent visual scope and the arrows show the optical flow in the rear window of the 
LV. 

In an initial condition, the LV started with a 40 m space between the FV without 
any surrounding traffic in any road section. Then, the audio system gave an audio 
suggestion of speed to the FV driver to facilitate the driver’s adjusting vehicular speed 
when reaching to the 200 m LV－FV spacing range in a simulated road section. Then 
the brake light of the LV was randomly turned on for rest of the road section and the 
LV decelerated at 3.4 m/s2 for 2 seconds. The driver of the FV then activated the 
brakes to avoid a collision. In the next road section, the FV driver heard another speed, 
saw the event and took action. For instance, in the first road section, the driver of the 
FV heard 60 kph and drove the FV at that speed with the 40 m spacing. The program 
assigned one scenario randomly to one road section. The driving simulator does not 
provide the function to simulate the distance fluctuating when the LV moves with 
constant speed. However, in the experiments the participants were instructed to follow 
the LV in the same way as they would on a simulated highway during maneuvers. The 
RT was recorded. In each section, the optical flow was recorded when the LV was 
braking at a constant deceleration rate and duration. 

We wrote a sub-program in the driving simulation program to record the nine 
scenarios throughout the driving simulation for each participant. Then each 
participant could replay the result of each scenario on the screen in the driving 
simulation lab to measure the relative speeds, and complete the questionnaire. So the 
measurement of PRS is considerable reliant. The measurement of PRS in our study 
was taken according to the literature of Hoffmann and Mortimer (1996). So, there is 
considerable credible.  
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Figure 4-6 A personal computer screen simulated LV in one road section  

 

 

Figure 4-7 Concepts of nine test scenarios when the LV decelerated  

 

The participants were briefed on study purposes, methods, procedures, and 
potential risk, and then, tested individually. Each participant was seated at 
comfortable viewing distance from the display. After reading the instructions, they 
took a driving test using the driving simulator. Each experimental session began with 
a five-min. practice trial designed to allow participants to become comfortable with 
driving in this virtual environment. They were instructed to stay in the middle lane 
and to drive at any speed that was comfortable. They were further instructed to keep 
focused on road in front of their car. After successfully completing a practice drive, 
each participant finished the following sequence five times: (a) complete an 
experimental drive; (b) exit the vehicle and report the PRS in nine scenarios in the 
experimental drive; and (c) complete the Likert seven-point scale (1 for no time 
pressure to 7 for extreme time pressure) for the comparative driving mental workload 
in the nine scenarios. The individual scores were averaged to provide a total workload 

90kph,60m60kph,40m90kph,20m

60kph,60m60kph,40m60kph,20m

30kph,60m30kph,40m30kph,20m



43 
 

score. To prevent fatigue and boredom due to sitting for long periods and focusing on 
images in the simulator, participants exited the car and completed a non-driving test 
between experimental drives. 

Then, the repeated measures analysis of variance (repeated measures ANOVA) 
was applied to calculate differences in PPE, RT, PRS, and driving mental workload. 
Two-factor ANOVA (speed vs. spacing) was applied to the nine simulated scenarios to 
investigate main effects and interactions. Experimental data were analyzed using 
mathematical transformation, the natural logarithmic function (ln), and a model of 
Curve Fitting with Analyze/Regression/Curve-Estimation in SPSS Software. In the 
first stage experiment, we generated 720 records (16 participants× 5 tests× 9 
scenarios). Table 4-1 and Figure 4-8 present the measurements of the key dependent 
variables, PPE and RT, obtained in different speed－spacing scenarios of the first 
stage experiment. Moreover, Table 4-2 indicates that speed and spacing are two 
repeated-measure factors which have significant effects on the dependent variables 
PPE and RT, according to the test results of the repeated measures ANOVA (Sheu and 
Wu, 2015). 

Table 4-1 Experimental results of the first stage experiment 
Spacing scenario 
 
Speed scenario 

Spacing= 20 m 

Κ  
(scale) 

∆Κ  
(scale) 

T  
(msec) 

ΔT 
(msec) 

'h
*(note) 

W (scale) 

Speed= 30 kph 13.6 7.6 1485.9 342.7 2.6 3.4 
Speed= 60 kph 26.2 12.6 1314.7 317.1 4.0 4.6 
Speed= 90 kph 48.4 22.6 1250.7 258.8 5.8 5.4 
 Spacing= 40 m 
Speed= 30 kph 6.5 3.7 1827.2 416.3 1.5 2.6 
Speed= 60 kph 13.3 6.8 1782.9 416.9 2.8 3.7 
Speed= 90 kph 24.8 10.7 1585.7 273.7 2.9 4.4 
 Spacing= 60 m 
Speed= 30 kph 2.4 2.4 1770.1 426.4 1.0 2.2 
Speed= 60 kph 6.0 4.2 1655.2 386.3 1.6 3.1 
Speed= 90 kph 11.5 6.9 1703.7 356.6 2.5 3.6 

K : mean value of PPE; K∆ : standard deviation of k ;T : mean value of RT; T∆ : standard 

deviation of RT; 'h : action constant; W : mean value of driving mental workload.  Note: the Unit of 

'h  =sec* scale* scale. 

 



44 
 

 
Figure 4-8 Plots of PPE and RT (first stage experiment)  

 

Table 4-2 ANOVA statistics for PPEs and RTs 
Variable F p 
PPE (df=2, 98)   
    Speed 19.1 <.0005 
    Spacing 113.5 <.0005 
    Speed⋅Spacing   3.8 <.01 
RT (df=2, 98)   
    Speed 5.8 <.01 
    Spacing 32.6 <.01 
    Speed⋅Spacing   1.0 .13 

Resource: Sheu and Wu (2015) 

Then, we fitted ln(ΔK) versus ln(ΔT), where the corresponding test results are 
presented in Table 4-3. As can be seen from the R-squared statistics of Table 4-3, the 
empirical equation postulated in Hypothesis 1 (Eq. (3.8)), overall, fits data well. For 
example, the R-squared value of the linear function yielded in the scenario of PRS<0 
was 0.705, significant at 0.005 <0.05, indicating that 88% of the first stage 
experiment result is explained by independent explanatory variables for the case when 
PRS<0. The result of the curve fit was shown in Figure 4-9. Furthermore, we 

calculated the t-statistics for ln( )(K tijD→
∆ ) by the ratio 

1ˆ1 /)0ˆ( αα S− , where 1α̂  is 

the estimator of coefficient 1α ; and 
1α̂

S  is the standard deviation of 1α̂ . The 
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corresponding test results of Table 3 indicate that the null hypothesis ( 0: 1 ≤αnullH ) of 
Hypothesis 1 is rejected at a 0.05 level of significance. Accordingly, the negative 

relationship between ln( )(K tijD →
∆ ) and ln( )(tT ijD →

∆ ) postulated in Hypothesis 1 is 

verified. 

Table 4-3 Test results for Hypothesis 1 
PRS R-square Adjusted 

R-square 
Unstandardized 
Coefficients 1α̂   
(Std. Error) 

t-value Significant Test result 

<0 0.705 0.663 0.197 (0.048) 4.089 0.005 Reject nullH  
=0 0.454 0.376 0.289 (0.120) 2.411 0.047 Reject nullH  
>0 0.452 0.374 0.279 (0.116) 2.405 0.046 Reject nullH  

 

 

Figure 4-9 The integral relationship between ln(ΔK) and ln(ΔT).  

 

The individual test results showed that the slopes of the sixteen participants were 
positive, shown in Figure 4-10. So the each null hypothesis ( 0: 1 ≤αnullH ) of the each 
participant was rejected at level of significance, 0.05. 
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Figure 4-10 The individual relationship between ln(ΔK) and ln(ΔT).  

 

4.4 Second Stage Experiment 
The purpose of the second stage experiment is to test Hypothesis 2 so as to 

ensure that the corresponding null hypothesis ( 0: 1 ≤βnullH ) which postulates that 

ln( )(tT ijD →
∆ ) and ln( )(tV ijD →

∆ ) are negatively related. The driving simulator is the 

same as in the first stage experiment. The procedures in the second stage experiment 
were similar to those in the first stage experiment. As is the first stage experiment, the 
second stage experiment designed nine driving scenarios by combining three speed 
levels (speed= 30 kph, 60 kph, and 90 kph) with three spacing levels (FV－LV 
spacing= 20 m, 40 m, and 60 m). A different number of participants and testing times, 
including one participant doing 30 tests and ten participants who did three tests each, 
were used.  

Table 4-4 and Figure 4-11 present the measurements of the key dependent 
variables, PRS and RT, obtained in different speed－spacing scenarios of the second 
stage experiment. Moreover, the test results (Sheu and Wu, 2015) of repeated 
measures ANOVA indicate that both speed and spacing are two factors significantly 
influencing the measurements of dependent variables PRS and RT, as presented in 
Table 4-5. 

  

ln(ΔT) = -0.5733*ln(ΔK) + 0.0151 
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-2.5 

-2 

-1.5 

-1 

-0.5 

0 
0 1 2 3 4 

 l
n(
Δ

T
) 

 ln(ΔK) 



47 
 

 

Table 4-4 Experimental results of the second stage experiment  
 
 Spacing= 20 m 

ijD
V →  
(scale) 

ijD
V →∆  

(scale) 
ijD

T →  
(msec) 

ijD
T →∆  

(msec) 
'~h  

(sec*scale) 

Speed= 30 kph 2.85 0.71  1,486  342.7  0.17  

Speed= 60 kph 3.35 0.76  1,315  317.1  0.10  

Speed= 90 kph 4.15 0.94  1,251  258.8  0.07  

 Spacing= 40 m 
Speed= 30 kph 2.15 0.64  1,827  416.3  0.27  

Speed= 60 kph 2.55 0.71  1,783  416.9  0.16  

Speed= 90 kph 3.15 0.69  1,586  273.7  0.10  

 Spacing= 60 m 
Speed= 30 kph 1.425 0.57  1,770  426.4  0.51  

Speed= 60 kph 1.85 0.63  1,655  386.3  0.27  

Speed= 90 kph 2.375 0.70  1,704  356.6  0.17  

 

Figure 4-11 Plots of PRS and RT (second stage experiment) 
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Table 4-5 ANOVA statistics for PRSs and RTs  
Variable F p 
PRS (df= 2, 98)   
    Speed 24.8 <.0005 
    Spacing 113.5 <.0005 
    Speed⋅Spacing   0.6 .08 
RT (df= 2, 98)   
    Speed 3.1 <.05 
    Spacing 43.9 <.0005 
    Speed⋅Spacing  0.4 .15 

Resource: Sheu and Wu (2015) 

Similarly, the linear curve-fitting function in SPSS was applied to identify the 
transformed relationship between ln(ΔT) and ln(ΔV). The corresponding test results 
are presented in Table 4-6. Overall, the empirical equation fits the data well. In total, 
77% of experiment results are explained by the independent explanatory variables in 
the equation, as indicated by the R-squared values of Table 4-6. Furthermore, the 

t-statistics for ln ( )(tV ijD →
∆ ) were calculated using the ratio 

1
ˆ1 /)0ˆ( ββ S− , where 1̂β  

is an estimator of coefficient 
1β ; and 

1β̂
S is the standard error of the estimator 1̂β . 

The estimated t-statistics indicate that the null hypothesis ( 0: 1 ≤βnullH ) of Hypothesis 
2 is rejected at a 0.05 level of significance. Therefore, the negative relationship 

between ln( )(tV ijD →
∆ ) and ln( )(tT ijD →

∆ ) postulated in Hypothesis 2 is verified. The 

result of the curve fit was shown in Figure 4-12. 

Table 4-6 Test results of Hypothesis 2  
PRS R-square Adjusted 

R-square 
Unstandardized 
Coefficients 

1̂β  
 (Std. Error) 

t-value Significant Test result 

<0 0.590 0.532 1.022(0.322) 3.177 0.016 Reject nullH  
=0 0.632 0.580 1.009(0.291) 3.470 0.010 Reject nullH  
>0 0.636 0.585 1.281(0.366) 3.501 0.010 Reject nullH  

 



49 
 

 

Figure 4-12 The integral relationship between ln(ΔT) and ln(ΔV) 

 

The individual test results showed that the individual slopes (
1̂β ) of the sixteen 

participants were positive and the P-values of the participants were less than 0.05, 
shown in Figure 4-13. The sixteen individual null hypotheses ( 0: 1 ≤βnullH ) of the 
sixteen participants were rejected at level of significance, 0.05. The others were 
rejected at level of significance, 0.1. 

 

 

Figure 4-13 The individual relationship between ln(ΔT) and ln(ΔV) 
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4.5 Findings 
Drawn from the above experimental results, the following provides some 

interesting findings. 

The experimental results yielded from the first stage experiment reveal some 
important findings. First, given the FV and LV move at high speed in fixed spacing 
scenarios on a straight highway segment. From the FV driver perspective, any sudden 
braking behavior of the LV may occur, leading to the increase in the uncertainty of 
PPE as both the light mass of LV perceived and negative (backward) PRS may change 
unexpectedly. Furthermore, the workload of the FV driver may increase, shifting 
attention from distraction to concentration, according to Tenenbaum and Connolly 
(2008) to avoid a vehicle collision. Meanwhile, the FV driver may spend less RT to 
react to the LV braking at high speed, thus contributing to the decrease in the 
uncertainty of RT. This is what exactly reasoned by Hypothesis 1. Second, consistent 
with car-following and RT literature we observe that the average of RT decreases as 
spacing decreases and speed increases. Third, we observe that the average of PPE 
increases as spacing decreases, and vehicle speed increases. Although PPE is treated 
as a kind of internal stimulus, to a certain extent it can also contribute to negative 
affective responses, e.g., nervousness, stress, and strain (Öz et al., 2010), as PPE 
remains in a highly unstable and uncertain status (i.e., the uncertainty of PPE 
increases). Extensive literature supports the claim that individual affective states may 
influence evaluative judgments, ranging from those concerned with the purchase of 
consumer goods, the evaluation of people, and driving behavior (Matthews, 2001; 
Malhotra, 2005). Such a finding may provide some directions for improving safe and 
comfortable driving environments from a psychological perspective. 

Experimental results gained from the second stage experiment to verify the 
trade-off relationship between the uncertainties of PRS and RT yield similar findings. 
First, on a straight highway segment and in fixed spacing scenarios, the FV driver’s 
RT decreases, when recognizing that the uncertainty related to PRS increases as the 
perceived light mass and backward speed of LV increases, and thus, the FV driver’s 
RT uncertainty decreases. The likely reason is similar to that aforementioned when a 
LV brakes at high speed, the workload of the FV driver increases to quickly respond 
to the sudden change of PRS to avoid a vehicle collision. Second, the standard 

deviation of RT( )(tT ijD→
∆ ) decreases as the standard deviation of PRS( )(tV ijD→

∆ ) 
increases, and vice versa. Specifically, the associated R-squared value yielded in each 
PRS scenario of the second stage experiment is sufficiently large to be statistically 

useful in linking the trade-off relationship between uncertainties )(tV ijD→
∆  and 

)(tT ijD→
∆ , although driving mental workload in each scenario differs. The implication 
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is that the trade-off between )(tV ijD→
∆  and )(tT ijD→

∆  can be statistically verified 
by transforming them into ln( )(tV ijD→

∆ ) and ln( )(tT ijD→
∆ ) through curve-fitting 

analysis. Such a generalization may help us in elaborately characterizing and 
rationalizing how and when an FV driver responds to the change of perceived LV 
speed in car-following behavior under driver perception uncertainty conditions. 

Furthermore, this study confirms some experimental observations consistent with 
generalizations/implications of published psychophysical models in related literature 
(Gibson, 1966; Wiedemann, 1974, 1991, 1992; Lee, 1980; Leutzbach, 1988; Baker, 
1999; Toledo, 2003; Oron-Gilad et al., 2008; Mehmood and Easa, 2009; Sheu, 2011). 
For instance, the association of driver alertness with driver behavior (Oron-Gilad et 
al., 2008) can be easily reasoned by either Hypothesis 1 or 2. Specifically, driver 

alertness increases with small spacing as ↑∆ → )(K tijD
 and ↓∆ → )(tT ijD

 (by 

Hypothesis 1) in the case of small spacing. By contrast, a driver lacks alertness in car 

following when spacing is large as ↓∆ → )(K tijD
 and ↑∆ → )(tT ijD

(by Hypothesis 1), 

leading to ↓∆ → )(tV ijD
, i.e., PRS indifference (by Hypothesis 2). Moreover, PPE is 

redefined, and empirically confirmed in this study, thus providing supporting evidence 
for those previous studies in quantum optical flows to characterize the effect of PPE 
on driver psychology and behavior (Gibson, 1966; Lee, 1980; Baker, 1999). 
Additionally, the definition of RT in this study differs from that in Mehmood and Easa 
(2009). Specifically, this study measures RT using the term 

12 tt −  which can be 
easily recorded during simulation. As analytical results show, this definition is fit for 
developing and improving quantum optical flow-based car-following models. For 

instance, according to experimental results the standard deviation of RT( )(tT ijD →
∆ ) 

can be applied to the quantum optical flow-based car-following model created by 
Sheu (2013), where the simulation capability of the quantum mechanics–based 
car-following model in an uncertain traffic environment can be significantly 
improved.  

Overall, the above experimental results have indicated that the proposed 
quantum mechanics-based driver perception model permits characterizing the 
stochastic and potential dynamic features of driver perception which may improve the 
robustness and reality of existing car-following models applied in the context of 
driver behavioral uncertainty. In reality, parts of the fundamentals and analytical 
results of quantum optical flow theory have been applied to modeling car-following 
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behavior under driver perception uncertainty in Sheu (2013). Compared to the 2D ID 
model created by Jiang et al. (2014), our experimental results support the 2D ID 
model that allows the traffic states to be spanned in a two-dimensional region, i.e., the 
speed-spacing plane. For example, our experimental results support the arguments 
“Only when the spacing is large (small) enough, will they accelerate (decelerate) to 
decrease (increase) the spacing.” and “At a given speed, drivers do not have a fixed 
preferred spacing.” which were mentioned by Jiang et al. (2014). Compared to the 
parsimonious model proposed by Laval et al. (2014), our experimental results are 
consistent with evidence that human errors alone may be responsible for traffic 
instabilities shown by Laval et al (2014). 
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CHAPTER 5 APPLICATIONS  

There are three applications, (1) uncertainties of PRS and RT in foggy and 
emergency braking conditions, (2) the same processes transferred to a upgraded 
simulation design, (3) uncertainties of PRS and RT at night, (4) some of the RT data 
has been applied to an automatic driving vehicle following control logic in a mixed 
lane where automatic and manual driven vehicles mix near the event area and 
adjacent to an automated highway system as follows. 

5.1 Uncertainties of PRS and RT in foggy and emergency braking conditions 

Foggy weather conditions affect uncertainties of driver perceptual judgments of 
speed and distance. However, in a heavy foggy condition and a leading vehicle 
braking condition uncertainties of PRS and RT are complicated and need to be 
identified (Chen and Wu, 2017). If those uncertainties in a foggy weather condition 
exist in a perspective imitating Heisenberg Uncertainty Principle, then some 
phenomena for the following driver behaviors can be explained. The purpose of the 
subsection 5.1 aimed to test the first hypothesis that explained a trade-off relationship 
between uncertainties of perceived psychological energy and uncertainties of RT of 
following vehicle drivers, and the second hypothesis that stated a trade-off relation 
between uncertainties of RT and uncertainties of PRS in regard to averages of PRS 
and driving mental workload. The experiment have conducted in Chapter 4, giving 
comparisons with those uncertainties exist in a clear weather condition having been 
tested in this two-stage experiment based on a quantum optical flow-based model. 
The findings of this study not only show that those uncertainties also exist in foggy 
and braking conditions but also indicate the statistical significant no-difference 
between the two action constants in foggy and clear weather conditions when the LV 
is in emergency braking conditions. 

5.1.1 Experimental data in emergency braking conditions 

Experimental data were analyzed using mathematical transformation, the natural 
logarithmic function (ln), and a model of Curve Fitting with 
Analyze/Regression/Curve-Estimation in SPSS Software. In the first stage experiment, 
we generated 720 records (16 participants × 5 tests × 9 scenarios in a foggy condition). 
The speed and spacing are two repeated-measure factors which have statistical 
significant effects on the dependent variables PPE and RT (Sheu and Wu, 2015). 

The negative relationship between ln( )(tK ij
f

D→∆ ) and ln( )(tT ij
f

D→∆ ) postulated 

in Hypothesis 1 in a foggy condition is verified. The corresponding test results were 
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presented in Table 5-1. As can be seen from the R-squared statistics of Table 5-2, the 
empirical equation postulated in Hypothesis 1 (Eq. (3.7)), overall, fits data well. For 
example, the R-squared value of the linear function yielded in the scenario of foggy 
condition was 0.81, significant at 0.002 <0.05, indicating that 90% of the first stage 
experiment result is explained by independent explanatory variables for the case when 
PRS<0. The result of the curve fit was shown in Figure 5-1. Furthermore, we 

calculated the t-statistics for ln( )(tK ij
f

D →∆ ) by the ratio fVf

1ˆ1 /)0ˆ(
α

α − , where f
1α̂  

is the estimator of coefficient f
1α ; and fV

1α̂
 is the standard deviation of f

1α̂ . The 

corresponding test results of Table 5-2 indicate that the null hypothesis ( 0: 1 ≤f
nullH α ) 

of Hypothesis 1 is rejected at a 0.05 level of significance. 

Table 5-1 Experimental results of the first stage experiment in a foggy weather 
condition 

Spacing 
scenario 

 
 
Speed scenario 

Spacing = 20 m, in foggy 
K   

(scale3) 

K∆   
(scale3) 

T  
(msec) 

ΔT 

(msec) 

'h * 

(note) 

W  

(scale) 

S= 30 kph 28.1  17.2  1703.4  385.7  6.6  5.3  

S= 60 kph 39.5  25.1  1464.9  337.3  8.5  6.0  

S= 90 kph 58.3  37.8  1340.6  340.9  12.9  6.7  

 Spacing = 40 m, in foggy 
S= 30 kph 10.0  8.6  2208.5  593.5  5.1  4.0 

S= 60 kph 13.5  13.0  2008.5  559.1  7.2  4.7 

S= 90 kph 24.2  14.4  1891.4  441.3  6.3  5.5  

 Spacing = 60 m, in foggy 
S= 30 kph 4.1  3.7  2620.4  1048.5  3.9  3.3 

S= 60 kph 7.0  5.7  2111.0  545.9  3.1  3.4 

S= 90 kph 10.2  10.3  2012.0  451.9  4.7  4.2 

Note: the Unit of 'h  =sec*Workload-scale*PPE-scale2  
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Figure 5-1  Relationship between ln( T∆ ) and ln( K∆ ) in foggy  

Those results in foggy were presented in Table 5-2. 

 
Table 5-2 Test results for Hypothesis 1: relationship between Ln( T∆ ) and 

Ln( K∆ )in a foggy condition at a 0.05 level of significant 
 in foggy 
R2 0.81 
Adjusted  R2 0.77 
Unstandardized Coefficients (Std. Error) 1ˆ fα =-0.44 (0.09) 
t-value -4.97 
Significant 0.002 
Accept or Reject nullH  Reject nullH  

 

5.1.2 The second-stage experiment 

 

The purpose of the second stage experiment is to test Hypothesis 2 in a foggy 

condition so as to ensure that the corresponding null hypothesis ( 0: 1 ≤f
nullH β ) 

which postulates that ln( )(tT ijD→
∆ ) and ln( )(tV ijD→

∆ ) are negatively related. The 

procedures in the second stage experiment were similar to those in the first stage 

 ln(ΔT)= -0.44*ln(ΔK) + 0.40  
R² = 0.81, ("﹡",foggy)  
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experiment. 

Then, we compared the action constant in a foggy condition with one in a clear 
condition. The statistical significant no-difference between two action constants in 
foggy and clear weather conditions was confirmed by a two-sided .05 α level 
Wilcoxon signed-rank test (n= 9, P= 0.46). The speed and spacing are two factors 
statistical significantly influencing the measurements of dependent variables PRS and 
RT in foggy and clear weather conditions (Sheu and Wu, 2015). 

The negative relationship between ln( )(tV ij
f

D→∆ ) and ln( )(tT ij
f

D→∆ ) 

postulated in Hypothesis 2 in a foggy condition is verified. The linear curve-fitting 
function in SPSS was applied to identify the transformed relationship between 

ln( )(tV ij
f

F→∆ ) and ln( )(tT ij
f

D→∆ ) in a foggy condition. The corresponding test 

results are presented in Table 5-3. Overall, the empirical equation fits the data well. In 
total, 80% of experiment results are explained by the independent explanatory 
variables in the equation, as indicated by the R-squared values of Table 5-3. 

Furthermore, the t-statistics for ln ( )(tV ij
f

D→∆ ) were calculated using the ratio 

fVf

1
ˆ1 /)0ˆ(
β

β − , where f
1̂β  is an estimator of coefficient f

1β ; and fV
1β̂

is the 

standard error of the estimator 1̂β . The estimated t-statistics indicate that the null 
hypothesis ( 0: 1 ≤f

nullH β ) of Hypothesis 2 is rejected at a 0.05 level of significance. The 
results of curves fit were shown in Figure 5-2. 
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Table 5-3 Experimental results of the second stage experiment in a foggy weather 
condition 

 
 
 

Spacing =20m, in foggy 
V  

(scale) 

V∆  

(scale) 

T  

(msec) 

T∆  (msec) '~h  (sec*scale) 

S= 30 kph 3.0 1.0 1703.4  385.7  0.30 

S= 60 kph 3.5 1.1 1464.9  337.3  0.25 
S= 90 kph 4.0 1.3 1340.6  340.9  0.19 
 Spacing= 40 m, in foggy 
S= 30 kph 2.1 1. 2208.5  593.5  0.61 

S= 60 kph 2.1 1.2 2008.5  559.1  0.51 

S= 90 kph 2.9 1.4 1891.4  441.3  0.34 

 Spacing= 60 m, in foggy 
S= 30 kph 1.5 0.6 2620.4  1048.5  1.08 

S= 60 kph 1.9 0.8 2111.0  545.9  0.82 

S= 90 kph 2.0 0.9 2012.0  451.9  0.63 

Resource: Chen and Wu (2017) 

 
Resource: Chen and Wu (2017) 

Figure 5-2  Relationship between ln(ΔV) and ln(ΔT) in foggy. 
  

ln(ΔT) = -1.26*ln(ΔV) - 0.82 
R² = 0.65, ("﹡",foggy)  
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Those results in a foggy condition were indicated in Table 5-4. 

Table 5-4 Test results for Hypothesis 2: relationship between Ln( T∆ ) and Ln( V∆ )in 
a foggy weather condition at a 0.05 level of significant 

  in foggy 
R2 0.65 
Adjusted  R2 0.54 
Unstandardized Coefficients(Std. Error) f

1̂β =-1.26(0.35) 
t-value -3.22 
Significant 0.02 
Accept or Reject nullH  Reject nullH  
Resource: Chen and Wu (2017) 

5.1.3 Findings 

The first stage experiment results disclosed some important findings. First, a 
trade-off relationship between uncertainties of PPE and RT might exist in a foggy 
condition based on a perspective imitating Heisenberg Uncertainty Principle and be 
similar to the trade-off relationship in clear condition (Sheu and Wu, 2015). Second, 
the workloads, the RT alterations, and the averages of PPE of the FV driver in foggy 
and clear conditions are alike. For example, two workloads of the FV driver in two 
conditions may both enlarge, changing attention from distraction to concentration 
(Tenenbaum and Connolly, 2008) to avoid a vehicle collision. The FV driver may 
spend less RT to react to the LV braking at high speed, thus contributing to the 
decrease in the uncertainty of RT in two conditions. The averages of PPE in two 
conditions both increase as spacings decrease, and vehicle speeds increase. These are 
what exactly caused by Hypothesis 1. Third, each PPE in two conditions is treated as 
a kind of internal stimulus, to a certain extent it can also contribute to negative 
affective responses, e.g., nervousness, stress, and strain (Öz et al., 2010), as PPE 
remains in a highly unstable and uncertain status (i.e., the uncertainty of PPE 
increases). Extensive literature sustains the claim that individual affective states may 
influence evaluative judgments, ranging from those concerned with the purchase of 
consumer goods, the evaluation of people, and driving behavior (Matthews, 2001; 
Malhotra, 2005). Fourth, the two action constants imitating Heisenberg Uncertainty 
Principle in two conditions were compared and confirmed statistical significant 
no-difference between them. If the uncertainty of PPE ( )(tK ij

f
D →∆ ) in a foggy 

condition is less than one of PPE ( )(tK ij
c

D →∆ ) ( )(tT ijD →
∆ ) in clear condition, then 
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the uncertainty of RT ( )(tT ij
f

D →∆ ) in a foggy condition is bigger than one of PT 

( )(tT ij
c

D →∆ ) in a clear condition. Additionally, the average of RT ( )(tT ij
f

D →∆ ) in a 

foggy condition increasing as the uncertainty of RT is increasing may lead to higher 
risk driving (Cavallo, 2002; Yan et al., 2014) than doing in clear condition. Such a 
finding may provide some directions for improving safe and comfortable driving 
environments from a psychological perspective. 

Experimental results obtained from the second stage experiment to validate the 
trade-off relationship between the uncertainties of PRS and RT in foggy and clear 
conditions produced interesting findings. First, a trade-off relationship between 
uncertainties of PRS and RT subsists in regard to the averages of PRS and driving 
mental workload in a foggy condition as a trade-off one in a clear condition. The 
likely reason is similar to that aforementioned when a LV brakes at high speed, the 
workload of the FV driver increases to quickly respond to the sudden change of PRS 
to avoid a vehicle collision regardless in a foggy or a clear condition. Second, in a 
foggy condition the associated R-squared value produced in each PRS scenario of the 
second stage experiment is not only sufficiently large to be statistically useful in 

linking the trade-off relationship between uncertainties )(tV ij
f

D →∆  and )(tT ij
f

D →∆  

but also similar to one in a clear condition, although driving mental workload in each 

scenario differs. The implication is that the trade-off between )(tV ij
f

D→∆  and 

)(tT ij
f

D→∆  in a foggy condition can be statistically validated by transforming them 

into ln( )(tV ij
f

D →∆ ) and ln( )(tT ij
f

D →∆ ) through curve-fitting analysis, and is like a 

implication in a clear condition. Such a generalization may help us in elaborately 
characterizing and rationalizing how and when an FV driver responds to the change of 
perceived LV speed in driving behavior under driver perception uncertainty conditions, 
such as in a foggy weather condition and in a clear one. 

Furthermore, according to experimental results the standard deviations of RTs 

( )(tT ij
f

D →∆ and )(tT ij
c

D →∆ ) can be both applied to the quantum optical flow-based 

car-following model created by Sheu (2013), where the simulation capability of the 
quantum mechanics–based car-following model in an uncertain traffic environment 
(e.g., foggy or clear weather conditions) can be significantly improved.  
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5.2 Upgraded Simulation Design 

For the purpose of catching up with technical development, such as virtual 
reality (VR), the powerful software, Unity, was applied in this subsection shown in 
Figure 5-3 and Figure 5-4. The upgraded simulation software aims at a foggy 
condition and contains the expansion of experiments in clear and night weather 
conditions. Each weather condition includes three LV driving situations. First, a LV 
decelerates and is backward to the FV. The PRS is negative. Second, a LV accelerates 
and is forward to the FV. The PRS is positive. Third, a LV keeps a same speed with 
the FV. The PRS is zero.  

 

 

Figure 5-3  The upgraded IOT driving simulator. 
 

   
(a) (b) (c) 

Figure 5-4  Simulated LVs in one road section in three conditions; (a) clear; (b) night; 
(c) foggy.  

 

The results in a foggy condition were shown in Table 5-5 and Table 5-6 as 
follows.  

First, we fitted ln(ΔK) versus ln(ΔT), where the corresponding test results are 
presented in Table 5-5. As can be seen from the R-squared statistics of Table 5-5, the 
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empirical equation postulated in Hypothesis 1 (Eq. (3.8)), overall, fits data well. For 
example, the R-squared value of the linear function yielded in the scenario of PRS>0 
was 0.662, significant at 0.008 <0.05, indicating that 81% of the first stage 
experiment result is explained by independent explanatory variables for the case when 
PRS>0. The corresponding test results of Table 5-5 indicate that the null hypothesis of 
Hypothesis 1 is rejected at a 0.05 level of significance. Accordingly, the positive and 
zero relationships between ln( )(tK ij

f
D →∆ ) and ln( )(tT ij

f
D →∆ ) postulated in 

Hypothesis 1 are verified. 

 

Table 5-5 Test results for Hypothesis 1 in foggy. 
PRS R-square Adjusted 

R-square 
Unstandardized 
Coefficients 1α̂  
(Std. Error) 

t-value Significant Test result 

<0 0.835 0.811 0.437 (0.074) 5.95 0.001 Reject nullH  
=0 0.446 0.367 0.137 (0.058) 2.37 0.049 Reject nullH  
>0 0.662 0.614 0.336 (0.091) 3.70 0.008 Reject nullH  

 

Second, the corresponding test results are presented in Table 5-6. Overall, the 
empirical equation fits the data well. For example, the R-squared value of the linear 
function yielded in the scenario of PRS>0 was 0.609, significant at 0.013 <0.05. In 
total, 78% of experiment results are explained by the independent explanatory 
variables in the equation. The estimated t-statistics indicate that the null hypothesis 
( 0: 1 ≤βnullH ) of Hypothesis 2 is rejected at a 0.05 level of significance. Therefore, the 
positive and zero relationships between ln( )(tV ij

f
D→∆ ) and ln( )(tT ij

f
D→∆ ) 

postulated in Hypothesis 2 are verified. 

Table 5-6 Test results of Hypothesis 2 in foggy 
PRS R-square Adjusted 

R-square 
Unstandardized 
Coefficients 1̂β  
(Std. Error) 

t-value Significant Test result 

<0 0.598 0.541 1.229 (0.381) 3.228 0.014 Reject nullH  
=0 0.679 0.633 0.706 (0.183) 3.851 0.006 Reject nullH  
>0 0.609 0.553 1.643 (0.498) 3.299 0.013 Reject nullH  

Finally, the results of hypothesis one and hypothesis two are similar to the 
original experiment in Chapter 4. This application shows that processes of the original 
experiment can be transferred to the upgraded software and have a potential in virtual 
reality. 
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5.3 Uncertainties of PRS and RT at night 

The results in a night condition were shown in Table 5-7 and Table 5-8 as 
follows.  

First, we fitted ln(ΔK) versus ln(ΔT), where the corresponding test results are 
presented in Table 5-7. As can be seen from the R-squared statistics of Table 5-7, the 
empirical equation postulated in Hypothesis 1 (Eq. (3.8)), overall, fits data well. For 
example, the R-squared value of the linear function yielded in the scenario of PRS<0 
was 0.781, significant at 0.002 <0.05, indicating that 88% of the first stage 
experiment result is explained by independent explanatory variables for the case when 
PRS<0. The corresponding test results of Table 5-7 indicate that the null hypothesis of 
Hypothesis 1 is rejected at a 0.05 level of significance. Accordingly, the positive and 
zero relationships between ln( )(tK ij

n
D →∆ ) and ln( )(tT ij

n
D →∆ ) postulated in 

Hypothesis 1 are verified. 

Table 5-7 Test results of Hypothesis 1 at night 
PRS R-square Adjusted 

R-square 
Unstandardized 
Coefficients 1α̂  
(Std. Error) 

t-value Significant Test result 

<0 0.781 0.749 0.344 (0.069) 4.992 0.002 Reject nullH  
=0 0.464 0.387 0.287 (0.116) 2.461 0.043 Reject nullH  
>0 0.635 0.583 0.336 (0.091) 3.490 0.010 Reject nullH  

 

Second, the corresponding test results are presented in Table 5-8. Overall, the 
empirical equation fits the data well. For example, the R-squared value of the linear 
function yielded in the scenario of PRS<0 was 0.543, significant at 0.024 <0.05, in 
total, 69% of experiment results are explained by the independent explanatory 
variables in the equation. The estimated t-statistics indicate that the null hypothesis 
( 0: 1 ≤βnullH ) of Hypothesis 2 is rejected at a 0.05 level of significance. Therefore, 
the positive and zero relationships between ln( )(tV ij

n
D →∆ ) and ln( )(tT ij

n
D →∆ ) 

postulated in Hypothesis 2 are verified. 
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Table 5-8 Test results of Hypothesis 2 at night. 
PRS R-square Adjusted 

R-square 
Unstandardized 
Coefficients 1̂β  
(Std. Error) 

t-value Significant Test result 

<0 0.543 0.477 1.318 (0.457) 2.881 0.024 Reject nullH  
=0 0.527 0.459 0.858 (0.307) 2.790 0.027 Reject nullH  
>0 0.635 0.583 0.943 (0.270) 3.490 0.010 Reject nullH  

Finally, the results of hypothesis one and hypothesis two are similar to the 
original experiment in Chapter 4. This application at night shows that processes of the 
original experiment can be transferred to the upgraded software and have a potential 
in virtual reality. 

5.4 Application in MDV and ADV Logic 

According to the literature review about car following logic, this study 
introduced the domestic driver RTs collected from the two-stage experiment (Sheu 
and Wu, 2015), and other important variables, such as the following distance, relative 
speeds, to the control logic of ADV on a mixed lance where automatic and manual 
driven vehicles mix near the event area and adjacent to an automated highway system 
(Sheu et al., 2016).  

The verification and validation of MDV and ADV Logic (Sheu et al., 2016) are 
as follows. First, it is necessary to verify and validate the MDV simulation program 
with driving traffic characteristics that are similar to those of the general traffic flow 
simulation software, such as PARAMICS. This section proposed car-testing standards, 
and the use of traffic simulation software to adjust MDV control logic. Then, 
simulations within acceptable error range were tested. Furthermore, domestic driver 
RT at different speeds and the relative distance from survey data were used to 
improve the probability of fitness for local traffic. 

Second, under the premise of safe and comfortable with the ADV passengers, in 
order to ensure that the AVD control logic model, four-quadrant mode , of usability 
and the feasibility, the present study used a programming simulation language and not 
only veritied but also validated that the four quadrants can be in the most appropriate 
distance, with the use of parabolic acceleration and decceleration, to confirm the 
feasibility of the model. After detection the four situation results confirmed feasible. 

Furthermore, some traffic indicators, such as sensitivity, distance gap, shock 
wave speed, mean length of platoon, were introduced to judge the suitability of the 
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ADV models, as well as the impact of ADV judged on the amount of traffic generated 
by the state. For example, a stability index (C = α (Δt), multiplied by the sensitivity 
and the RT) was used to avoid ADV facing the LV deceleration and making following 
vehicles have brakes. 

Third, to make those simulation programs of ADV and MDV applicable, it is 
necessary not only to judge the application of AVD car following, but also to 
determine the suitability of the MDV being close to the general humankind judgment. 
So the initial flow rate and density of the simulation program were set. The results of 
this study were compared to those of manually microscopic traffic simulation 
software PARAMICS. The control logic of ADV was similar to the traffic behavior of 
the simulation program PARAMICS. The results presented the verification and 
validation of the simulation program on acceleration and deceleration of the vehicle, 
as well as mixed traffic lane overall smoothness. 

Finally, the specific contributions of this application are as follows. Parameters 
of the PRS and RT for domestic drivers were considered as driving subjective factors 
and were introduced into ADV logic models not only to improve the feasibility of 
practical application but also to balance both sides between engineering concerns and 
driver characteristics. 
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CHAPTER 6 DISCUSSION 

This study has explored analytical models and the two-stage experiment for the 
uncertainties of PRS and RT which are necessary factors in car-following behavior. 
Based on this research the following discussions were offered. 

6.1 The reliability of the PRS measurement 

This study wrote a sub-program in the driving simulation program to record the 
nine scenarios throughout the driving simulation of each participant. Then each 
participant could replay the result of each scenario on the screen in the driving 
simulator room or the computer, measure the relative speeds, and complete the 
questionnaire. So the measurement of PRS is considerable reliant.  

The measurement of PRS in this study was taken according to the literature of 
Hoffmann and Mortimer (1996). So, there is considerable credible. 

According the measurement of uncertainty, we increased the number of tests to 
five times. 

6.2 Two different experiments are needed 

The two-stage experiments aim to serve two purposes as follows. 

(1) The purpose of first-stage experiment was to investigate the psychological 
energy-time uncertainty, 'hRT ≥∆×∆Κ , that the joint uncertainty in the 
psychophysical energy (Κ ) and the deviation of RT is greater and equal to an 
action constant ( 'h ) for a single lead vehicle and the follow vehicle under 
perception uncertainties. The Κ consists of the factors of PRS  andW . The 
reaction time (RT) is affected by the speed perception and optical information 
produced by driving on a straight open road. If the psychological energy-time 
uncertainty exits, then the action constant ( 'h ) and the driving mental workload 
W  can be found and determined. 

(2) The purpose of the second stage experiment is to identify the revised trade-off 

relationship between the ))(ln( tT ijD →
∆ and the ))(ln( tV ijD →

∆ under driver 

perception uncertainties. 

There are two reasons for measuring two same variables in the first stage and the 
second stage experiments as follows. 

(1) According to definition of psychophysical energy defined by Baker (1999), the 
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PRS is a key factor to affect psychophysical energy. The purposes of the first 
stage and the second stage experiments are relative to psychophysical energy. So 
the PRSs were measured in two experiments. 

(2) According to the derivation of the time-dependent Schrödinger equation (TDSE) 
by the work of Briggs and Rost (2001), we further postulate that the uncertainty 
in PPE has the trade-off relationship with the uncertainty in driver RT. The RT 
plays an important role in the uncertainty in PPE and the uncertainty in driver RT. 
The purposes of the first stage and the second stage experiments are relative to 
the uncertainty in driver RT. So the RTs were measured in two experiments. 

In additional, driving work-loads were measured and an action constant was 
found in the first-stage experiment. To decrease the propagation of uncertainty, we 
assumed that the uncertainty of workload is zero. Then the simplified relationship 
between the uncertainty of PRS and the uncertainty of RT was tested in the second 
stage experiment. 

 

6.3 Trade-off between Uncertainties of psychological energy and RT 

 

This study investigated the trade-off relationship between psychological energy 
and RT in a plain area. The first hypothesis that explained the trade-off association 
between standard deviations (SDs) of psychological energy and SDs of RT in car 
following under driver perception uncertainties might exist and appear acceptable. 
The first-stage experimental results in Figure 4-9 and Figure 4-10 revealed some 
important findings as follows. First, on a straight highway segment and in fixed 
spacing scenarios, the vehicle driver, when perceiving that the uncertainty of 
psychological energy increased as the speed increased while the leading vehicle was 
braking, spent less RT and the uncertainty of RT decreased. The likely reason is that 
facing the leading vehicle braking in the higher speed the driver might feel more 
workload, shift attention from dissociation to association (Tenenbaum and Connolly, 
2008) on reaction to avoid a vehicle collision and pay less dissociation attention on 
perceiving the psychological energy, so the driver could spend less RT and perceive 
the uncertainty, larger deviation, of psychological energy. Second, in unchanging 
vehicle speed scenarios, the vehicle driver, when feeling that the uncertainty of 
psychological energy increased as the spacing decreased while the leading vehicle 
was braking, spent less RT and the uncertainty of RT decreased. The likely reason is 
similar to the reason mentioned above, except that due to the less spacing the driver 
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paid less dissociation attention on perceiving the psychological energy. Third, 
consistent with the literature in car following and RT, the average of RT decreased as 
the spacing decreased and the speed increased. Fourth, on an aspect of psychology it 
was worthy to emphasize that the average of the psychological energy increased as 
the spacing decreased and the speed of vehicle increased. Fifth, the preliminary test 
results suggest that the trade-off association between the SDs of psychological energy 
and the SDs of RT in car following under driver perception uncertainties might exist. 
As the SD of psychological energy increases, the SD of RT decreases and as the SD 
of psychological energy decreases, the SD of RT increases. 

 

6.4 Trade-off between Uncertainties of PRS and RT 

 

Due to the each average of the driving mental workload in the nine scenarios and 
the action constant were determined in the first stage experiment, the trade-off 
relationship between PRS and RT in a plain area was explored further and the 
proposed hypothesis two showed suitable. The second-stage experimental results in 
Figure 4-12 and Figure 4-13 exposed some important findings as follows. First, on a 
straight highway segment and in fixed spacing scenarios, the vehicle driver, when 
recognizing that the uncertainty of PRS became bigger as the speed of vehicle was up 
and the leading vehicle was braking, spent less RT and the uncertainty of RT was 
down. The likely reason is similar to the reason mentioned in discussion 6.1. Second, 
in unchanging speed scenarios, the vehicle driver, when perceiving that the 
uncertainty of PRS was up as the spacing was down while the leading vehicle was 
braking, spent less RT and the uncertainty of RT was down. The likely reason is 
similar to the reason mentioned in subsection 6.1. Third, it seemed reasonable that the 
average of the PRS was up as the spacing was down and the speed of vehicle was up 
while the average of mental work was up. Fourth, consistent with the literature in 
speed perception and vision angle, the average of PRS was up and depended on the 
spacing and vision angles. Fifth, as the SD of PRS increases, the SD of RT decreases. 
As the SD of PRS decreases, the SD of RT increases. This R-squared ,0.705, of ln(△
V) and ln(△T) in the second-stage experiment results is sufficiently large to be 
statistically useful in linking the trade-off relationship of uncertainties of △V and△T, 
although each scenario driving mental workload was considered as a different 
constant. The implication is that the trade-off between △V and△T was not easy 
found to be directly and statistically significant but the trade-off between ln(△V) and 
ln(△T) was statistically significant by transforming with the Curve Fitting analysis. It 
may be important to note the two extreme different scenarios including the high speed 
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with short-spacing one (e.g., 90 kph with 20 m) seen in response to high driving 
mental workload and the low speed with long space one (e.g., 30 kph with 60 m) seen 
in response to low driving mental workload 

 

6.5 Psycho-physical aspect and quantum optical flow perspective 

 

This study seems to confirm some previous researchers’ observation with 
Psycho-physical models (Weidmann, 1974; Leutzbach, 1988) that the increased 
alertness of drivers at small headways and the lack of car following behavior at large 
headways. 

The definition of the RT in this study different from the previous literature 
review (Mehmood and Easa, 2009) is adopted for two reasons. First, the time of t1 and 
t2 are obvious and easy to be recorded in the driving simulation. Second, the RT does 
not include machine time due to reduce the uncertain effect to the RT. As the results 
show that the definition is fit for the experiment in quantum optical flow-based 
car-following mode. 

The definition of the perceived psychological energy in this study is applied and 
redefined for two reasons. First, the perceived psychological energy during the RT 
could exist and be measured by the subjective questionnaire. Second, this perceived 
psychological energy seems to confirm some previous researchers’ observation in 
quantum optical flow (Baker, 1999; Gibson, 1966; Lee, 1980). 

According with the results of the experiments in this research, the parameters, 
such as the deviation of the RT, can be conducted in quantum optical flow-based 
car-following model created by Sheu (2011). The simulation capability of the 
quantum mechanics-based car-following model in traffic uncertain environment will 
be improved. Besides, traffic phenomena are complex and rely on the interactions of 
many vehicles. Owing to the individual reactions of human drivers, vehicles do not 
interrelate simply adhering to the laws of mechanics, but rather display phenomena of 
cluster formation and shock wave propagation. For example, congestion upstream 
from a traffic bottleneck or shockwave could vary in propagation length, depending 
upon the upstream traffic flow, density. Due to the perceived information is uncertain, 
the stationary traffic does not exist and is an ideal scenario. 

The findings presented in this paper also suggest the need for further research. 
The experiment for certificating the Heisenberg Uncertainty Principle (HUP) by using 
IOT Driving Simulation must be regarded as preliminary because of the limitations of 
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our data of participants used for the hypothesis test. In fact, some effort is already 
underway in this area. There are cheering signs that our experiment is starting to yield 
some useful results and we plan to continue with them in the future. Finally, the 
results are expected to help to characterize car following phenomena under driver 
perception uncertainties to facilitate road safety improvement and stimulate new ideas 
for traffic theory development. 

 

6.6 Safety perspective and application 

 

The findings from the experiment indicates that as the deviation of perceived 
psychological energy increases, the deviation of RT decreases inferring that there is a 
trade-off relationship between the uncertainties of driver’s perceived psychological 
energy and RT. The results may help to characterize car following phenomena under 
driver perception uncertainties to facilitate road safety improvement and stimulate 
new ideas for traffic theory development.  

Besides, by comparing with the safety distance, the decreased averages of RT 
presented in Table 4-4 as the speed increases and the spacing decreases while the 
spacing is smaller than the safety distance, imply that on the safety aspect, the risk is 
higher than those spacing is bigger than the safety distance. 

By carrying out a small pretest without a rear brake light, we can detect the 
stimuli of the front vehicle and the reactions of the participants. The results showed 
that the averages and the SDs of the RT without a rear brake light were both larger 
than the average and the SDs of the RT with a rear brake light. On application aspect, 
this implies that a rear brake light can reduces the averages and the SDs of the RT. 

 

6.7 Uncertainties of PRS and RT in foggy and braking conditions 

The results of the first-stage experiment revealed the following important 
findings. First, in a foggy condition the LV taking the emergency brake, the trade-off 
relationship between the uncertainties of the FV driver’s PPE uncertainty and the RT 
uncertainty may be similar to the Heisenberg principle of uncertainty. The trade-off 
relationship in foggy is also similar to the trade-off relationship in a clear weather 
condition (Sheu and Wu, 2015). Second, on the view point of PPE, the minimum 
value of the mean value of the PPE of the nine scenarios in foggy occurs at a distance 
of 60 m and a vehicle speed of 30 kph, with the maximum occurring at a distance of 
20 m and a speed of 90 kph. In analogy to the concept that objects tend to move at 
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low energy levels, the driver of the vehicle may tend to have a lower PPE context, ie, 
increasing spacing and slowing down the vehicle in foggy, consistent with the 
findings of literature (Hoogendoorn et al.,2011; Pretto et al.,2012). In addition, the 
average driving mental workloads in the nine foggy scenarios were greater than ones 
in clear weather. The results indicate that the driver in the same situation on the LV 
braking in foggy has a larger average of the driving mental workload and transfers 
attention to the LV to avoid vehicle collision, similar to the movement of research 
(Matthews, 2001). In addition, there is no significant difference between the two 

action constants ( fh' , ch' ) in foggy and clear weather conditions. It is further 

deduced that if the uncertainty of PPE in foggy is less than that in clear weather then 
the reaction time in foggy is more uncertain. The above findings provide some 
directions on how to improve the safe and comfortable driving environment from the 
point of view of psychology. 

The interesting findings were obtained from the results in the second-stage 
experiment. First, in foggy and LV taking an emergency brake, the trade-off 
relationships between the FV driver’s PRS uncertainty and RT uncertainty may be 
similar to Heisenberg Uncertainty Principle. The trade-off relationship in foggy is 
similar to the trade-off relationship in the clear weather condition (Sheu and Wu, 
2015). The possible reason is that the LV taking brake at a high speed, the FV driver 
increases the driving mental workload to make a rapid brake response to avoid a 
collision and feels a greater sense of sudden changes of the relative speed between the 
LV and FV. Secondly, the averages of PRS in the nine foggy scenarios are smaller 
than averages of the clear weather. It shows that the PRS is affected by a fog in the 
same visual situation and causes a relatively small relative speed perception. If the 
PRS in foggy is less than one in clear condition then the FV driver may mistakenly 
believe that there is a little decreasing PRS error comparing to PRS in a clear weather. 
The FV driver tends to negligence and increase speed. Finally, on the view of reaction 
time, the means of RT in the nine scenarios in foggy were greater than those in a clear 
condition, indicating that the driver's RTs in the nine situations were significantly 
affected by fog. If there is no significant difference in standard deviation of RT in 
foggy or clear condition, then the RT in foggy is longer, indicating a longer safety 
braking distance, which means that the risk of collisions with the LV is relatively 
high. 
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CHAPTER 7 CONCLUSION AND RECOMMENDATION 

Based on the results mentioned above in this study, the conclusions regarding the 
contributions of the novel model provided above are summarized in subsection 7.1. 
Finally, recommendations to future research related to this issue were presented in 
subsection 7.2. 

 

7.1 Conclusion 
(1) This study developed the perception uncertainty theory that can be applied in 

some car following models mentioned above. There are three contributions: (a) 
the results of perception uncertainty can be regarded the foundations of car 
following models; (b) we provided a new method considering the psychological 
factors to support the development of car following models; and (c) the range of 
applications for perception uncertainty is larger than traditional car following due 
to the spacing of perception uncertainty in our study is longer than the traditional 
safety spacing. 

(2) This study has identified the trade-off between uncertainties of driver's PRS and 
RT using a quantum optical flow perspective to characterize driver perception 
uncertainty in car-following behavior. Considering the possible effects of drivers’ 
psychological factors on the aforementioned stimulus-response driving behavior, 
a quantum optical flow methodology has been developed by integrating several 
psychological factors, including the external stimuli arising from different 
scenarios of optical flows, workload, and internal stimuli into the proposed 
two-stage experimental framework. According to experimental results, those key 
psychophysical factors investigated and their relationships under driver 
perception uncertainty have been identified and discussed such that the 
characterization of driver psychology and behavior using quantum optical 
flow-based models in uncertain traffic environments can be improved. 

(3) Nevertheless, great potential remains for future research considering the 
limitations of experimental tools used in this work. According to RT results, 
driver demands for software in auxiliary warning systems while cruising and car 
following, such as alarm timing (early alarms, late alarms, and no alarms) in a 
forward collision warning system, driver strategy of braking to avoid a collision 
with the LV, and performance when braking under different scenarios, can be 
developed. Different RT combinations applied in simulation programs and 
quantum optical-flow based car-following models (e.g., Sheu, 2008, 2013) may 
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help us to accurately project driver car-following behavior under perception 
uncertainty. Additionally, numerous enhancements are possible. For example, 
findings obtained by this study suggest that further research is needed. The 
experiment to validate the proposed Car-Following Behavioral Uncertainty 
Principle using an IOT Driving Simulator must be regarded as preliminary 
because of data limitations. In fact, efforts are underway to overcome these 
limitations. There are positive signs indicating that our driving simulator 
experiments, despite their limitations, have already yielded useful results. Finally, 
experimental results may help characterize car-following phenomena under 
driver-perceived uncertainties, thereby facilitating road safety improvements and 
stimulating new ideas for traffic theory.  

(4) Uncertainties of PRS and RT were analyzed in foggy and clear weather 
conditions when the LV was braking due to an emergency braking situation. 
Moreover, the experimental results in foggy weather were compared with those 
in clear weather. The statistical significant no-difference between the two action 
constants imitating Heisenberg Uncertainty Principle in foggy and clear weather 
conditions was confirmed by a Wilcoxon signed-rank test. Considering the 
possible effects of drivers’ psychological factors on the aforementioned 
stimulus-response driving behavior in foggy and clear weather conditions, a 
quantum optical flow perspective methodology is planned by integrating several 
psychological factors, including the stimulus arising from the different scenarios 
of optical flows, PRS, and workload into the two-stage experiment. The 

parameters, such as the standard deviations of RTs ( )(tT ij
f

D →∆ and )(tT ij
c

D →∆ ), 

can be conducted in a quantum optical flow-based car-following model created 
by Sheu (2008, 2013). The results may help to characterize foggy and clear 
weather conditions phenomena and explain the driver perception uncertainties to 
facilitate road safety improvement and stimulate new ideas for traffic theory 
development. Then, the simulation capability of the quantum optical flow-based 
car-following model in traffic uncertain environment (e.g., foggy weather 
conditions) might be improved. 

(5) The results of the first-stage experiment in foggy revealed the following 
important findings. First, in a foggy condition the LV taking the emergency brake, 
the trade-off relationship between the uncertainties of the FV driver’s PPE 
uncertainty and the RT uncertainty may be similar to the Heisenberg principle of 
uncertainty. The trade-off relationship in foggy is also similar to the trade-off 
relationship in a clear weather condition (Sheu and Wu, 2015). Second, on the 
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view point of PPE, the minimum value of the mean value of the PPE of the nine 
scenarios in foggy occurs at a distance of 60 m and a vehicle speed of 30 kph, 
with the maximum occurring at a distance of 20 m and a speed of 90 kph. In 
analogy to the concept that objects tend to move at low energy levels, the driver 
of the vehicle may tend to have a lower PPE context, e.g., increasing spacing and 
slowing down the vehicle in foggy, consistent with the findings of literature 
(Hoogendoorn et al.,2011; Pretto et al., 2012). In addition, the average driving 
mental workloads in the nine foggy scenarios were greater than ones in clear 
weather. The results indicate that the driver in the same situation on the LV 
braking in foggy has a larger average of the driving mental workload and 
transfers attention to the LV to avoid vehicle collision, similar to the movement 
of research (Matthews, 2001). In addition, there is no significant difference 

between the two action constants ( fh' , ch' ) in foggy and clear weather 

conditions. It is further deduced that if the uncertainty of PPE in foggy is less 
than that in clear weather then the reaction time in foggy is more uncertain. The 
above findings provide some directions on how to improve the safe and 
comfortable driving environment from the point of view of psychology. 

(6) The interesting findings were obtained from the results in the second-stage 
experiment in foggy. First, in foggy and LV taking an emergency brake, the 
trade-off relationships between the FV driver’s PRS uncertainty and RT 
uncertainty may be similar to Heisenberg Uncertainty Principle. The trade-off 
relationship in foggy is similar to the trade-off relationship in the clear weather 
condition (Sheu and Wu, 2015). The possible reason is that the LV taking brake 
at a high speed, the FV driver increases the driving mental workload to make a 
rapid brake response to avoid a collision and feels a greater sense of sudden 
changes of the relative speed between the LV and FV. Secondly, the averages of 
PRS in the nine foggy scenarios are smaller than averages of the clear weather. It 
shows that the PRS is affected by a fog in the same visual situation and causes a 
relatively small relative speed perception. If the PRS in foggy is less than one in 
clear condition then the FV driver may mistakenly believe that there is a little 
decreasing PRS error comparing to PRS in a clear weather. The FV driver tends 
to negligence and increase speed. Finally, on the view of reaction time, the 
means of RT in the nine scenarios in foggy were greater than those in a clear 
condition, indicating that the driver's RTs in the nine situations were significantly 
affected by fog. If there is no significant difference in standard deviation of RT in 
foggy or clear condition, then the RT in foggy is longer, indicating a longer 
safety braking distance, which means that the risk of collisions with the LV is 
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relatively high. 

7.2 Recommendations 
The recommendations for future studies were addressed in this section. 

(1) After all, traffic phenomena are complex and rely on interactions among vehicles. 
Because reactions are individual, vehicles do not interrelate simply adhering to 
the laws of mechanics, but rather display cluster formation and shock wave 
propagation phenomena. Because perceived information of drivers is uncertain, 
stationary traffic, in practice, does not exist and is merely an unrealistic scenario. 
Thus, we do hope that this study is a preliminary step to stimulate more 
researchers moving ahead to develop stochastic and dynamic driver behavior and 
traffic flow models fit for characterizing the reality of diverse traffic phenomena 
under uncertainty. 

(2) Analyze the action constant ( nh' ) at night.  

(3) According with the experimental design in this research, the characteristic of 
participants, such as age and gender, can be analyzed by a repeated-measure 
ANOVA. The difference with different groups, male or female, can be 
considered in the quantum mechanics-based car-following model.  

(4) Use the Quantile Regression to analyze the trade-off relationship.  
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APPENDIX A. PROOF OF COROLLARY 1. 

As )(tm ijD →
 is defined as the light mass of vehicle 

Dj  perceived by the driver 

of FV vehicle i  at time t  in the text, the magnitude of )(tm ijD →
 varies with PRS 

(i.e., )(tV ijD →
) within the driver's quantum optical field )](),([ tytxD ∆∆ , as illustrated 

in Figure A-1. Let )(tm ijD →
 be a function of )(tV ijD →

 and )(tX ijD →
.  Based on 

Figure A-1, we have 
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Using Eq.s (2), and (3) (in the text) and (A2), we further have )(K tijD →
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Thus, Corollary 1 is proved. 
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APPENDIX B  EXPERIMENTAL DESIGN 

 

一、實驗設計 

實驗 1 

1.目的：實驗以平原地區高速公路為環境，使駕駛者於 3個車道的中間車道行駛，

於行駛過程中所行經路段將設置 9 種不同的目標車行車速度(90 kph、60 kph、

30 kph)，以及與前車跟車距離(60 m、40 m、20 m)，配合前車踩煞車事件

發生的基底情境，一共9組實驗隨機分配於路段中於駕駛模擬器進行實驗。

蒐集單一駕駛者在不同行車速度下，對於前車踩煞車時煞車燈(含第 3 煞車

燈)亮的反應時間(前車踩煞車時煞車燈(第 3 煞車燈)亮之 t1，後車駕駛者腳

踩煞車踏板 t2，RT=t2-t1)。 

2.道路場景：直線 3 車道(如 Figure B-1) 

實驗環境選擇3車道的快速公路，其道路、分隔線寬度等規格皆與台灣相符，

其車道寬度 3.75 公尺，實驗要求受測者保持於中間車道行駛，交通車流部

份有前車保持行駛於受測者前方 D 公尺處。 

3.  9 個情境：(2 個控制變數：速度變數為 V  kph (90 kph、60 kph、30 kph 等

3 種)與距離變數為 D 公尺(60 m、40 m、20 m 等 3 種)組合成 9 個情境) 

(1)控制前車與目標車保持固定距離(60 m、40 m、20 m)，駕駛人接受語音或

螢幕提示車速(V KM/HR)控制車速(例如 90 kph、60 kph、30 kph)，。 

(2)前車煞車時間為隨機變化並搭配煞車燈亮燈，減速度為 2 m/s2 ，減速作

用時間為 2 秒。 

表 B-1   9 個情境：(控制變數：速限為 V kph 與 D 公尺) 

 V   kph D 公尺 

1 90 60 

2 60 60 
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3 30 60 

4 90 40 

5 60 40 

6 30 40 

7 90 20 

8 60 20 

9 30 20 

(3)駕駛者於直線道路上依系統提示之 3種速度行駛，30 kph, 60 kph與 90 kph，

並依規定行駛於中間車道上並不變換車道，而與前車的距離模擬系統將分

別控制在 20 m, 40 m, 與 60 m。實驗路段為 4,500 m，並分為 9 段，每段

長500 m，每段的前車將定速行駛(速度由模擬器隨機指定為30 kph, 60 kph, 

90 kph)。 

4.周邊環境：平原區 

5.天候：晴天 

6.車輛：1 部前車與 1 部後車 

      (1)前車(事件車)：可以顯示前車踩煞車踏板時，煞車燈(第 3 煞車燈)亮 

      (2)後車(目標車或實驗車)：受測者駕駛之車輛看到前車煞車燈(第 3 煞車

燈)亮時踩煞車踏板 

 

Figure B-1 簡易示意圖 

7.記錄實驗影像可輸出，並可擷取影像檔(avi)，再搭配 JPG檔時間兩者相互結合。 
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8.舉例 

(1)初始設定 

      (A)前車(事件車)：位置(x, y, z)= (60 m,15 m,0.6 m) 

      (B)後車(目標車或實驗車)：位置(x, y, z)= (0 m,15 m,0.6 m) 

      (C)前車與後車隨 X 軸移動 

      (D)共計 9 個區段(i= 1…9)，每個區段 500公尺，全長共 4,500公尺。 

 

(2)開始(i=1) 

      (A)隨機選擇 9 種情境之 1(未曾實驗之情境)並輸入其設定值與相關檔(例

如第 1 種情境：速度 V = 90 kph,距離 D= 60 公尺，語音提示速度檔”

時速保持 90 公里”)，前車(事件車)：位置(x, y, z)= (500(i-1)+60 m,15 

m,0.6 m) ，未啟動(trigger) 前車與後車連動。 

      (B)語音提示速度檔播放(例如”時速保持 90 公里”) 

      (C)在第 i 個區段中，後車在 500*(i-1)公尺至 500*(i-1)+200 公尺內加速至

語音提示速度(例如時速 90 公里) 

 判斷 1: 前車與後車 X 軸座標距離小於 D 公尺時，不啟動前車與

後車連動(保持車間距 D 公尺); 等於 D 公尺或大於時，則啟動

(trigger) 前車與後車連動(保持車間距 D 公尺)。 

      (D)在第 i 個區段中，後車 X 軸座標在 500*(i-1)+200 至 500*(i-1)+500 公尺

內保持語音提示速度(例如保持時速 90 公里) 

 判斷 2:後車 X 軸座標距離大於 500*(i-1)+200 且等於

500*(i-1)+200+random(0~250)公尺時，解除前車與後車連動且同時

前車搭配煞車燈亮燈，減速度為 2 m/s2 ，減速作用時間為 2 秒後

再啟動(trigger) 前車與後車連動。 

      (E)在第 i 個區段中，判斷後車 X 軸座等於 500*(i-1)+500 公尺時則結束前

車與後車連動，並結束此第 i 個區段中情境實驗並記錄此區段內之時
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間軸內前車與後車之相關數據(例如前車煞車燈亮燈時間，後車煞車起

始時間)。 

      (F)i=i+1 

 判斷 3: 若 i<9 並進入(2)重新開始下一個區段，若 i=9 時結束。 

 

實驗 2 

場景與實驗 1 相同，僅前車由減速改變為加速，即前車加速時間為隨機變化並搭

配煞車燈熄滅，加速度為 2 m/s2，加速作用時間為 2 秒。記錄後車駕駛人踩加速，

或煞車踏板，或離開加速踏板。 

 

實驗 3 

場景與實驗 1 相同，僅前車由減速改變為加速為 0，即前車加速時間為隨機變化

並搭配煞車燈閃亮即滅 0.1 秒，加速度為 0 m/s2，作用時間為 2 秒。記錄後車駕

駛人踩加速或煞車踏板，或離開加速踏板。 

 
Figure B-2 Programs relations 
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//program 1 
// the purpose of the program is to show the leading vehicle Activates or deactivates 
// for recursive event trigger 
using UnityEngine; 
 
namespace  HutongGames.PlayMaker.Actions 
{ 
 [ActionCategory(ActionCategory.GameObject)] 
 [Tooltip("Activates/deactivates a Game Object. Use this to hide/show areas, or 
enable/disable many Behaviours at once.")] 
 public class ActivateGameObject : FsmStateAction  // Finite State Machine 
 { 
  [RequiredField] 
        [Tooltip("The GameObject to activate/deactivate.")] 
        public FsmOwnerDefault gameObject; 
   
  [RequiredField] 
        [Tooltip("Check to activate, uncheck to deactivate Game Object.")] 
        public FsmBool activate; 
   
        [Tooltip("Recursively activate/deactivate all children.")] 
  public FsmBool recursive;  
   
        [Tooltip("Reset the game objects when exiting this state. Useful if you want 
an object to be active only while this state is active.\nNote: Only applies to the last 
Game Object activated/deactivated (won't work if Game Object changes).")] 
  public bool resetOnExit; 
   
        [Tooltip("Repeat this action every frame. Useful if Activate changes over 
time.")] 
  public bool everyFrame; 
   
  // store the game object that we activated on enter 
  // so we can de-activate it on exit. 
  GameObject activatedGameObject; 
 
  public override void Reset() 
  { 
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   gameObject = null; 
   activate = true; 
   recursive = true; 
   resetOnExit = false; 
   everyFrame = false; 
  } 
 
  public override void OnEnter() 
  { 
   DoActivateGameObject(); 
    
   if (!everyFrame) 
   { 
    Finish(); 
   } 
  } 
 
  public override void OnUpdate() 
  { 
   DoActivateGameObject(); 
  } 
 
  public override void OnExit() 
  { 
   // the stored game object might be invalid now 
   if (activatedGameObject == null) 
   { 
    return; 
   } 
 
   if (resetOnExit) 
   { 
    if (recursive.Value) 
    { 
#if UNITY_3_5 || UNITY_3_4    //different versions are compactable 
                    activatedGameObject.SetActiveRecursively(!activate.Value); 

#else 
                    SetActiveRecursively(activatedGameObject, !activate.Value); 
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#endif 
                } 
    else 
                { 

#if UNITY_3_5 || UNITY_3_4 
                    activatedGameObject.active = !activate.Value;                 

#else 
                    activatedGameObject.SetActive(!activate.Value); 

#endif 
                } 
   } 
  } 
 
  void DoActivateGameObject() 
  { 
   var go = Fsm.GetOwnerDefaultTarget(gameObject); 
    
   if (go == null) 
   { 
    return; 
   } 
    
   if (recursive.Value) 
            { 
#if UNITY_3_5 || UNITY_3_4 
                go.SetActiveRecursively(activate.Value); 
#else                
                SetActiveRecursively(go, activate.Value); 
#endif 
            } 
   else 
            { 
#if UNITY_3_5 || UNITY_3_4 
                go.active = activate.Value; 
#else     
                go.SetActive(activate.Value); 
#endif 
            } 
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   activatedGameObject = go; 
        } 
 
#if !(UNITY_3_5 || UNITY_3_4) 
        public void SetActiveRecursively(GameObject go, bool state) 
        { 
            go.SetActive(state); 
            foreach (Transform child in go.transform) 
            { 
                SetActiveRecursively(child.gameObject, state); 
            } 
        }  
#endif 
 
#if UNITY_EDITOR 
        public override string AutoName() 
        { 
            return (activate.Value ? "Activate " : "Deactivate ") + 
ActionHelpers.GetValueLabel(Fsm, gameObject); 
        } 
#endif 
    } 
} 
  



85 
 

//program 2 
// the purpose of this program is to save data in file.csv 
// 
import System.Array; 
import System.Collections; 
import System.Text; 
import System.IO; 
import HutongGames.PlayMaker; 
import UnityEngine; 
private var iot:IOTLog = new IOTLog(); 
 
// declaim items of saving 
 
private var LabItem_Table = 
["LogTime","Speed","Car_X","Car_Y","Car_Z","Car_Angle","Car_Pedal","Car_Bra
ke","Car_Steer","EventCar_X","EventCar_Y","EventCar_Z","EventCar_Collission","
EventNum"]; 
 
private var Data : Array = new Array(); 
 
private var CollisionMsg :String; 
 
public var subjectID : String = "00"; 
//public var other:DataManager; 
 
public var player:GameObject; 
public var eventCar : GameObject; 
public var PlayerData1:GameObject; 
public var PlayerData2:GameObject; 
public var PlayerData3:GameObject; 
 
public var speedPlayer : float; 
public var log : String; 
 
private var Timing :float; 
private var nodeID:int=0; 
 
//public var light =new Boolean(false); 
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//public var theFsm:PlayMakerFSM; 
var SiteName:String; 
function Start ()  
{ 
 
  
} 
 
function Update ()  
{ 
 
 Data[IndexOf(LabItem_Table,"LogTime")] = Timing.ToString(); 
 Data[IndexOf(LabItem_Table,"Speed")] = String.Format("{0:0.0000}" , 
PlayerData1.transform.position.x); 
 Data[IndexOf(LabItem_Table,"Car_X")] = String.Format("{0:0.0000}" , 
Mcar.position.x);  
 Data[IndexOf(LabItem_Table,"Car_Y")] = String.Format("{0:0.0000}" , 
Mcar.position.y);  
 Data[IndexOf(LabItem_Table,"Car_Z")] = String.Format("{0:0.0000}" , 
Mcar.position.z);  
 Data[IndexOf(LabItem_Table,"Car_Angle")] = String.Format("{0:0.0000}" , 
Mcar.eulerAngles.y);  
 Data[IndexOf(LabItem_Table,"Car_Pedal")] = String.Format("{0:0.0000}" , 
PlayerData2.transform.position.x);  
 Data[IndexOf(LabItem_Table,"Car_Brake")] = String.Format("{0:0.0000}" , 
PlayerData2.transform.position.y);  
 Data[IndexOf(LabItem_Table,"Car_Steer")] = String.Format("{0:0.0000}" , 
PlayerData2.transform.position.z); 
 Data[IndexOf(LabItem_Table,"EventCar_X")] = String.Format("{0:0.0000}" , 
eventCar.transform.position.x);  
 Data[IndexOf(LabItem_Table,"EventCar_Y")] = String.Format("{0:0.0000}" , 
eventCar.transform.position.y);  
 Data[IndexOf(LabItem_Table,"EventCar_Z")] = String.Format("{0:0.0000}" , 
eventCar.transform.position.z); 
 //Data[IndexOf(LabItem_Table,"EventCarSpeed")] = 
String.Format("{0:0.0000}" , PlayerData3.transform.position.x); 
 Data[IndexOf(LabItem_Table,"EventCar_Collission")] = 
String.Format("{0:0.0000}" , PlayerData1.transform.position.y);  
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 Data[IndexOf(LabItem_Table,"EventNum")] = String.Format("{0:0.0000}" , 
PlayerData1.transform.position.z); 
 
 iot.WriteLog = Data; 
  
 CollisionMsg = ""; 
} 
 
public function GetCollisionLog (msg:String)  
{ 
 CollisionMsg = msg; 
} 
 
private  class IOTLog   
{ 
     private static var log_src : String; 
     
    
     static function set Subject_ID(value : String)  
     { 
      var myTime : System.DateTime  =  System.DateTime.Now; 
       
      //MSDN Code:System.Text.RegularExpressions.Regex.Replace 
  //http://msdn.microsoft.com/zh-tw/library/e7f5w83z(v=vs.110).aspx 
  
  var StartLabTime : String = myTime.ToString("u"); 
  StartLabTime = Regex.Replace(StartLabTime,"-",""); 
  StartLabTime = Regex.Replace(StartLabTime,":",""); 
  StartLabTime = Regex.Replace(StartLabTime,"Z",""); 
  StartLabTime = Regex.Replace(StartLabTime," ",""); 
   
  //MSDN Code:System.IO.Directory.GetParent  
 
 //http://msdn.microsoft.com/zh-tw/library/system.io.directory.getparent(v=vs.110
).aspx 
   
  var LogSrc : String; 
 // LogSrc = 
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System.IO.Directory.GetParent(Application.dataPath.ToString()).ToString(); 
 // 需在 D:中新增 UnitySave 資料夾~This is the File name 
  LogSrc = "D:/UnitySave/Wu/"+"IOT_實驗者 ID_"+value+"_開始時間

_"+StartLabTime+".csv"; 
//     LogSrc = "D:/UnitySave/99.csv"; 
     log_src = LogSrc ; 
 
     } 
    
     static function set WriteLog(value : String)  
     { 
     if(log_src == null)  
     { 
      Debug.Log("警告-IOTLog.Subject_ID 未設置實驗者 ID"); 
       
      return; 
     } 
      
     if(value == null)  
     { 
      Debug.Log("警告-IOTLog.WriteLog 未設置實驗數據"); 
       
      return; 
     } 
      
     var  send = value + System.Environment.NewLine; 
  
 
 //System.IO.File.AppendAllText(log_src,send,System.Text.Encoding.GetEncodi
ng(950));//System.Text.Encoding.GetEncoding(950) //System.Text.Encoding.UTF8 
  System.IO.File.AppendAllText(log_src, send); 
     } 
} 
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