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This study characterises driver behaviour during car following using a quantum
optical-flow-based model. Car following is deemed the outcome of the intuitive
response of a driver to instantaneous optical stimuli in the visual field driven by
changes in the surrounding traffic environments. Such optical stimuli are
transformed into psychophysical momentums in the quantum optical field
using quantum mechanics, and then used to approximate the driver speed
adjustment in the optical-flow-induced stimulus-response process. Preliminary
test results using video-based data reveal the potential of the proposed model’s
applicability in characterising driver decisions to adjust speed in response to
changes in surrounding traffic situations perceived in the visual field.
Generalisations of analytical results also infer that under a plausible condition
that a following driver fully focused on the front vehicle’s behaviour, the
proposed model permits reproducing car-following behaviour similar to that
generated by existing models.

Keywords: quantum mechanics; optical flow; driver behaviour; car-following
models

1. Introduction

Car-following behaviour which characterises driver responses to speed changes by the
front vehicle without lane changes in a lane traffic stream have been extensively
investigated using numerous microscopic traffic behaviour models. Typical among these
include linear models (Pipes 1953, Chandler et a/. 1958, Herman and Rothery 1965),
nonlinear approximations (Gazis et al. 1961, Newell 1961), and the incorporation of
artificial inference (AI) techniques such as fuzzy theories (Kikuchi and Chakroborty 1992,
Chakroborty and Kikuchi 1999). Additionally, remarkable improvements in addressing
diverse car-following phenomena, e.g. reaction time delay (Davis 2003, Orosz et al. 2005),
night driving (Jiang and Wu 2007) and asymmetrical full velocity difference of vehicles in a
traffic stream (Gong et al. 2008) have recently been made. Brackstone and McDonald
(1999) conducted an in-depth review of car-following theories, and identified the following
five major groups of car-following models: (1) the Gazis—Herman—Rothery (GHR) model;
(2) safety distance or collision avoidance (CA) models; (3) Helly-based linear models;
(4) psychophysical or action point (AP) models and (5) fuzzy-logic-based models.
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Briefly, existing car-following models assume that movement of a following vehicle is
influenced primarily by the front vehicle, and the following vehicle adjusts its speed based
on the relative speed and distance of the front vehicle.

Despite the considerable advances in car-following theories, the characterisation of the
following lane traffic phenomena leaves space for discussion. First, let us consider a case in
which an incident occurs in an adjacent lane, and is perceived by the driver of a target
vehicle; meanwhile, another vehicle is moving ahead in the same lane as the target vehicle.
Intuitively, the target driver does not react only to the behaviour of the front vehicle when
passing the incident. Rather, the incident may affect the behaviour of the target driver,
contributing to a rubbernecking effect during car-following manoeuvres (Sheu 2008).
Second, consider the case in which only one front vehicle is moving ahead of the target
vehicle in a given lane. Given the same initial traffic conditions, including the gap and
relative speeds of these two vehicles, different front vehicles may cause different car-
following manoeuvres by the target vehicle. For example, the response of the target driver
to a truck ahead during car following may differ significantly from that when responding
to a typical automobile. Additionally, under heavy traffic congestion, some drivers may
take the risk of following the front vehicle with an extremely short gap to prevent vehicles
in adjacent lanes from entering the gap immediately in front of their vehicles (Ranney
1999). This also complicates the reproduction of intra-lane traffic behaviour using classical
car-following models if only the longitudinal relationship between the following and front
vehicles is taken into account.

Furthermore, consensus exists among traffic engineers that a traffic system consists of
three elements: (1) road users; (2) vehicles and (3) infrastructure. These elements contribute
to diverse traffic phenomena. Unfortunately, most traffic phenomena cannot be
characterised by pure physics and fluid theories without considering human factors,
external environments and the complex stimulus-response process among these elements
that vary over time and space. Particularly, microscopic traffic behaviour models such as
car-following theories should not be limited to reproducing specific ‘traffic-particle’
locomotion using classical physical theorems; rather, such human factors as driver
perception of moving entities and the resulting psychological and physiological stimuli
should be considered to rationalise the causes and effects of ‘real” driver behaviour during
car following. One noticeable example is the developmental tendency of advanced
microscopic traffic simulators which incorporate more psychophysical thresholds and
functions into microscopic traffic simulation to reproduce sophisticated car-following
behaviour in response to diverse traffic flow phenomena (Wiedemann 1991, Fritzsche
1994, Panwai and Dia 2005, Tampere et al. 2009).

Thus, this work characterises the dynamic decision process, including the causes and
effects of individual driver behaviour when moving in a given lane, using a quantum
optical-flow-based driver stimulus-response model. For the sake of simplicity, the
proposed model does not consider the influence of other traffic information sources,
such as traffic signals and variable message signs (VMSs), on driver behaviour. However,
this work does account for several physical and psychological factors during model
formulation such as the stimulus from variations in optical flows and the size of driver
attentional resources. The initial stimulus from perceived changes in front traffic and
geometric situations is first transformed into psychological stimuli (i.e. psychophysical
momentums) using a quantum-mechanics-based approach. The estimated psychophysical
momentums are then used to approximate the resulting speed adjustment of a driver.
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This work adopts the underlying concepts of computational judgement theories (Fodor
1983, MacLeod and Ross 1983, Cavallo and Laurent 1988, Baker 1999) rather than those
of ecological optical theories (Gibson 1966, Lee 1980) to deal with the aforementioned
visual stimuli transformation in the quantum optical field. As noted by Baker (1999),
relative to ecological optical approaches that assume information is directly available from
a user’s optical array and immediately usable without further transformation, computa-
tional judgement theories posit that complex mental calculations are needed to process
visual stimuli from moving images into behavioural outcomes. Thus, judgement errors
may occur while perceiving moving images due to the wave—image duality during the
transfer of visual information; thus, an uncertain relationship exists between the
perception of speed and the focal point of the quantum optical field. Consequently, the
quantum optical flow approach is utilised to characterise the dynamic and uncertain
properties of driver perception of moving environments while moving in a given lane
without considering lane-changing manoeuvres.

Moreover, the rationalisation of driver behaviour addressed by the proposed model is
rooted in the belief that driver’s vision is the key interface between external stimuli and
driving responses. Unlike the idealistic car-following logic that the speed adjustment of a
target driver in a lane is primarily based on the relative relationship between two successive
vehicles moving in the same lane, the proposed model assumes that all perceived objects,
including front vehicles moving in the same lane or adjacent lanes, affect target driver
decisions. Using quantum optical flow theories, such effects are transmitted as quantum-
based psychophysical momentums, thereby stimulating intuitive speed adjustment by a
driver. Furthermore, driver intra-lane speed adjustment is considered as the accommo-
dative response resulting intuitively from optical stimuli rather than as a consensual output
between leading and following vehicles.

Relative to the previous literature in quantum optical flow theory, the incremental
contribution of this work can also be highlighted in two aspects: (1) model extension to
provide a link that bridges the gap between quantum optical flow and car-following
theories and (2) model tests through experimental design and video-based data to
demonstrate the applicability of the proposed model in diverse traffic flow conditions. As
to model extension, the proposed model not only characterises the quantum uncertainty
relationship between the quantum optical filed and a driver’s speed perception, but also
transforms visual stimuli into psychological stimuli so as to approximate the driver’s speed
adjustment in a car-following process. With respect to model tests, this work adopts two
test scenarios using different video-based datasets collected at an urban highway of
Taiwan and a freeway of California to not only enrich the variety of data acquisition
but also demonstrate the transferability of the proposed model. These are detailed in
Sections 2 and 3, respectively.

2. Modelling

Consider a target vehicle moving in a given lane on a roadway without attempting to
change lanes, and not influenced by external information sources such as traffic signals
and message signs. This work argues that perceived objects (e.g. vehicles) moving on the
roadway are the major source of visual stimuli impacting the speed adjustment of the
target-vehicle driver during the car-following process. Thus, this work develops a novel
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stimulus—response driver behaviour model using a quantum-mechanics-based approach.
The proposed model consists of the following two recursive phases: (1) transformation of
visual stimuli and (2) approximation of speed adjustment. A quantum optical flow
approach is applied in phase 1 to characterise perceived surrounding traffic flow
conditions transformed from visual stimuli into psychological stimuli (called psychophys-
ical momentum in this work). The developed quantum-mechanics-based driver-response
model then approximates driver speed adjustment in response to visual stimuli in phase 2.
Figure 1 shows the entire conceptual framework of the proposed model. The details
regarding model formulation are described as follows.

2.1. Quantum transformation of visual stimuli

This phase models driver visual stimuli (i.e. driver-perceived traffic flow conditions) using
quantum optical flow theory that transforms visual stimuli into psychological stimuli (i.e.
psychophysical momentum). Quantum optical flow theory can be considered an extension
of a cognitive approach (MacLeod and Ross 1983, Cavallo and Laurent 1988, Baker
1999), and is an alternative method for characterising the impact of optical flow on
individual decisions, relative to ecological optical theories (Gibson 1966, Lee 1980).
According to Baker (1999), the quantum mechanism approach is particularly applicable
for explaining motion-related perceptual phenomena, including the visual cause-and-effect
of motion and high-speed adaptation. Sheu (2008) applied such a quantum-mechanics-
based theory to explicate how a driver is affected by lane-blocking incidents in adjacent
lanes when approaching an incident site. Motivated by these studies, this work adopts
quantum optical flow theory to develop a transformation function that conceptualises
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Figure 1. Conceptual framework of the proposed model.
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visual stimuli perceived by a target driver in the quantum optical field. The developmental
process is as follows.

First, target vehicle i moves in a given lane / at time ¢. According to quantum optical
flow theories (Miura 1987, Osaka 1988, Bartmann er al. 1991, Kayser and Hess 1991,
Baker 1999), one can define a quantum optical field (Q[Ax(¢), Ay(¢)]) associated with the
target driver to characterise the probability-related allocation range (i.e. Ax(¢) and Ay(r))
of target driver attention across the longitudinal (X) and lateral (Y) dimensions of
O[Ax(t), Ay(?)]; thus, we have

(Ax())(vi(n)) = Cy, V1 ()

Ay@)(vi(1)) = Cy, Vi )

where Ax(7) and Ay(f) are the standard deviation in the longitudinal (X) and lateral (Y)
dimensions of the focal point of the target driver, respectively; v;(¢) is the instantaneous
speed of target vehicle i moving along the X-dimension at time ¢ and Cy and Cy are two
constants associated with the X- and Y-dimensions, respectively. In reality, the original
forms of Equations (1) and (2) were proposed in Baker (1999) to characterise the
relationships between the uncertainties (Ax and Ay) in the two-dimensional focal point of a
driver and driving speed (v). Experimental studies to support Equations (1) and (2) can be
found in Bartmann et al. (1991) and Kayser and Hess (1991). Here, the uncertainties in a
quantum optical field (Q[Ax(7), Ay(¢)]) change as v;(7) changes. As argued by Baker (1999),
a high vehicular speed requires concentration to process resources, thus forming what is
called driver ‘tunnel vision’, which is a manifestation of a focus on forward motion.
Conversely, a low vehicular speed may result in the increases in Ax and Ay, leading to
more uncertainties in Q[Ax(z), Ay(¢)] of a driver. Therefore, a trade-off relationship may
exist between Ay(z) and v(¢), as in Equation (2), and a similar trade-off also applies to the
relationship between Ax(7) and vi(¢), as in Equation (1).

Nevertheless, the aforementioned relationship between Q[Ax(7), Ay(¢)] and v;(¢) also
hinges on an inequality and factors such as driver attentional resources and an action
constant. Such uncertainty underpins the mistakes that a driver can make in driving
judgement especially with speed (Baker 1999), which is further detailed in the rest of this
section. Furthermore, Miura (1987) had confirmed that the relationship of aerial
uncertainties (of the fovea) in Q[Ax(r),Ay(f)] may exist in the form as
[Ax(1)][Ay(1)] = Cxy, which means that there is also a trade-off between Ax(7) and Ay in
a quantum optical field, where Cyy is a constant. Therefore, given that vehicular speed
(vi(t)) remains constant, the uncertainty in the lateral optical field decreases as the
uncertainty in the longitudinal optical field increases.

Suppose the target driver observes surrounding traffic flows composed of a certain
number of vehicles ahead (denoted by Jy) within the corresponding quantum optical field
(O[AX(1), Ay(?)]) at time ¢. Via the effect of optical flow, each perceived vehicle j, then
contributes to the instantaneous psychophysical momentum (&;,(7)) and the psychophys-
ical energy function (6,(2)) of the target driver; thus, ®;,(¢) and 6;,(¢) are given by

(DjQ([) = me X VjQ*)i(t) X I/Vl(t)s V]Q € JQ (3)

mjy X [Vigoi( O x Wi?)
2 b

0j, (1) = Vjg € Jo 4)
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where jo is a given nearby vehicle perceived by a target driver within Q[Ax(7), Ay(7)] at time
1; mj, is the perceived light mass associated with jo; v;,.(?) is the perceived relative speed
of jo with respect to target vehicle i at time 7, which is given by vj, (1) = v;,(¢) — vi(?);
Wi(1) is defined as the size of attentional resources associated with target driver 7 at time z,
based on attention theory in psychology (Kahneman 1973, Hasher and Zacks 1979,
Humphreys and Revelle 1984, Eriksen and St James 1986, Young and Stanton 2002). Our
rationales for the definition of W(r) are summarised as follows. According to Kahneman
(1973), attentional capacity determined by attentional resources is positively associated
with physiological arousal. Furthermore, the size of attentional resources may change not
only with long-term fluctuation in mood or age (Hasher and Zacks 1979, Humphreys and
Revelle 1984) but also in the relatively short term depending on task conditions (Young
and Stanton 2002). If attentional resources are fixed, the larger the optical field is, the
slower the processing will be in the optical field, according to the zoom-lens model in the
field of selective visual attention (Eriksen and St James 1986). Additionally, it is
noteworthy that the current study scope including the proposed model aims at urban
rather than rural roads and that the light mass perceived is restricted to the case of day
trips rather than night trips which can be influenced by other factors such as
environmental lightness including the performance of vehicular headlights and perceived
brake lights. A driver with a higher value of W;(r) may perceive a greater psychophysical
momentum (Sheu 2008). According to Equation (3), a negative psychophysical momentum
(®;,(1) < 0) may occur in the case v;, () <0, meaning that the physical speed of the
perceived surrounding vehicle jp is lower than that of the target vehicle i. This may lead to
the target driver’s visual phenomenon that the perceived surrounding vehicle jp is moving
backward (i.e. towards to the target driver). In this work, such a negative psychophysical
momentum (®;,(¢) < 0) is regarded as a negative stimulus to the target driver, and thus it
may cause a negative effect on the speed adjustment (i.e. deceleration) of the target driver.
Nevertheless, the magnitude of this effect also depends on the size of a driver’s attentional
resources (W;(f)). A driver with a high value of W,(f) may perceive a greater negative
psychophysical momentum than a driver with a low value of W;(¢) under the condition of
Vjp—i(1) < 0. This is one reason why Wy7) is incorporated into the above model
formulation.

Nevertheless, psychophysical energy, according to Baker (1999), must be defined
as a function of optical flow frequency and follow the stability rules of the quantum
solution. Thus, by employing classical quantum equations, the following
conditions that characterise the correlations between the waveform of a visual stimulus
(i.e. perceived vehicular image) and psychological stimulus (i.e. psychophysical
momentum and energy function) also hold for each vehicle j, perceived within the
quantum optical field.

h .
GjQ(l) =h ijQ(l), VjQ € JQ (6)

where w;,(7) and f;,(7) are the wavelength and frequency associated with the quantum
optical flow oriented from jy perceived by target driver at time ¢, respectively, and /4 is an
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action constant. Similarly, the perceived image associated with jo can be characterised as a
waveform with wavelength (w;,(7)) and frequency (f;,(7)), and is given by

h
wjo (1) = &) Vjo € Jo (7
04
Jio(D) = "fh(t), Vio € Jo ®)

Using Equations (3), (4), (7) and (8) combined with the theory of wave packet formation,
this work approximates the wavelength (w,,(7)) of the wave packet caused by perceived
surrounding traffic flows (Jp), and the propagation coefficient (p(f)) from the wave
modulation subject to the following condition:

2 4r
wy,(t)=—=—- 9
o= 00 = mp) )
where p(t) = %. Based on the image-wave duality relationship obtained by combining
Equations (7)—(9), we have
h
= 10
wy,(1) (1) (10)
21y (1)
p() === (an

where @, (7) is the aggregate psychophysical momentum caused by perceived surrounding
traffic flows, and is described in the following subsection. According to Beiser (1969),

Morrison (1990) and Baker (1999), the resulting wave packet spread (Ax()) is best defined
by Ax(f) = % = wj%(t) Thus, Ax(7) also represents the instantaneous visual scope in the
longitudinal dimension of the quantum optical field at time #, as described previously.
Accordingly, the uncertainty (A®,,(7)) in the psychophysical momentum caused by the

perceived surrounding traffic flows can be defined as

hAp(1) — h
2r Ax(1)

Ad (1) = (12)

Generally, Equation (12) can be expressed in the form of the Heisenberg Uncertainty
Principle given by

AX(DAD (1) > h (13)

Equation (13) indicates that the joint uncertainty in the longitudinal field of the driver’s
focal point (Ax) and psychophysical momentum (A®,, (7)) is greater and equal to an action
constant (4). However, according to Equation (10), the lower the perceived relative speed

(v7—1(1)), the longer the wavelength (w,, (7)) in seeing the surrounding traffic flows (M,,)

and the greater the value of Ax (‘.'Ax(t):wjg(t)), leading to lower uncertainty in
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psychophysical momentum (A®,, (7). Given that the size of the target driver’s attentional
resources (W, (1)) is constant at time ¢, we can then rewrite Equation (13) as

h
AX(Z)AV]QHI'(Z) > m (14)

where the sign > is a formal statistical statement relating the standard deviations in
longitudinal field (Ax(7)) and speed perception (Av,,-. (7)) with a workload constant
(W) that can be multiples of the wave packets of the perceived images from relative
motion. In this work, we define the entire right hand side of > as a mental workload
constant based on Wickens and Hollands (2000) and Patten ez al. (2004) that address
driver attention allocation. In Wickens and Hollands (2000), the workload of a driver is
defined as the demand of driver mental resources allocated per time unit for driving
performance. Patten et al. (2004) further claimed that driver metal workload is associated
negatively with a driver’s awareness of road situations. In Baker (1999) such an inequality
sign represents that the wave packet may have different shapes apart from a normal
distribution. Accordingly, Equation (14) indicates that for a driver with fixed attentional
resources for a while (W;(¢) is constant), the greater the uncertainty in the driver’s focal
point, the smaller the errors in the driver’s judgement of relative speed with respect to the
perceived surrounding vehicles, and vice versa.

Note that the right-hand side of > shown in Equation (14) is regarded as a mental
workload factor associated with a driver, and embeds the attentional-resource term (Wi(r))
that describes the internal characteristics of the driver. If W(r) is assumed to be complex
with real and imaginary components, the right-hand side of > shown in Equation (14) can
then be written in the complex form of % Correspondingly, the uncertainties in driver
perception for both the longitudinal (X) and lateral (Y) dimensions and speed can then be
described, respectively, as

ih e
[Ax(l)][AvJQ%,‘(l)] > W for longitudinal field, (15)
ih
A Avy, ()| > ————— forl 1 field. 1
[Ay()][Avsy—i(1)] = S, WD or lateral field (16)

Note that both Equations (15) and (16) follow the Heisenberg Uncertainty Principle, and
the right-hand side (th(») of the sign > remains as a complex workload constant.
10 Wi

According to Baker (1999), Equations (15) and (16) can also be expressed as a combinative
form given by

h2
42 (]\41(3)2[1’1/1‘(0]2

Therein, Equation (17) can be regarded as a generalised form of the proposed model used
to characterise the trade-off relationship between the joint uncertainty in a quantum
optical filed [Ax(z) Ay(7)] and the standard deviation (Avy,- (7)) in a driver’s speed
perception constrained by a complex workload constant. In other words, the simultaneous
measurement of a driver’s perceived relative speed and the instantaneous visual spread
entails a limitation on the precision (standard deviation) of each measurement. The more

[AX(DAYDI[Avsy-i(D] = — (17)
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precise the measurement of a driver’s perceived relative speed, the more imprecise the
measurement of instantaneous visual spread, and vice versa. In the most extreme case,
absolute precision of one variable would entail absolute imprecision regarding the other.
Because of the nature of light within the optic flow that human beings have to process to
obtain visualisation, errors may occur within the computation judgement of motion
relative to speed.

Despite the rationality of quantum mechanics approaches applied in the analysis of
optical flow, the purpose of the proposed model is to reproduce a driver’s car-following
behaviour for day trips on urban roadways rather than the quantum movement of a tiny
particle (e.g. an electron) with unlimited measurement errors in either position or
momentum. Therein, we are more interested in a constrained speed-perception error case
[Avj,~i(O)] = [vj,—i(1)] meaning that a driver perceives the speed of the optic flow as
physical speed with no deviation in estimation. Under such a prerequisite, we can then
readily describe the quantum optical flow of a driver as looking at variations in the
likelihood of spatial field perception relative to other surrounding vehicle movements.
Based on this prerequisite, we not only approximate a driver’s speed adjustment for car
following in the next subsection but also summarise some important properties revealed in
the phase of quantum transformation of visual stimuli which are presented as follows.

Property 1 (The effects of visual stimuli): Given that a vehicle (the target vehicle) remains
moving in a lane without traffic intervention from other lanes, the instantaneous attention
allocation range (Ax(7)) in the longitudinal dimension of the target driver is negatively
affected by aggregate psychophysical momentum (®,,(7)) derived from the perceived
surrounding traffic flows in the following forms:

(1-a) Given Wi1), mj, , Vjo € Jo and external environmental conditions, as the
perceived aggregate relative speed of the surrounding traffic flow moving toward the target
vehicle increases, the instantaneous visual spread (Ax(t)) of the target driver in the
longitudinal dimension decreases, contributing to the increase in target driver attention on the
object nearest the focal point, and vice versa.

A typical example is the case in which the target vehicle approaches the tail of queuing
vehicles in a traffic bottleneck from the light traffic segment to the heavy traffic segment
on a freeway. The target driver typically pays close attention to the front vehicle in the
same lane when first perceiving queuing vehicles. Another case is when the target vehicle
approaches a lane-blocking incident from an adjacent lane in which incident-induced
queuing vehicles stuck in the blocked lane may contribute a certain amount of visual
stimuli perceived by the target driver even in the absence of any front vehicle in an adjacent
lane. This case also infers the necessity of car-following model extension in rationalising
incident-induced lane traffic phenomena.

(1-b) Given Wi(1), Avj,~.i(1) , Vjo € Jg, and external environmental conditions, as the
perceived aggregate light mass of the surrounding traffic flow increases, the instantaneous
visual spread (Ax(t)) of the target driver in the longitudinal dimension decreases, thereby
contributing to the increase in the attention of the target driver on the object nearest the focal
point, and vice versa.

In reality, this sub-property can be easily observed when comparing two different cases
in which a truck and car moving ahead are observed, respectively, given the same moving
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speed and traffic flow conditions. According to the proposed model, the perception of a
truck may result in more visual stimuli than a car, thereby receiving more attention from
the target driver. This issue, however, appears to be sparsely addressed in the previous
literature of car-following behaviour modelling.

(1-¢) Given mj,, Av;, (1) , Vjg € Jo, and external environmental conditions, as the size
of attentional resources (Wi(t)) of the target driver increases, the instantaneous visual spread
(Ax(?)) of the target driver in the longitudinal dimension decreases, thereby contributing to
the increase in the attention the target driver pays to the object nearest the focal point, and
vice versa.

This sub-property can be easily induced from Equation (14). The greater the target
driver’s attentional resources (W;(¢)) the smaller the instantancous visual spread (Ax(¢)) of
the driver in the longitudinal dimension given m;, and Avj, . (?) (Vjo € Jp), thus increasing
the driver’s attention allocated on the object nearest the focal point. In effect, this sub-
property is arguably reasonable, and consistent with the principle of the zoom-lens model
proposed by Eriksen and St James (1986) in the area of selective visual attention. Therein,
the change in size of focus is deemed to have a trade-off relationship with the efficiency of
processing in the visual field.

2.2. Approximation of speed adjustment

This phase describes a quantum-mechanics-based approach for reproducing a driver’s
speed adjustment during the car-following process driven by psychological stimuli (i.e.
psychophysical momentums (®,,(¢)). Based on the aforementioned prerequisite (i.e.
[Avj,—{0)] = [vs,—i(1)]), the surrounding traffic flow conditions perceived by a driver were
transformed into driver psychophysical momentums (®,, (7)) in the previous phase. In this
phase, psychophysical momentums are further processed through a stochastic wave packet
procedure to characterise the quantum-based optical effect on target driver attention, and
then are correlated with the induced speed adjustment. The developmental procedures are
described as follows.

First, by adopting the theorems of Beiser (1969) and Morrison (1990), this work
characterises the attention of the target driver in the instantaneous visual field
O[Ax(1), Ay(1)] using a two-dimensional Gaussian wave packet (2opax(.ay[x(1), y(?)]) in
the following generalised form:

i [0-ng @2 D=, 0P
a2 T w2

QoiasanenX(0. 7 (0] = (18)

2 x Ax() x Ay(t)
where g (1) and g, (7) are the centres of the instantaneous wave packet in the X- and
Y-dimensions, respectively. The instantaneous psychophysical momentum (®;,(7)) induced
by each surrounding vehicle (jg, Vjo € Jo) is then associated with a time-varying weight

(81, (1)) given by
Q ol xi, (1), v, (t
51, (1) = o). av01[Xio (1): Yo (1)] . Vo ey (19)
v7,elg SLOIAXD.A() [ng (1) 37,(0)
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where 8;;,(7) also represents the relative magnitude of the attention of the target driver on a
given perceived vehicle j, at time ¢.

Accordingly, one can utilise the above two-dimensional Gaussian wave packet
(Q0ax(r).apen[x(2), ¥(1)]) to aggregate the psychophysical momentums (P, (7)) of the target
driver perceived within Q[Ax(¢), Ay(t)]. The resulting response of the target driver can then
be treated as the speed adjustment (v;(# + At;)) of the target vehicle at time ¢+ Az, as
determined by the sum of weighted psychophysical momentums resulting from perceived
vehicles dispersing ahead. The mathematical form of v,(z 4+ At;) is given by

Vit + At;) = ay x @, (1)
= X Z 8ijo (1) x @), ()

VjQ EJQ

=0 x Wilt) x Y 81, (1) X [mj, X vjyai(1)] (20)

Vio€Jo

where «; is a positive parameter, and A¢; is the reaction time of target driver i.

The rationales of the proposed quantum optical-flow-based driver stimulus-response
model derived above are now discussed.

First, the proposed model is particularly applicable during lane-blocking incidents.
Empirically, during a lane-blocking incident, any vehicle approaching the incident site
from either a blocked lane or adjacent lanes may not adjust their speeds based merely on
the behaviour of the front vehicle. Instead, drivers typically adapt their approaching
speeds to an aggregate speed of the incident-impacted traffic flows moving ahead that are
responding to incident effects on section-wide traffic flows (Sheu ez a/. 2001, Sheu 2003). In
reality, when using the proposed model, the incident effect on section-wide traffic flows
can be characterised by driver-perceived multi-vehicle momentum to derive driver
responses to incident-induced traffic phenomena. Such a treatment appears to be more
realistic in dealing with incident-induced driver behaviour.

Second, from a psychophysical perspective, that the magnitude of the speed adjustment
by the target vehicle also relies on the size of driver attentional resources (W (¢)) is
reasonable. Theoretically, a driver with a large value of W;(r) may have increased
awareness of surrounding traffic situations (Endsley 1995, Recarte and Nunes 2002). This
may contribute to increased deceleration when negative changes in surrounding traffic
situations are perceived (e.g. surrounding traffic worsens, and approaches a lane-drop
segment). Conversely, a driver with fewer attentional resources (W;(f)) can be less sensitive
to the same traffic situations. Therefore, W(¢) is proportional to the speed adjustment, as
in Equation (20). Additionally, from a practical perspective, such a psychological factor
can be further characterised through sophisticated mechanisms to reproduce microscopic
traffic behaviour. For example, it is likely that a driver’s visual attention can be influenced
by other uncertainties, e.g. instantaneous driving workloads (Hing et al. 2003, Jahn et al.
2005), emotions (Lajunen et al. 1998) and familiarity degree in route conditions (Martens
and Fox 2007), and moreover, may decline with the length of driving time due to fatigue.
And thus, the factor of attentional resources (W;(f)) can be determined via stochastic
processes with decreasing mean values over time and diverse variances, and then
incorporated into traffic simulators to characterise the heterogeneity of driver visual
attention in traffic simulation. With respect to the instantaneous measurement of W(r) for
potential use in ITS subsystems such as advanced vehicle control and safety systems
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(AVCSS) and automatic highway systems (AHS), the utilisation of other advanced
psychophysical technologies for measuring a driver’s activation and arousal conditions is
needed.

Third, consider two cases associated with two different front vehicles (e.g. a truck and a
private vehicle) perceived by the target driver. The resulting magnitude of the speed
adjustment by the target driver can differ in these two cases. Intuitively, a target driver is
likely to pay more attention when approaching a truck than when approaching a private
vehicle due to psychological discomfort and safety concerns (Yoo and Green 1999, Peeta
et al. 2005, de Waard et al. 2008), thereby resulting in different speed adjustments for these
two cases. Notably, such vehicle effects during car following can also be differentiated via
the use of psychophysical momentum in the proposed model; and however, may not be
satisfactorily addressed by existing car-following models.

Additionally, some properties of the proposed model revealed in this phase are
summarised as follows.

Property 2 (Relationships between visual stimuli and driving response): Given that a vehicle
(the target vehicle) remains in a lane without traffic intervention from other lanes, the
speed adjustment (vi(z + At;)) and aggregate psychophysical momentum (®,,(7)) of the
target driver based on perceived surrounding traffic flows have a causal relationship.

(2-a) Given Wi1), vj,—i(1), Vjo € Jg, and external environmental conditions, as the
perceived aggregate mass of surrounding vehicles increases, the attention the target driver
pays to the front vehicle in the same lane increases, contributing to the phenomenon in that
the speed adjustment (vi(t + At;)) of the target driver relies markedly on the behaviour of the
front vehicle, and vice versa.

Under high-volume traffic conditions, a target driver may perceive a greater magnitude
of aggregate light mass (M, (7)) than that when under low-volume traffic conditions. This
may further increase the attention the target driver pays to the object nearest the focal
point, i.e. the front vehicle (by sub-property 1-b), and decrease Ax(z) and Ay(z) in
S0 x(n), a0 X(2), ¥(1)] (see Equation (18)).

Furthermore, sub-property 2-a also indicates that from a psychophysical perspective,
speed adjustment manoeuvres reproduced in the existing car-following literature are
special cases addressed by the proposed model. That is, under the condition of multi-lane
over-congestion or only one vehicle moving ahead in the same lane, the proposed model
may generate results similar to those generated by existing car-following models.
Nevertheless, in most cases, driver intra-lane speed adjustment manoeuvres may still be
influenced by aggregate psychophysical momentum in response to the perception of multi-
lane traffic flow situations, according to the proposed quantum optical-flow-based model.

(2-b) Given Wi(t), mj,(1) , Vjo € Jg, and external environmental conditions, as the
perceived aggregate relative speed of the surrounding traffic flow moving toward the target
vehicle increas.es (i.e. ZVer Jo 8ijo (1) X [mj, x vj,i(D)] < 0), ghe degree to which target driver
deceleration (vi(t + At;) < 0) relies on the behaviour of the front vehicle moving in the same
lane increases, and vice versa.

Sub-property 2-b has two important features. First, the directional correlation between
perceived relative speed and the resulting speed adjustment (v;(z + Atf;)) of the target
vehicle is consistent with outcomes yielded by existing car-following models. For instance,
given that only one front vehicle jo is ahead and the perceived relative speed is negative
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(i.e. vjp—i(1) <0), target vehicle i/ may decelerate, in accordance with Equation (19).
Specifically, as the perceived deceleration increases, the resulting deceleration of the target
vehicle increases. Second, this sub-property particularly applies to the case in which the
target vehicle is approaching a highly congested segment upstream from a segment with a
low degree of congestion. Due to the quantum optical flow effect in sub-property 1-a, the
target driver may increase his attention on the front vehicle as the aggregate speed at which
the perceived surrounding traffic flow is moving backward is significant in this case. If the
perceived relative speed is extremely high, the magnitude of target vehicle deceleration will
depend on the behaviour of the front vehicle, mimicking classical car-following phenomena.

(2-¢) Given mj,, vj,.i(1) , Vjo € Jo, and external environmental conditions, as the
attentional resources (Wi(t)) of the target driver increase, the sensitivity of the target driver to
the behaviour of the front vehicle increases, and thus the target driver typically executes a
greater speed adjustment after perceiving the speed adjustment of the front vehicle, compared
with that for fewer attentional resources.

Based on the proposed model and properties, this work now considers their
applicability to various traffic scenarios.

Scenario 1: One target vehicle following one front vehicle

This work now considers a simple car-following scenario, in which two successive
vehicles, the target and front vehicle (denoted by i and jy), are moving at speeds v;(¢) and
vj, (1), respectively, in a given lane on a road segment without changing lanes. From
Equations (1) and (2), the peripheral visual field Q[Ax(7), Ay(?)] of the target vehicle is
formed with instantaneous visual spreads Ax(f) and Ay(¢) in the longitudinal (X) and
lateral (Y) dimensions, respectively. In this car-following scenario, the target driver
perceives the front vehicle in the focal point located in (A“;’), 0) relative to the position of
the target driver. According to Equation (20), we infer that the instantancous speed

adjustment v;(¢ + Az;) of the target driver is

Vit + Ati) = o x )y (1)
=] X VV,(I) X (SiJ'Q(Z) X ij X ng*)i(l)

=ay x Wi(t) x 8, (1) x mj, x [v;, (1) — vi(1)] (21
By Equation (19), 8;,(¢) = 1, which is applied to Equation (21); thus, vi(¢ + Az;) is given by
Vit + At;) = oy x Wilt) x mj, x [va(t) — vi(t)] (22)

For this simple car-following scenario, the derived model in Equations (21) and (22)
has properties similar in reality that are the generalised form of the GHR model (i.e.

vi(t + At) = ﬂ(vi(t))h %), which has been extensively investigated in car-following
i (D=,

and related areas in traffic flow theory (Brackstone and McDonald 1999). First, the pro-
posed quantum-mechanics-based model and GHR model have a common feature in which
the perceived relative speed of the target vehicle, i.e. v, (¢) — v(), has a direct linear effect on
the speed adjustment (v(7 + At;)), where vi(¢ + At;) increases as vj,(7) — vi(f) increases.
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Second, consider the effect of the relative position on v;(f + At;) in both models. As stated,
the front vehicle is perceived in the focal point of the target driver at time ¢ and, thus,

A
0 0 = 0

= AX(1) = 2L, (1) — x:(0)] (23)

By combining Equations (12) and (23), we infer that as the magnitude of the relative
position x;,(#) — x;(7) decreases, the psychophysical momentum @, (¢) of the target driver
increases. Thus, according to Equation (21), the magnitude of the speed adjustment
vi(t + At;) increases. We infer that the effect of x;,(¢) — xi(¢) on v{(z + At;) in the proposed
quantum-mechanics-based model is similar to that in the GHR car-following model.
Moreover, in both the models, the instantaneous speed (v;(¢)) of the target vehicle has a
positive effect on the speed adjustment vi(¢z+ Az;) of the target vehicle driver. By
Equation (22), we infer that the effect of v;(r) on v;(t + At;) in the GHR model can be
rationalised by utilising W;(¢) in the proposed model.

Accordingly, the typical car-following behaviour reproduced by GHR-based models
can be considered a special case characterised in the proposed quantum optical-flow-based
model. Specifically, the proposed model remains valid when differentiating type-of-vehicle
effects on vi(t + At;) under conditions when front vehicles are different types due to the
incorporation of mj, in the proposed model.

Scenario 2: Rubbernecking-driven car-following when passing incidents

This scenario demonstrates the applicability of the proposed model in characterising
potential driving behaviour of the target driver while perceiving a lane-blocking incident in
an adjacent lane. Unlike the previous incident-free scenario, the curiosity of the target
driver regarding the perceived incident and anomalous changes in section-wide traffic
flows, particularly in terms of queuing upstream of the incident site, may result in the
so-called rubbernecking effect on car following when the target vehicle approaches the
incident. Specifically, the incident-induced rubbernecking car-following behaviour stems
from the diversion of target driver attention from perceived traffic flows spreading
towards the incident site, coupled with personal driving pressure that may increase when
approaching the incident site from an adjacent lane. Such mixed psychological factors
contribute to incident-induced rubbernecking car-following behaviour that may go beyond
classical car-following logic rules in, say, the GHR-based model.

To characterise incident-induced rubbernecking in the car-following model, the derived
quantum-based model (Equation (20)) can be rewritten as

vi(t + At) = oy x CDJQ(Z)

=a; X {Di_ (1) + PA() + P, (1)}

=y x Wi(t) x 168ii—1(8) x [mi—1 X vic151(0] + 8 a () X [ma X va_i(1)]

+ Z SjA(t) X my, X VJ'A*H'([)}

Vinedo
=ay x Wi1) x {5i.i—1(l) X [mi—1 X vicis/(0)] = 8ia(t) x mp x vi(1)
Y 50 < xi0) (24)

Via€Jo
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Equation (24) suggests that when approaching an incident site from an adjacent lane,
three main sources of psychophysical momentums exist, i.e. ®;_1(#), ®,(¢) and &, (¢), each
of which influence target driver speed adjustment (v(f + At;)). Thus, ®;_;(¢), ®A(¢r) and
®;, (1) represent the psychophysical momentums caused by the perceived front vehicle
(i — 1) in the same lane, the incident (A) and incident-affected vehicles (Vj,) upstream from
A in the blocked lane, respectively. Similarly, the values of the corresponding time-varying
weights 8;,-1(¢), 8;a(¢) and 8,;,(f) can be approximated using Equations (18) and (19).
According to Equation (24), we infer that in the presence of a lane-blocking incident, the
instantaneous speed adjustment (v;(z + At;)) of the target driver may rely on the perceived
manoeuvres of the front vehicle, the effect of personal attention diversion on the perceived
incident event and the affected vehicles upstream from the incident site in blocked lanes.
Notably, such an inference is not found in car-following literature.

Based on Equation (24), this work now considers the following incident-induced car-
following phenomena that are sparsely addressed in existing car-following models.

First, the front vehicle i — 1 is downstream of the incident site and moving with an
instantaneous speed of v;_1(z), where v;_1() > vi(t). Some vehicles are perceived as queued
in the blocked lane upstream of incident A, as illustrated in Phenomenon (1) (Figure 2). By
applying classical car-following rules (e.g. GHR-based models) to this phenomenon, a
positive speed adjustment of the target vehicle can be derived, i.e. v;( + At;) > 0, which
may not be absolutely correct in real cases due to the influence of the aforementioned
psychological factors affecting the behaviour of the target driver. The proposed model,
however, yields the following proposition:

Proposition 1:  Given a lane-blocking incident with a certain number of vehicles queuing in
the blocked lane, and the perceived acceleration (i.e. vi_1(t) > v(t)) of the front vehicle, the

Phenomenon (1)

SiSisl
i1

Phenomenon (2)

SiSisl]

- Incident

E] Queuing vehicle

Figure 2. Illustration of incident-induced lane traffic phenomena.
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target driver will accelerate (i.e., vi(t + At;) > 0) only when Equation (20) holds. Otherwise,
the target driver typically maintains the same speed or decelerates (i.e. vi(t + At;) < 0) when
passing the incident site.

Siim1 (1) x iy x vi () > | 8iima (1) X misy + 8 a(t) x ma 4+ > 8,(0) x my, | x vi(D)
VjAEJQ

(25)
Proof: According to Equation (24), v;(t + At;) > 0 only when

o X Dy, (1)>0
=P 1()+PA()+ P, () >0 (" oy >0)
= 8j,i-1(0) X [mi—y X i1 (D] +8; 4 (1) X [mp X vpi(D)]
+ D (0 xmy x v 1) >0 (L Wir) > 0)

Vin€Jo
= 8ii-1(8) X [mi—y X (vi—1 (1) — vi(2))] > i A (1) X My X V(1)
+ ) 8 (0 xmy x i) (v (D=0, )

Vinedo

= 81 () X m_y x v () > | 8;,i—1(t) x mi_1 + ;A (1) X mp + Z 8 (1) x my, | x vi(1)
VjAEJQ

(26)
Thus, Proposition 1 is proved.

Notably, Proposition 1 also applies to the case in which no queuing vehicles are
perceived in the blocked lane. In this case, the necessary condition (i.e. Equation (25))
becomes

Siim1 (1) X mi_y X vi (1) > [8ii-1(1) x my—y + 8 a(1) x mp ] x vi(1) (27)
If we assume m;_; = my, this condition can be simplified as

8iim1(1) X vio1(£) > [8ii—1(1) + 8:.4(D] x vi(t) (28)

If we assume that the mass of the perceived incident object (e.g. a broken vehicle) is the
same as the mass of the front vehicle (m,_; = m,), and, moreover, the target driver pays
full attention to the front vehicle (i.e. §;-;1 = 1,8;4 = 0) while passing an incident, the
above condition (Equation (28)) may be redundant. Thus, the behaviour of the target
driver in Proposition 1 holds true unconditionally. In other words, given the aforemen-
tioned scenario, the proposed model may reproduce the typical car-following behaviour
characterised by existing car-following models. Again, this implies that the car-following
behaviour reproduced by classical models is merely the result of a special case
characterised by the proposed model.

Next, consider another incident-induced lane traffic phenomenon, i.e. Phenomenon (2)
(Figure 2), in which a certain number of vehicles are queuing in a blocked lane, and only
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one vehicle (i.e. the target vehicle) is approaching the incident site from the target lane
(i.e. the lane adjacent to the blocked lane). Using classical car-following rules may result in
an impractical projection when there is no front vehicle ahead of the target vehicle in this
case because typical ‘car-following refers to a situation in which a vehicle’s speed and
longitudinal position are influenced by the vehicle immediately ahead of it in the same
travel lane’ (Ranney 1999). Conversely, due to the optical stimulus caused by perceiving
these queued vehicles, the speed adjustment (v,(z + At;)) of the target driver derived from
the proposed quantum optical flow-based car-following model (Equation (24)) is

1./,'([4— Al‘,‘) = —a] X Wi(l) X V,'(l) X 5,31\(1) X ma + Z (S/A(Z) X mj, (29)

Vin€Jo

Notably, Equation (29) reveals several generalisations. First, under a perceived lane-
blocking incident in an adjacent lane, the target driver typically decelerates, i.e.
vi(t+ At;)) <0, even when no front vehicle is present. Second, the magnitude of
deceleration by the target driver in this case depends mainly on the size of driver
attentional resources (W(t)), approaching speed (v;(¢)), the perceived aggregated mass of
the incident (m) and queuing vehicles (m;,, Vj,). Specifically, as the number of queued
vehicles perceived by the target driver increases, deceleration by the target driver increases,
thereby amplifying the negative effect of the incident on road capacity, which is consistent
with findings by Sheu (2003) and Sheu ef al. (2004). Notably, even when no vehicle is
queuing upstream of an incident site, according to Equation (29) the incident effect still
exists, and, thus, leads to target driver deceleration by

Vit + At)) = —ay x Wit) x vi(1) x §;a(1) X my (30)

This is why a lane-blocking incident always results in time-varying negative effects on
road traffic performance from a microscopic perspective.

Furthermore, since the instantaneous psychophysical momentum (&, (7)) in
Equation (24) is directional, it can contribute to the corresponding speed adjustment of
the target driver (positive or negative), which depends on perceived relative speed
(Avi_1—(1)). Conversely, the second term in Equation (24) is not a directional quantity;
thus, it contributes to a purely negative effect on speed adjustment in the equation.
Accordingly, the two extreme cases discussed above demonstrate the applicability of the
proposed model for incident cases in relation to conventional car-following theories.

Opverall, the proposed model may characterise how a driver adjusts vehicular speed in a
lane in response to perceived multi-lane traffic flow situations. The typical car-following
behaviour characterised in literature can be regarded as a special case in which the driver
of the following vehicle pays full attention to the front vehicle in the same lane.

3. Preliminary tests and results

Considering the prototype of the proposed methodology, this work aimed at preliminary
tests to reveal the potential of the model’s applicability in car-following behaviour
characterisation at the current stage. Furthermore, to demonstrate the model’s transfer-
ability, two test scenarios associated with two different datasets collected at different study
sites were utilised in the tests: (1) video-based processed dataset collected on an N-3 urban
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highway in Taiwan and (2) NGSIM video-based processed dataset collected on
southbound 101 freeway in California. Evaluation measures were based mainly on
comparisons of the speed adjust values (i.e. acceleration/deceleration) outputted from the
proposed model and video-based processed data. Test procedures and results in these two
scenarios are described respectively in the following.

The study site of the first test scenario (Test scenario-1) was a 1-km two-lane segment
of N-3 urban highway located in southern Taiwan, where two cameras were installed, one
on the upstream and one on the downstream sections of the study site to videotape lane
traffic movement. The average traffic volume at the study site was about 784 vehicles/In/h,
and average speed was 56.2km/h, based on the collected video-based data. In this test
scenario, three probe vehicles, the target, front, and experimental control (EC) vehicles
were used; the target and front vehicles were deployed in the outside lane, and the
EC-vehicle was in the inner lane (Figure 3). The instantancous speeds of the target and
front vehicles were recorded using in-vehicle cameras, and the perceived movements of
surrounding vehicles were videotaped from the viewpoint of the target driver.

EC-vehicle Front vehicle

™ Ay e
|ll o _.-"' -

Figure 3. Allocation of probe vehicles at the st study site.
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Conversely, the EC-vehicle, which was deployed in the adjacent lane, moved at different
experimental speeds in the range of 10-70 km/h with an incremental speed of 10 km/h to
generate diverse traffic flow conditions. Particularly, we designed a low-speed experimen-
tal case in which the EC-vehicle kept moving very slowly (10-30 km/hr) with a flash alarm
at the rear of the vehicle for safety. The sampling period for each dataset was 3 min,
covering the time at which the probe vehicles enter and exit the study site.

In this test scenario, a total of 14 video-based raw datasets were generated, where each
raw dataset contains | s. microscopic data samples, including the instantaneous speeds and
locations associated with these probe vehicles. Based on the 1 s raw data samples, we
generated 180 data samples for each dataset with respect to target vehicle’s speed
adjustment during the 3 min sampling period. Among the 14 video-based datasets, five
were utilised to calibrate the parameter of «; (see Equation (20)) which was set to be 0.308
in this test scenario. Note that the driver attentional-resource term (W;(¢)) hinges on the
internal properties of a driver, as mentioned previously. As only one target vehicle was
considered in this test scenario, we normalised the value of W;(f), and assumed it to be one
(Wi(¢) = 1) for simplicity meaning that the target driver’s visual attention is fully allocated
on the perceived traffic situations at the 1 km study site. The rest of the nine datasets were
then used to test the performance of the proposed model.

To evaluate the model’s performance in reproducing car-following behaviour, two
types of measures: (1) comparisons of average link travel time of target vehicles and (2)
distributions of absolute values of relative prediction errors were adopted. The
corresponding test results obtained in this test scenario are presented in Table 1 and
Figure 4. A discussion of the test results is presented in the following.

Overall, the above test results indicate the acceptability of the proposed quantum
optical flow-based approach in reproducing car-following behaviour, which can be
explicated in two aspects. First, by comparing the predicted values with video-based data
with respect to average link travel time, we can infer that the proposed model’s capability
of characterising vehicular speed adjustment in a car-following process is reasonably
accepted. As revealed in Table 1, the target vehicle’s link travel time forecasted using the
proposed model is close to the video-based data as the relative prediction errors are lower
than 10% in all three experimental cases. Note that in this test scenario, the target vehicle
was requested to keep moving in a given lane throughout the study site without
considering lane changing behaviour. That is, the target driver was allowed to adjust

Table 1. Comparisons of average link travel time of target vehicles (Test scenario 1).

Video-based Proposed Relative prediction
Data source measurement data (s) model (s) error (%)

Case-1: EC-vehicle with high speed (50-70 kph)

Link travel time of target vehicle 57.2 60.4 5.59
Case-2: EC-vehicle with medium speed (30-50 kph)

Link travel time of target vehicle 63.3 66.8 7.11
Case-3: EC-vehicle with low speed (10-30 kph)

Link travel time of target vehicle 74.6 81.1 8.71

Overall performance 65.0 69.1 6.31
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Figure 4. Distribution of absolute values of relative prediction errors (Test scenario 1).

vehicular speed only for the purpose of car following. Therefore, the resulting link travel
time of the target vehicle can also be regarded as an index to assess the proposed model’s
performance in reproducing microscopic car-following behaviour. Second, Figure 4
reveals that most of the prediction errors with respect to speed adjustments are distributed
within the range —0.2 to 0.2, and such a convergence of forecast errors also implies that the
proposed model’s forecast performance is reliable over time.

Additionally, we had also noted that the relative prediction errors associated with the
experimental case-3 (i.e. EV-vehicle with low speed) appeared to disperse more widely than
the other two cases (Figure 4). According to our observation, this phenomenon can be a
mixed effect caused by the high variance in speed perception of the target driver at lower
speeds and lane-changing interference from the adjacent lane (where the low-speed
EC-vehicle moves). We observed that in the experimental case-3, the EC-vehicle moving
with an extremely low speed (10-30 km/h) had resulted in the slowdowns of the following
vehicles which might be forced to conduct lane-changing from the adjacent lane to the
target lane (i.e. the lane the target vehicle moves on). In this study case, such a lane-
changing fraction (from the adjacent lane) was about 0.78 encountered by the target driver
while approaching the low-speed EC-vehicle. Consequently, the target vehicle was usually
forced to slow down while passing by the low-speed EC-vehicle due to the lane-changing
interference from the adjacent lane. Meanwhile, the target driver’s lateral field might
become wider at such lower speeds, thus leading to high variance in speed perception,
according to quantum optical flow theory (Baker 1999). Accordingly, we also reason that
the proposed quantum optical flow-based car-following model may suffer more challenges
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under high congestion conditions (particularly in lane-blocking incidents), and thus must
rely on integration with other microscopic traffic behaviour models (Sheu 2008).

To demonstrate the proposed model’s capability of reproducing car-following
behaviour with glancing-around effect, this work sampled three typical vehicular
spatiotemporal trajectories drawn from video-based data and simulation data yielded
with and without the glancing-around effect on car following outputted from the proposed
model. Simulation output without the influence of glancing around was obtained by
assuming drivers pay full attention to front vehicles in the same lane during car following;
thus, the time-varying weight (8;,-1(7)) is set to 1. Figure 5 shows the graphical comparison
result with respect to vehicular spatiotemporal trajectory (i.e. vehicular moving distance
associated with time) present in a lane. The vehicular spatiotemporal trajectories with the
glancing-around effect are more congruent with video-based data than those obtained
without the glancing-around effect. This is also the reason why overall performance of the
proposed model for intra-lane microscopic traffic characterisation in tests is acceptable.

The second study site (Test scenario-2) was located on a 6-lane segment of U.S.
Highway 101 (i.e. Hollywood Freeway) in Los Angeles, California. In this test scenario, we
sampled the vehicles shown in the 101 dataset videotaped from 08:20am to 08:35am on 15
June 2005 by camera 4, where the camera field was 75 m in length, covering the
longitudinal domain of the southbound segment of the study site (Figure 6). The hourly
volume was about 1390 vehicles/In/h and average speed was about 33.2km/h at the study
site. Therein, short-term traffic jams with queuing vehicles, followed by shockwave
phenomena were occasionally observed during the 15 min sampling period. Vehicles were
classified into three types: (1) motorcycles, (2) automobiles and (3) trucks and buses,
accounting for 0.3%, 97.6% and 2.1%, respectively, according to the summary report by
Cambridge Systematics Inc. (2005). The complete NGSIM video-based datasets are open
to the public, and can be accessed via http://ngsim-community.org/.

In this test scenario, we aimed at the car-following behaviour of vehicles present in the
middle lane (the 3rd inside lane). A total of 178 vehicles were sampled to generate 1s
processed dataset. For each sampled vehicle (termed the target vehicle), we recorded the
vehicle types, vehicular trajectories and link travel time, and then calculated relative speeds
associated with these target vehicle and perceived surrounding vehicles for each second
until the target vehicle disappeared from the camera field.

Based on the above recorded data, we generated 1296, 1s data samples with respect to
target vehicles’ speed adjustments in this scenario. Therein, we used the generated 583 data
samples (associated with 78 sampled vehicles) to calibrate the parameter of «@; which was
set to be 0.287 in this test scenario, and the rest of the 713 data samples (associated with
100 sampled vehicles) for model tests. Differing from the previous test scenario in which
only one target driver was considered, there were 178 target drivers present in this test
scenario. Therefore, we assumed that W;(¢) associated with each target vehicle follows a
uniform distribution bounded by 0.5 and 1, and then adopted the corresponding random
number generated from the uniform distribution for the estimation of «; and model tests.

Similarly, the two assessment measures adopted in Test scenario-1 are used in this test
scenario (Test scenario 2). The corresponding test results obtained in this test scenario are
shown in Table 2 and Figure 7. In addition, vehicular spatiotemporal trajectories of lane-3
drawn from video-based data and prediction data using the proposed model are also
presented in Figure 8 for comparison. An overall discussion of test results is
presented below.
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Figure 5. Samples of vehicular spatiotemporal trajectories (Test scenario-1).

Overall, the above test results also indicate the acceptability of the proposed
quantum optical flow-based approach in reproducing car-following behaviour on
freeways, particularly under medium- and high-volume traffic flow conditions. Relative
to the Ist study site, traffic is more congested at the 2nd study site with the average
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Figure 6. 2nd study site (Test scenario-2).
Source: NGSIM 101 dataset (by Cambridge Systematic Inc., 2005).

Table 2. Comparison of average link travel time (Test scenario 2).

Comparison of averaged link travel time

Data source Measurement Video-based Proposed Relative prediction
data (s) model (s) error (%)
Averaged link travel time 7.8 8.5 8.97

speed 33.2km/h, which is lower than that at the 1st study site (56.2 km/h). Nevertheless,
the comparison of the results of average link travel time is accepted because the relative
prediction error (0.0897) is less than 0.1 (Table 2). Additionally, Figure 7 also shows good
correspondence between the predicted speed adjustments and video-based data, thus
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Figure 7. Distribution of absolute values of relative prediction errors (Test scenario 2).

resulting in the congruence of predicted vehicular trajectories with real ones observed from
video. In reality, the test results obtained in this scenario may be encouraging to those
researchers (like us) who would like to bridge the gap between quantum optical flow
theory and microscopic traffic behaviour modelling. We have also noted some early works
(e.g. Baker 1999) which claim that the quantum uncertainty relationship may hold only
under high speed conditions. Therein, we infer that the feasibility of quantum optical flow
theory in the characterisation of microscopic traffic behaviour at low speeds must hinge on
some indispensable conditions. More specifically, we claim that a constrained speed-
perception error condition (e.g. [Avj,—i(1)] = [vj,—i(1)] assumed in this work)
indispensable to improve the rationality of quantum uncertainty relationship in approx-
imating a driver’s speed adjustment for car-following at a low speed. Additionally, we had
also noted that the distribution with respect to relative prediction errors shown in Figure 7
is not as concentrated as seen in the previous test scenario (Figure 4). Such a phenomenon,
in reality, is not surprising as the previous evidence had shown that the lower the physical
speed, the higher the speed perception error (Baker 1999).

On the other hand, we argue that the treatment of either the size of attentional
resources (W (f)) or reaction time (A#;) can be another issue in model tests and
applications. Unlike the previous literature in quantum optical flow theory which aims at
the quantum uncertainty relationship characterised in the focal point of a person, the
proposed model deals with generalised car-following behaviour attributed to a variety of
drivers on roadways. However, the aforementioned two human factors may vary with
driver characteristics (e.g. age, sex and instantanecous psychophysical conditions) and
external situational conditions (Hing ef al. 2003). For instance, we assumed A¢; to be a
constant (set to be 0.91) in this study. However, the vehicular trajectories observed under
high-congestion conditions (Figure 8) revealed that personal reaction time occurring in the
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start-up process (during a forward shockwave) appeared to vary with drivers, and a little
longer than that occurring in the braking process (during a backward shockwave). Such
uncertainty in reaction time observed during a forward shockwave (i.e. when vehicular
queuing starts to disperse) may contribute to irregular start-up delays, thus leading to
greater deviations in reproducing vehicular trajectories, compared with normal car-
following cases. More specifically, we speculate that the joint uncertainty in A¢; and W;(¢)
may exist, and collectively influence quantum optical field and driver behaviour. Briefly,
the characterisation of these human factors with more elaborate measures warrants more
investigation.

Moreover, based on analytical results the following provides some insights on the size
of attentional resources (W;(¢)) to facilitate determination of W;(r) for further applications
of the proposed model.

(1) Theoretically, the size of attentional resources reflecting the degree of a person’s
physiological arousal with respect to a perceived object may vary with fluctuations
in physical and physical situations, age, and task conditions (Hasher and Zacks
1979, Humphreys and Revelle 1984, Young and Stanton 2002). Nevertheless, most
applied research on attention has implicitly assumed it to be fixed for simplification
in applications (Wickens 1984, Wickens and Hollands 2000). Accordingly, we
adopt a fixed value used to quantify W,(¢) in the 1st test scenario, and however, a
random number drawn from a given distribution in the 2nd test scenario to reflect
the heterogeneity of target drivers for preliminary tests. Such a simplification in
determination of W;(¢) seems to be arguably agreeable in this work, according to
the previous literature.

(2) Evidence showing that attentional resources may shrink to accommodate any
mental demand reduction is accumulating (Young and Stanton 1997, 1999, 2001,
2002), inferring that a lower level of W;(¢) can be set for low-volume traffic flow
cases than that set for high-volume cases for practical applications.

(3) Although there is no consensus with respect to the measurement of W(¢) in the
field of attention theory, it seems widely agreeable that visual gaze reflects
attention allocation (Underwood and Everatt 1996). Thus, any technologies that
can measure the proportion of time spent in looking at target objects can be used
for the measurement of W;(f) for practical applications. For instance, in the
experiment designed by Young and Staton (2002), attentional gaze was measured
utilising an onboard miniature camera directed at an experimental participant’s
face. The video-based data were then used to investigate attentional resources
hypotheses.

Additionally, some other lane traffic phenomena that are challenging for the use of
quantum optical flow theory in driver behaviour modelling have also been noticed. First,
inter-lane traffic phenomena such as lane changes from adjacent lanes caused by unusual
events (e.g. anomalous slowdown of the experimental control vehicle in Test scenario 1 to
mimic lane-blocking incidents) markedly influence the wave-image duality and speed
perception of a driver, leading to more complexity in characterising the quantum optical
flow of a driver while car following. Furthermore, lane-changing effects may vary over
time and space, as well as instantaneous traffic flow conditions. Additionally, the
experimental design did not aim to test the proposed model under various lane-changing
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scenarios such as incident-induced lane changes and lane drops, thus leaving room for
more experiments.

4. Conclusions and recommendations

This work rationalised the dynamics of the driver stimulus-response process during car
following using a novel quantum-mechanics-based psychophysical methodology. To
consider the potential effects of driver perceptions of surrounding traffic situations, a
novel quantum optical-flow-based approach incorporating driver psychophysical
momentum, which is determined by several psychophysical factors (e.g. driver
attentional resources and the perception of surrounding traffic flow conditions), is
incorporated into the proposed model. Then, a microscopic traffic behaviour module,
which consists of stimulus and response phases, is designed to approximate driver speed
adjustments during car following under the perception of surrounding traffic situations.
Furthermore, several generalisations provide further insights into intra-lane microscopic
traffic phenomena.

Preliminary test results reveal that the proposed model permits reproducing car-
following behaviour using the quantum-mechanics-based methodology. Notably, the
proposition that driver intra-lane speed adjustment is influenced by the perceived
surrounding traffic dynamics underlying the proposed model was proved by qualitative
and quantitative analyses. Based on these generalisations from analytical results, typical
car-following behaviour reproduced by existing models may be a unique phenomenon in
which the following driver allocates all attention to the front vehicle at all times. Thus, this
is a special case characterised by the proposed model. Moreover, the proposed method can
approximate driver speed adjustment under the glancing-around effect in response to
perceived anomalous traffic flows in adjacent lanes. This may also rationalise the incident-
induced lane traffic phenomenon in that all multi-lane traffic flows upstream from an
incident site unexpectedly slowdown in most lane-blocking incident cases.

Nevertheless, additional effort in data collection and a relatively more complex
experimental design using advanced devices is needed to verify the validity of the proposed
model. Further tests for urban street cases are also suggested such that more influential
factors, such as traffic signals and inference from turning movement and roadside parking,
can be examined. Furthermore, additional effort in determination of the size of driver
attentional resources and examination of the influence of driver visual attention on the
performance of the proposed model is also needed. Incorporating other technologies and
approaches (e.g. fuzzy theory) to approximate driver psychophysical momentum,
particularly in terms of the perceived light mass and relative speed of surrounding traffic,
also warrants further research. Deriving induced lane traffic flow phenomena by extending
the proposed model and analytical results is also a worthwhile task. In addition to the
development of advanced traffic simulators, future research through model extension and
integration with image processing technologies for the use in ITS subsystems such as
AVCSS and AHS is also suggested. Most importantly, this work elucidates the influence of
human psychological and physical factors on driving manoeuvres to improve road safety,
and will stimulate further investigations exploring issues and solutions to add to literature
on traffic flow theory.
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