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Abstract

This paper provides a detailed understanding of the mechanism of traffic hysteresis and
traffic oscillations from the driver behavior perspective. Microscopic evaluation of trajectories
inside seven selected oscillations is performed to obtain a comprehensive picture of these
puzzling phenomena. A new method based on driver’s task difficulty (TD) profile is proposed
to capture changes in driver behavior in response to the disturbance caused by traffic
oscillations. A close connection between the TD profile and evolution (such as formation and
growth) of the stop-and-go traffic oscillations is found. Furthermore, driver behaviors inside
the oscillations are identified based on driver’s TD profile, and their connection with hysteresis
magnitudes is established. Finally, a generalized linear model suggests that variables related to
traffic flow and driver characteristics are significant predictors of hysteresis magnitude. One
noteworthy finding is that, the bigger the difference between the average TD levels between
deceleration and acceleration phases of a vehicle trajectory, the larger the hysteresis magnitude
becomes.

Keywords: Traffic oscillations; Traffic hysteresis; Car-following behavior; Task difficulty;
Driver behavior

1. Introduction

Stop-and-go traffic oscillation is commonly observed during congested traffic and can have
various adverse impacts including increased crash risk (Zheng et al., 2010; Zheng 2012) and
reduced fuel efficiency (Bilbao-Ubillos, 2008). Caused by the retarded recovery of speed in the
deceleration-acceleration process (Ahn et al., 2013; Chen, 2012), traffic hysteresis is an
inseparable part of traffic oscillation. As both the phenomena are intertwined with each other,
they are discussed side by side in this paper.

Several theories and models have been proposed to explain traffic hysteresis and oscillation
(Gayah and Daganzo, 2011; Newell, 1965; Zhang, 1999; Zhang and Kim, 2005). See Laval
and Leclercq (2010) for an excellent review on relevant notable efforts. However, the triggering
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driver behavior underlying these phenomena received little attention. There are a few
exceptions. Among them, Yeo and Skabardonis (2009) conjectured that human errors (e.g.,
maneuvering errors) and anticipative behaviors might be associated with the origin and
propagation of stop-and-go oscillation. However, the relationship between human errors and
traffic oscillation was not investigated. Deng and Zhang (2015) explored the impact of driver
relaxation and anticipation on traffic flow and numerically showed how the relaxation and
anticipation can reproduce positive, negative, and double hysteresis loops. Wei and Liu (2013)
reported that asymmetric driving behavior at deceleration and acceleration phases is likely to
create hysteresis loops. After observing the fact that the follower’s trajectory in a congested
region deviates from the perfect follower created by Newell’s (2002) model, Laval and
Leclercq (2010) proposed that traffic oscillations, with which traffic hysteresis is usually
associated, may have a strong connection with aggressive and timid driver behavior. Their
findings were confirmed by Zheng et al. (2011b) and Chen et al. (2012, 2014) with empirical
evidences. Despite the fact that many important properties of hysteresis and oscillation are
discovered from these efforts, aggressive-timid categorization using pure trajectory data based
on the deviation from the equilibrium spacing can induce false positive errors, which makes
ensuing analysis less reliable. For example, there may exist many reasons (e.g., distraction)
that bring a driver to the preceding vehicle closer than the equilibrium spacing, which does not
necessarily confirm an aggressive behavior. Furthermore, in some cases, the same drivers are
reported to change from aggressive into timid behavior (and vice versa) within short time
interval. Such sudden change is hard to be justified and explained because in the behavioral
research the aggressive/timid driving is well known to be closely related to the driver’s personal
traits, which is relatively stable over time. For example, Deffenbacher et al. (2003) reported
that aggressive drivers tend to engage in risky behavior, even when they are not angry.

Although the bulk of the evidence suggests that hysteresis and oscillation are closely related
to driver behavior, overall, our understanding of these puzzling phenomena remains elusive.
Specifically, no established driver behavioral model is applied to understand these phenomena.
Most of the conjectures about the relationship between driver behavior and the
formulation/evolution of hysteresis and oscillation are proposed after an extensive analysis of
the vehicle trajectory data. In other words, the conjectures are post hoc and data driven, and
thus prone to narrative fallacy (offering a plausible explanation after the occurrence of an event;
see Taleb 2010 for an excellent discussion on narrative fallacy, and its causes and
consequences). Moreover, engineering CF models (models that use Newtonian laws of motion
to describe CF behavior) are used to understand and reproduce hysteresis and oscillation. These
models are criticized for not explicitly considering human factors (see Saifuzzaman and Zheng,
2014 for a discussion on this issue). Thus, Engineering CF models are inherently not suitable
for investigating phenomena closely related to driver behavior such as hysteresis and
oscillation. It could be possible to achieve small calibration errors by fine tuning model
parameters; however, besides the potential over-fitting issue, the underlying behavioral insights
triggering hysteresis and oscillation cannot be traced back from these models.

On the other hand, there are theoretical models proposed to explicitly explain human driving
behaviors. Among them, the Task capability Interface Model (TCI, Fuller, 2002, 2005) is well-
known for its capability of explaining driver’s decision making mechanism using two basic
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concepts: task demand and driver capability. Specifically, when task demand is lower than
driver capability, driving task is easy and within driver’s control; when task demand exceeds
driver capability, the task is difficult and can lead to collision. In TCI model, a driver
continuously makes real-time decisions and adjustments to maintain the perceived difficulty of
the driving task within certain acceptable boundaries (Fuller, 2002, 2011). Therefore, the key
element of this model is the task difficulty (TD) that captures the dynamic interaction between
driving task demand and driver capability and motivates driver’s decision making. In our recent
paper (Saifuzzaman et al., 2015b), inspired by TCI a Task Difficulty Car-Following (TDCF)
framework has been developed to incorporate human factors into CF modelling and to better
explain human decision making during a CF process. The TDCF framework has been applied
to two mainstream CF models: Gipps’ model and IDM, and satisfying performances have been
achieved. Particularly, it has been confirmed that TD can be incorporated in engineering car-
following models to better reflect human factors’ role in CF behavior. Along the same lines,
the underlying behavioral reason behind traffic hysteresis and the formation and propagation
of traffic oscillation can be better explained by the changes in the difficulty level of the driving
task the driver is facing. The perceived risk of the driving task prompts the driver to modify
his/her behavior so that the perceived task difficulty level remains within the acceptable limit.
For example, after experiencing a sudden deceleration (i.e., a task with a high difficulty level)
a driver may proceed more cautiously in the acceleration phase (, e.g., adopting a larger time
headway) to maintain a lower level of task difficulty to avoid/minimize the need of future
sudden decelerations. Thus, the acceleration behavior becomes different from the deceleration
behavior, and this asymmetric behavior is likely to create a hysteresis loop. Note that such
asymmetric behavior has been reported and linked to hysteresis in the literature based on
empirical evidences without a formal behavioral theory (e.g., Newell (1962;1965); Yeo and
Skabardonis (2009)). More discussion on this issue is presented later.

Hence, inspired by the important recent discovery that driver behaviors (e.g.,
aggressive/timid driving behavior) significantly contribute to traffic hysteresis and oscillation
(Laval and Leclercq (2010)), this paper aims to provide a more solid foundation to the
connection between driver behaviors and traffic hysteresis and oscillation by resorting to a
well-established psychological/behavioral theory (i.e., TCI). The objective of this paper is to
understand the mechanism of traffic hysteresis and traffic oscillations through the change in
driver’s TD level over the driving course, and also reveal driver behaviors inside an oscillation
based on the driver’s TD profile, and explore their connection with hysteresis magnitudes. To
achieve this goal, seven fully developed oscillations have been selected from heavily congested
traffic. They are investigated in detail to get a deeper understanding of the development and
propagation of traffic oscillation and associated hysteresis behavior.

The rest of the paper is organized as follows: Section 2 describes the data and methodologies;
Section 3 gives a detailed analysis of traffic oscillation and hysteresis properties; and finally,
Section 4 discusses main findings and limitations of the study.



2. Data and methodology

Vehicle trajectory data from the US-101 site provided by the Next Generation Simulation
project (FHWA, 2008) are used in this study. The data were collected on a 6-lane 2100-foot
road segment southbound of US-101 in Log Angles, California (see Fig. 1-a) from 7:50 a.m.
to 8:35 a.m. on June 15, 2005. The resolution of the collected data is 0.1 seconds, which is
sufficient for the investigation of oscillation and hysteresis behavior. The original NGSIM data
are criticized for having errors and noises (Thiemann et al., 2008). Thus, a denoised dataset
used in many publications in the literature (e.g. Chet et al., 2014; Zheng et al., 2011a, 2011Db)
is used in this study. Briefly, speed is estimated based on vehicle positions and smoothed using
a simple weighted moving-average filter with the span of 1 s. To avoid introducing an artificial
time lag, two-sided weighted moving averages are used.

Ventura Blvd.
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Fig. 1. (@) Southbound US-101 in Los Angeles, California (Source: Zheng et al. 2011); (b)
Selected oscillations from dataset 1 (Lane 1, 7:50 to 8:05 am); (c) Selected oscillations from
dataset 2 (Lane 1, 8:05 to 8:20 am). [Osc. stands for oscillation; the color bar represents speed
in ft/sec]

2.1. Development of an oscillation

A complete oscillation can be divided into three stages: ‘precursor’, ‘developed’, and ‘decay’
stage (Zheng et al., 2011b, Chen et al., 2014), which are characterized as follows:



e Precursor: It occurs at the beginning of an oscillation. The speeds of the deceleration and
acceleration waves are close to zero. The oscillation in the precursor period propagates
from vehicle to vehicle, but not in space (the wave speed is near zero).

e Developed: The oscillation wave propagates backward through space with a speed of 10-
15 mph. The oscillation amplitude that is measured by the speed difference between the
deceleration and acceleration start points remains stable among the vehicles.

e Decay: The amplitude diminishes as the wave propagates and finally the oscillation comes
to an end. No decay stage is found in our analysis because of the limit of the study site.

We have selected all the oscillations within the dataset that satisfy two criteria: each has both
the precursor and developed stages, and is not intertwined with another nearby oscillation.
Seven traffic oscillations satisfy these criteria and are shown in Fig. 1-b and 1-c. The origin of
each oscillation are identified by using the proposed method of Zheng et al. (2011a, b). In this
method, any speed change due to a sudden deceleration or acceleration is translated to a spike
in the temporal wavelet-based energy distribution. Thus, the origin of an oscillation is traced
by identifying the first vehicle that displays a noticeable energy spike. See Zheng et al. (2011a,
b) for more details and examples on this method.

2.2. Traffic hysteresis

Traffic hysteresis was first observed by Newell (1962). He conjectured the existence of two
different congested branches in the fundamental diagram as shown in Fig. 2-a. When the
acceleration branch stays above the deceleration branch in a flow-density diagram, it is known
as a positive hysteresis, and the opposite is termed as a negative hysteresis (Laval, 2011). The
negative hysteresis is also occasionally called as the reverse hysteresis (Ahn et al., 2013).
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Fig. 2. (a) Hysteresis loop observed by Newell (1962) from volume-density plot; (b)
Hysteresis loop observed from speed-spacing plot.

Two different methods of measuring the hysteresis magnitude are proposed in the literature.
Traditionally, the hysteresis magnitude is measured as the flow difference between the
deceleration and acceleration branches at a given density in the flow-density plane (Laval,
2011). This method is mostly used for a platoon of vehicles, and suitable for investigating
hysteresis at a macroscopic level. By focusing on the speed-spacing relationship of a vehicle
trajectory, the other method measures the hysteresis magnitude as the average difference in
spacing between the acceleration and deceleration phases over a speed span of the hysteresis
loop (Ahn et al., 2013; Chen et al., 2014) as shown in Fig. 2-b. A speed span is the range of
speed that is available in both the deceleration and acceleration phases. The average difference
in spacing can be calculated by dividing the area of the loop (the difference between the area
under the acceleration and deceleration branch) by the speed span. Obviously, this method is
suitable for understanding the hysteresis behavior at a microscopic level, and thus, adopted in
this study.

Meanwhile, in analyzing traffic hysteresis, previous studies have considered two distinct
phases in a vehicle’s trajectory: a deceleration phase followed by an acceleration phase. In this
study, we have included another phase before the deceleration event: a baseline phase that
contains driver’s regular CF behavior, which is not influenced by any disturbance. The
introduction of the baseline phase allows us to observe the change in driver behavior caused
by the oscillation. Thus, each vehicle trajectory inside the oscillatory region is divided into
three phases: baseline, deceleration, and acceleration. The baseline phase represents the regular
driving behavior of a driver; the deceleration phase shows the deceleration behavior in response
to the preceding vehicle’s braking, and the acceleration phase represents the recovery of speed.
They are identified through the wavelet energy distribution (Zheng et al. 2011a), as elaborated
below.

Zheng et al. (2011a) first proposed to take the two consecutive peaks in a wavelet energy
distribution near the oscillatory region as the start of the deceleration and acceleration phases
respectively. Later this approach was adopted by other researchers (e.g. Chen et al., 2014; Ahn
et al. 2013). We have extended this method to identify the start of the baseline phase by taking
the nearest peak in the energy distribution before the deceleration phase as the start of the
baseline phase. In the absence of such peak, the start of the trajectory is considered as the
beginning of the baseline phase. Similarly, the end of the acceleration phase is identified as the
next nearest peak in the energy distribution after the onset of the acceleration phase or the end
of the trajectory whichever comes first. An example of this identification process is presented
in Fig. 3. In the right figure, the wavelet energy distribution for the subject vehicle (colored in
red in the left figure) is plotted, and its peaks are identified (denoted as circles). Based on the
position of these peaks the three phases of this vehicle’s trajectory are identified as shown in
the left plot of Fig. 3. The analysis region of an individual trajectory is bounded by the start of
the baseline and the end of the acceleration phases.
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Fig. 3. Hysteresis loop observed by Newell (1962).
2.3. Task difficulty and risk perception

Saifuzzaman et al. (2015b) proposed a new approach to model CF behavior inspired by the
Task-Capability Interface model (TCI; Fuller, 2005). In TCI the task difficulty (TD) is the
result of dynamic interactions between driver capability and driving task demand, as shown in
Figure 4. Driver capability is assumed to be limited by constitutional characteristics (such as
knowledge and skills developed through education and training) and biological capabilities
(such as perceptual and visual acuities, and reaction time), and shaped by momentary variations
in human factors. Task demand arises out of a combination of environmental conditions (e.g.
surface condition, visibility, time of the day), vehicle characteristics (e.g. engine power,
braking, and driver assistance system), speed, and position of the vehicle with respect to other
road users. When capability exceeds demand, the task is easy and within the driver’s control.
However, loss of control occurs when, for a multitude of possible reasons, task demand exceeds
driver capability (Fuller, 2011).
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Figure 4 Task-Capacity Interface model (Source: Fuller, 2005)

Based on the extensive literature review Saifuzzaman et al. (2015b) proposed that driver
capability can be assumed to be inversely proportional to driver’s desired time headway, task
demand can be explained through driver’s speed and spacing from the preceding vehicle, and
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task difficulty (TD) can be expressed as a ratio of task demand and driver capability as shown
in Equation (1):

7 Y
D0 = (3 5 ) @

where TD,, represents task difficulty as perceived by driver n at time t, S,, is spacing
measured as the distance between the front bumper of the subject (driven) vehicle to the rear
bumper of the preceding vehicle; V, is the speed of the subject vehicle; T,, is the desired time
headway, &,, is a risk parameter (more discussion on this parameter is provided in the next
paragraph), t, is the reaction time and y is a sensitivity parameter to capture a driver’s
sensitivity towards the task difficulty level. In Equation (1) the task difficulty increases with
an increase in speed or a decrease in spacing. In addition, the same task that is easy to one
driver may be difficult to another, depending on their desired time headways.

The risk parameter (6,, < 1) captures the risk perception of a driver for a specific driving
task. A positive risk perception indicates that the driver acknowledges some risk in the driving
environment, which leads to a risk compensatory behavior such as increasing the time
headway. On the contrary, a negative risk perception indicates an underestimation of risk
(caused by the negative influence of human factors such as intoxicated driving or conversing
over phone while driving), which results in dangerous behaviors such as tailgating, or speeding.

It is reasonable to assume that a driver should perceive some additional risk when
experiencing the disturbance posed by an oscillation. Therefore, the risk perception within the
oscillatory region (bounded by the deceleration and acceleration phases of each trajectory)
should be higher than that of outside the region. The best way to observe the change in driver’s
risk perception is to calibrate the model for the three driving phases (baseline, deceleration,
and acceleration) separately and get an estimate of the risk parameter in each phase. However,
the number of observations in each phase is too small to yield a reliable estimation of the risk
parameter. Furthermore, NGSIM data does not contain any human behavior information. As
an alternative, we have calculated the Task Difficulty (TD) for each phase using Equation (1).
According to the task difficulty homeostasis theory (Fuller, 2002) an increase in TD above the
acceptable limit would raise the risk perception and the driver is likely to slow down to decrease
the TD level. Therefore, any change in TD value gives an approximation of the change in the
risk perception.

To estimate the TD parameters (reaction time 7, desired time headway T', and risk parameter
&) we have selected a set of trajectory pairs both from inside and outside of oscillations in such
a way that they are free from lane change, and are not influenced by any neighboring
oscillations. A total of 30 pairs of trajectories are randomly selected from these preselected
trajectory pairs (15 from inside and 15 from outside the oscillations). All the trajectories are
selected from the same lane (lane-1) where the oscillations are observed. We have applied
TDGipps model (Saifuzzaman et al., 2015b) on each follower’s trajectory and calibrated the
model parameters using Genetic Algorithm following the same procedure used in Saifuzzaman
et al. (2015b). Note that, Saifuzzaman et al. (2015) have incorporated the TD variable in the
original Gipps’ model (Gipps, 1981) to better represent human car-following behavior. Hence,



all the parameters of the TD variable can be obtained through calibration. The TDGipps model
is presented in Equation (2) and a comparison of the calibrated model parameters is presented
in Table 1.
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Where V,, denotes the speed of vehicle n, &, and b, is the desired acceleration and
deceleration, respectively, AX,, is the gap between the subject and preceding vehicles, s,, is the
minimum gap at a standstill situation, ¥, is the desired speed, and b, is an estimate of the
deceleration applied by the preceding vehicle. The calculated speed is bounded by the
maximum acceleration and deceleration of the vehicle.

Table 1. Comparison of calibrated parameters from inside and outside of oscillations

Outside of oscillation Inside of oscillation
Parameter . .

average SD min max average SD min max
Desired speed ¥, (km/hr) 72.21 22.00 50.86 120.00 90.20 22.71 54.07 120.00
Desired acceleration a,, (ms?) 0.98 087 031 389 0.66 039 019 161
Desired deceleration b,, (ms?) -1.82 134 -449 -011 -2.34 1.17  -440 -0.90
Estimate of leader’s dec. b,, (ms?)  -1.77 129 -407 -011 -1.90 0.79 -341 -0.80
Minimum gap s,, (M) 5.07 279 100 8.00 5.35 254 1.00 8.00
Sensitivity parameter y 1.41 1.31 014 4.00 0.92 0.76 011 3.15
Reaction time ,, (sec) 0.95 0.32 0.55 1.48 1.01 0.30 051 150
Desired time headway T,, (sec) 0.94 0.30 0.45 1.50 0.94 030 056 1.38
Risk parameter & 0.01 0.01 0.00 0.02 0.20 0.08 0.09 0.37
RMSNE** 0.042 0.012 0.026 0.064 0.045 0.012 0.024 0.067

** RMSNE stands for Root Mean Squared Normalized Error. It gives an indication of the calibration performance. RMSNE is
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calculated based on the following formula: RMSNE = %Z?’ﬂ( ) ; where N denotes number of observations, S§™ is the
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Si

simulated spacing and S?%S is the observed spacing.

Most of the calibration results in Table 1 are reasonable except desired speed. Table 1 shows
that the desired speed inside the oscillation is higher than that of outside the oscillation. This
inconsistency is mostly caused by the incompleteness of vehicle trajectories. To reliably
estimate desired speed for a driver, freely accelerating and cruising are two important driving
regimes that have to be contained in the trajectories. In our study, trajectories from heavy or
congested traffic (US101 data in NGSIM) were used. Thus, it is not surprising that two different
estimates were obtained for desired speed. However, the issue related to desired speed does not
affect the remaining analysis or conclusions of the study as it is not used in the remaining
analysis. The importance of the completeness of vehicle trajectories for parameter estimations
in CF model calibration is discussed in detail in Sharma et. al. (2017).

No notable difference between these two groups in either reaction time or desired time
headway is found. However, the risk perception of the drivers inside the oscillations is found
to be significantly larger compared with the counterparts outside of oscillations. More
specifically, the average risk parameter for the drivers outside of the oscillations is close to
zero; while, it increases to 0.20 for the drivers inside the oscillations. The result clearly
indicates that traffic oscillations increase drivers’ perceived risk, which is intuitive to our daily
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driving experience. To the best of our knowledge, no previous studies have quantitatively
investigated traffic oscillations’ impact on driver’s reaction time or risk perception.

Among the calibrated parameters, the reaction time, the desired time headway and the risk
parameter are used to calculate the task difficulty level at each phase. Among the parameters,
reaction time and the desired time headway are fixed for all the drivers and for all three phases
(t = 1.0sec, T = 0.9sec) because the average estimated values for these two parameters are
almost identical for both inside and outside of the oscillation. The only parameter that is
changed across different phases is the risk parameter. For the baseline phase of a trajectory,
which stays outside the oscillatory region, the risk parameter is kept as § = 0.01, and for both
deceleration and acceleration phases it is § = 0.2.

Next, calculated TD values are utilized to investigate properties of oscillation and hysteresis.

3. Properties of oscillation and hysteresis
3.1. Oscillation properties

A descriptive analysis of the selected oscillations is presented in Table 2. To clearly observe
the hysteresis behavior from the trajectories inside these oscillations, we want the acceleration
phase long enough to show the recovery of speed that was lost during the deceleration phase.
Trajectories that do not have a sufficiently long acceleration phase are either influenced by a
neighboring oscillation that prevented the speed recovery or have an acceleration phase that
stretched outside the data collection window. We have discarded those trajectories from our
analysis. Also, the trajectories in the vicinity of lane-changing maneuvers are excluded to avoid
confounding effects. In total, 225 trajectories have been selected for the final analysis.

The analysis is done separately for the “precursor’ and ‘developed’ stages of oscillations
assuming that the driver behavior could be different between these two stages. A two-sample
t-test is performed to check whether any significant difference in driver behavior exists between
these two stages of oscillation. The two-sample t-test results suggest that all the variables in
Table 2 except ‘Baseline TD’ are significantly different between the precursor and the
developed stages of oscillations (p-value <0.01). A higher oscillation amplitude in the
developed stage compared to the precursor stage indicates a higher speed reduction. Similarly,
a higher oscillation duration in the developed stage indicates a longer disturbance period. As a
combined effect of amplitude and duration, the oscillation intensity also increases in the
developed stage. These three measures clearly explain that the disturbance caused by the
oscillation in the developed stage is much higher than that in the precursor stage.

A point worth noting is that the average TD (ATD) value at the baseline remains the same
for trajectories that later experienced either a precursor or a developed stage of oscillation (no
significant difference is found from the two-sample t-test; p-value = 0.453), indicating regular
driving where drivers have maintained the TD level within their allowable range. A sudden
increase in ATD level at the precursor stage of oscillation is observed. This may be caused by
the delayed or inadequate reaction of the driver to the sudden deceleration of the preceding
vehicle. According to the task difficulty homeostasis theory (Fuller, 2005), drivers generally
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take actions to keep the TD level within their acceptable limit. Consequently, a decrease in
ATD is observed at the acceleration phase. A different behavior is observed for the developed
stage of oscillation, where the ATD level decreases at both the deceleration and acceleration
phases from the baseline phase. This is not surprising, because in the developed stage of an
oscillation, drivers should have observed a series of vehicles decelerating in front of them, and
are likely to be prepared for the upcoming deceleration event. As a result, most of them have
been able to negotiate through the events (deceleration and acceleration) without increasing
their TD level.

For the same reason discussed above the difference of ATD levels between the deceleration
and the acceleration phases is much lower at the developed stage than at the precursor stage.
This simply implies that the driver behavior (and hence traffic dynamics) at the precursor stage
is more versatile and instable. Furthermore, for all three phases, the average speed and spacing
at the precursor stage are higher than those at the developed stage of oscillation. Time headway
could be another promising car-following variable, which is omitted from this analysis due to
the fact that a time headway profile becomes discontinuous at zero speed.

Table 2. Descriptive statistics of each oscillation®
Osc.1 Osc.2 Osc.3 Osc4 Osc5  Osc.6  Osc.7  AllOsc. p-value?

. |Total 43 32 47 32 19 15 37 225

§ Precursor 12 18 28 7 9 10 7 91

S |Developed 31 14 19 25 10 5 30 134
Oscillation amplitude* |31.41 19.19 18.12 24.35 27.83 25.67 16.93 22.26 <0.001
Oscillation duration® |13.38 10.36 11.69 17.00 11.78 10.72 15.77 12.27 0.002
Oscillation intensity® |2.31 1.83 1.59 1.49 2.39 241 1.06 1.85 <0.001
Hysteresis magnitude |53.39 30.81 23.17 50.09 33.50 35.56 30.13 33.66 <0.001
Baseline TD 0.48 0.58 0.44 0.48 0.55 0.50 0.52 0.50 0.453
Deceleration TD 0.65 0.71 0.65 0.60 0.64 0.67 0.60 0.66 <0.001
Acceleration TD 0.39 0.52 0.55 0.37 0.45 0.42 0.44 0.47 <0.001
Baseline speed 44.52 46.31 36.83 31.15 42.68 44.36 36.52 40.66 <0.001

Deceleration speed 38.27 39.37 36.75 2460 3357 4217 30.70  36.35 <0.001
Acceleration speed 41.25 47.75 44.30 37.69  40.96 37.48 3299 4212 <0.001
Baseline spacing 92.17 76.69 80.03 62.49 85.47 91.30 68.19 80.49 0.001

Deceleration spacing |73.15 67.46 70.02 50.98 66.42 80.35  63.93 68.77 <0.001
Acceleration spacing  |127.69  113.13 102.00 121.03 11083 104.74 90.57  109.35 <0.001

Precursor stage of oscillation

Oscillation amplitude |35.70 3154 31.03 2867 38.60 37.67 2448  31.07

Oscillation duration  |17.23 13.67 12.44 13.49  11.02 1176 1319 1391

Oscillation intensity  |2.09 2.40 2.53 241 3.68 3.37 2.07 241
S |Hysteresis magnitude |21.43 25.93 25.40 1869 28.14 3566  18.04 22.23
€ |Baseline TD 0.50 0.53 0.47 0.52 0.59 0.81 0.48 0.52
§ Deceleration TD 0.43 0.53 0.52 0.45 0.59 0.75 0.48 0.49
S |Acceleration TD 0.35 0.38 0.37 0.35 041 041 0.39 0.37
S |Baseline speed 35.75 39.50 37.39 3224 4189 4265 2991 3513
& |Deceleration speed 16.95 22.30 24.50 16.19 2470 2866 1747  19.57
g Acceleration speed 25.61 27.35 29.08 2153  29.24 2414 2693  26.03
S |Baseline spacing 70.27 75.89 81.39 62.96 7221 5397 60.06 68.32
T |Deceleration spacing |43.47 48.81 57.35 4256  50.56  46.29 4271  46.29
A& |Acceleration spacing |74.16 79.61 90.26 65.16 83.32 69.36 71.11 75.15

[Osc. stands for Oscillation. Unit of speed is ft/s and of spacing is ft]

 Except “‘Count’ all the values presented in this table are the average of that specific variable

2 p-value of a two-sample t-test between the precursor and developed stages

3 Count is the number of trajectories included in the analysis

4 Oscillation amplitude is the speed difference between the starting points of the deceleration and acceleration phases
(Zheng et al., 2011b)

® Oscillation duration is the length of the deceleration phase (sec) (Zheng et al., 2011b)

6 Oscillation intensity = amplitude / duration (Zheng et al., 2011b)
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Table 2 also shows a higher hysteresis magnitude at the precursor stage than at the developed
stage of an oscillation. More insight on the magnitude of hysteresis and its relation to the
change in TD level are presented in the next section.

In addition, a comparison of the driver behavior among the three phases is presented in Table
3. As the same driver is driving through these three consecutive driving phases, the dataset
represents a panel data with a panel size of 3. To check whether the driver behavior is
significantly different across the three phases, one-way repeated measures ANOVA test is
performed, and the test statistics are included in Table 3.

Table 3. Comparison of driver behavior among baseline, deceleration and acceleration phases
Variable Baseline Deceleration Acceleration F2,448 p-value
ATD 0.51 (0.16) 0.56 (0.19) 0.41 (0.15) 111 <0.001
Average speed (ft/s) 37.37 (6.59) 26.36 (10.28) 32.54 (10.10) 256.9 <0.001
Average spacing (ft) 73.24 (25.34) 55.38 (20.14) 88.98 (36.85) 216.7 <0.001

[Value in the parenthesis is the standard deviation.]

It is evident from the ANOVA test statistics that the driver behavior is significantly different
across the three phases (p-value <0.001). A pairwise t-test between each pair of phases (e.g.
baseline vs. deceleration, baseline vs. acceleration, and deceleration vs. acceleration) for all the
variables shows that the differences are significant at the 99% confidence level (p-value
<0.001). Overall, the task difficulty increases during deceleration but drops below the baseline
during acceleration. The opposite trend is observed for speed and spacing as both the speed
and spacing decreases from baseline during the deceleration and increases during acceleration.
Such behavioral change confirms that drivers act to resume their normal behavior during the
acceleration phase, the so-called regressive effect in Zheng et al. (2011b). More discussion on
this issue is presented in Section 4.2.2 where behavioral change of each driver is analyzed.

3.2. Hysteresis properties

Positive and negative hysteresis

Hysteresis behavior of individual drivers can be identified in a vehicle pair through the
evolution of the follower’s speed-spacing relationship during a deceleration-acceleration cycle.
When the acceleration branch stays above the deceleration branch in a speed-spacing diagram,
it is known as the positive hysteresis, and the opposite is termed as the negative hysteresis (Ahn
et al., 2013; Chen et al., 2014). Two typical examples of hysteresis are presented in Fig. 5
followed by a detailed comparison between the positive and negative hysteresis in Table 4.

For the positive (negative) hysteresis the acceleration phase comes above (under) the
deceleration phase in a speed-spacing diagram, indicating that the driver at the acceleration
phase keeps higher (lower) spacing than at the deceleration phase. Therefore, the hysteresis
magnitude, which is the average difference in spacing between the acceleration and
deceleration phases, becomes positive (negative) for a positive (negative) hysteresis. This
behavior is also consistently reflected through the change in the ATD level. A positive
hysteresis is associated with a substantial decrease in the ATD level from the deceleration to
the acceleration phase, and the opposite is observed for the negative hysteresis. No such
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behavioral change is observed for average speed or spacing. This further demonstrates the
advantage of using TD in explaining hysteresis behavior.
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Fig. 5. Hysteresis Types (top: A positive hysteresis; bottom: A negative hysteresis)

Table 4 Descriptive analysis of the positive and negative hysteresis

Positive hysteresis (count = 213)

Negative hysteresis (count = 12)

Variable _ _

Mean SD Min Max Mean SD Min Max
Hysteresis magnitude 28.66 20.92 0.33 111.97 -5.27 4.60 -18.03 -1.32
Oscillation amplitude 27.65  9.39 4.95 51.17 25.07 8.02 9.47 33.22
Oscillation duration 13.30 4.10 6.40 25.60 12.40 2.77 8.50 18.10
Oscillation intensity 2.19 0.86 0.39 5.81 2.07 0.68 0.70 2.98
Baseline TD 0.52 0.17 0.22 1.05 0.42 0.08 0.31 0.58
Deceleration TD 0.57 0.19 0.19 1.13 0.40 0.10 0.23 0.57
Acceleration TD 0.41 0.15 0.13 0.90 0.51 0.14 0.32 0.76
Baseline speed (ft/s) 3748  6.51 20.82 53.24 3628 791 2258  48.38
Deceleration speed (ft/s) 26.57 10.20 7.09 47.99 22.53 11.33 11.02 41.27
Acceleration speed (ft/s) 32.62 10.07 10.23  55.08 31.13 11.09 18.51 50.27
Baseline spacing (ft) 7281  25.37 28.52 174.00 80.87 2447 4771 116.20
Deceleration spacing (ft) 55.13 20.21 23.56 152.15 59.93 19.00 38.12 96.22
Acceleration spacing (ft) 90.45 37.13 27.21 209.97 62.89 17.47 42.16 96.39

Hysteresis types

We have observed speed-spacing relationship of the 225 vehicle trajectories and we did not
find any identical plots. This is not surprising because every driver’s car-following behavior is
different. However, some categorization is necessary to simplify our analysis. Hysteresis is
mostly categorized as positive and negative hysteresis loops. Apart from this traditional
classification, Laval (2011) proposed four categories based on the magnitude of hysteresis
(measured as the flow at any given density): Strong (flow > 300veh/h), weak (300 > flow >
50veh/h), negligible (flow < 50veh/h) and negative (reverse hysteresis loop). The thresholds
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for this categorization were selected without strong justification. Neither the driver behavior
under each category nor their impact on oscillation was analyzed.

Both of the above-mentioned categorizations are based on hysteresis magnitude. Instead,
from the behavioral perspective we have used driver’s TD profile to categorize hysteresis.
However, it was hard to find a clear pattern from these TD profiles. To solve this issue and to
extract some behavioral trend, the average TD (ATD) of each phase is used. This is a reasonable
approach because according to the task difficulty homeostasis theory (Fuller, 2002) driver tries
to maintain a consistent TD level. It was observed that the TD profiles for the baseline are in
most cases stable which satisfies the homeostasis theory. Although fluctuations are observed
for the deceleration and acceleration phases, the TD profiles are fairly stable. However, it
becomes fuzzier for transitioning periods, e.g., transitioning from the baseline to the
deceleration phase. During the transition period, TD fluctuated the most, indicating that the
driver tries to re-establish/re-stabilize their TD to a different level. The relative position of ATD
among the three phases provides five different types of behaviors. These five types are
described in Table 5 with the representative TD profile and one selected example of the actual
TD profile and corresponding speed-spacing diagram. The pattern of change in the ATD values
across the three phases remains consistent for a particular type. Note that to check whether the
ATD values are significantly different between the three phases for all the observed trajectories
in a specific hysteresis type, we performed one-way repeated measures ANOVA test, and the
test statistics are presented in the discussion of each type. Moreover, Table 6 and Table 7
summarize descriptive properties of these hysteresis types and their frequency at each stage of
the oscillations, respectively.

Type 1: In this type, the ATD level increases at the deceleration phase but drops at the
acceleration phase. The relation of ATD across different phases can be explained as:
TDbaseline < ATDdeceleration; ATDdeceleration > ATDacceleration; ATDbaseline >
AT Dycceteration- This type is most frequently observed (39%), and it generates the positive
hysteresis. When a driver in this type faces disturbance (at the deceleration phase) s/he fails
to react properly and becomes too close to the preceding vehicle, which leads to an increase
of the TD level. To avoid collision the driver overreacts (i.e., risk compensation), which
results in a significant drop of the TD level. The decrease in TD from the deceleration to the
acceleration phase creates the positive hysteresis. Among the five types, this behavior in
Type 1 creates the largest TD difference between the deceleration and acceleration phases.
Consequently, the hysteresis magnitudes in Type 1 are also the largest.

The one-way repeated measure ANOVA test shows a significant difference in the ATD level
across the three phases (F2, 172 = 258.6, p-value <0.001). Pairwise t-tests with adjusted p-
value further suggest that the difference is also significant between each pair (baseline vs.
deceleration: p-value <0.001; baseline vs. acceleration: p-value <0.001; deceleration vs.
acceleration: p-value <0.001).
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Type 2: Driver behavior in Type 2 is similar to that in Type lexcept that the ATD at the
acceleration phase in Type 2 stays between the ATD at the baseline and at the deceleration.
The relation of ATD across different phases can be explained as: ATDpgseiine <
ATDdeceleration; ATDdeceleration > ATDacceleration; ATDbaseline < ATDacceleration- Similar
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to Type 1, adriver in this type fails to react properly to the sudden deceleration of the preceding
vehicle which results in an increase of the TD level at the deceleration phase. However, unlike
in Type 1, the driver in Type 2 acts more sensibly to bring the TD level close to that in the
baseline that represents the normal driving. As a result, the difference in TD level between the
deceleration and acceleration phases becomes much lower than that in Type 1. This also
reduces the hysteresis magnitude. In fact, the average hysteresis magnitude in Type 2 is about
half of that in Type 1. Type 2 is mostly observed in the precursor stage of oscillation.

The one way repeated measures ANOVA test shows a significant difference in the ATD
level across the three phases (F2, 74 = 68.42, p-value <0.001). Pairwise t-tests suggest that the
difference is also significant between each pair (baseline vs. deceleration: p-value <0.001;
baseline vs. acceleration: p-value <0.001; deceleration vs. acceleration: p-value <0.001).

Type 3: Driver behavior in Type 3 shows a decreasing trend of the TD profile. The relation
of ATD across different phases can be explained as: AT Dpgserine = AT Dgeceteration,
ATDdeceleration >ATDacceleration; ATDbaseline >ATDacceleration- Type 3 is the second
most frequently observed and mostly found in the developed stage of an oscillation. The
decrease in TD from the baseline to the deceleration phase indicates a milder response to the
preceding vehicle’s deceleration compared to that in Type 1. The hysteresis magnitude in Type
3 is lower than that in Type 1 but similar to the magnitude in Type 2.

The one way repeated measures ANOVA test shows significant difference in the ATD level
across the three phases (F2,140 = 164.3, p-value <0.001). Pairwise t-tests further suggest that
the difference is equally significant between each pair (baseline vs. deceleration: p-value
<0.001; baseline vs. acceleration: p-value <0.001; deceleration vs. acceleration: p-value
<0.001).

Type 4: This type is characterized by the increase in TD from the deceleration to acceleration
phase (i.e. ATDacceleration > AT Ddeceleration). Driver behavior in Type 4 is completely opposite of
the previous three types, and so as the hysteresis magnitude which is negative. This type is
rarely observed (2%).

Type 5: Driver behavior in Type 5 does not show any significant change in TD across the
three phases. No profound pattern is observed in either spacing vs. speed or TD vs. time plot.
The hysteresis magnitude is very small (the average hysteresis magnitude is 1.24 ft).

The one way repeated measures ANOVA test shows that no significant difference exists (at
95% confidence level) in the ATD level across the three phases (F2, 48 = 2.56, p-value =
0.088). Pairwise t-tests also suggest that none of the differences between the pairs of
observations are significant at 95% confidence level (baseline vs. deceleration: p-value =
0.108; baseline vs. acceleration: p-value = 0.443; deceleration vs. acceleration: p-value =
0.077).
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Type 1 (Count = 87)

Type 2 (Count = 38)

Type 3 (Count = 71)

Mean SD Min Max Mean SD Min Max Mean sD Min Max
Hysteresis magnitude 39.39  23.01 9.93 111.97 2172 1428 552 73.79 25.32 15.10 5.30 79.75
Baseline TD 0.52 015 0.24 0.87 041 0.13 0.22 0.79 0.55 0.16 0.26 0.94
Deceleration TD 0.63 019 029 109 061 020 034 113 0.48 015 019 084
Acceleration TD 0.39 0.13 0.17 0.73 0.51 0.18 0.25 0.90 0.34 0.11 0.13 0.65
Baseline speed 40.22 587 26.92 5324 3821 6.27 25.14 46.24 34.50 5.93 20.82 47.63
Deceleration speed 31.00 846 1351 47.99 3416 7.68 1254 4534 1840 7.07 7.09 3860
Acceleration speed 3579 911 10.23 55.08 40.75 7.03 25.88 52.61 25.43 7.36 11.87 42.76
Baseline spacing 7558 2197 3755 148.64 90.93 31.97 5044 174.00 62.73 18.64 3490 122.02
Deceleration spacing  59.63  20.00 31.33 152.15 67.74 2171 3877 116.36 45.04 1420 2356 91.50
Acceleration spacing  106.20 39.90 43.05 209.97 95.67 33.32 51.84 170.71 76.94 27.18 32.02 167.45
Type 4 (Count = 4) Type 5 (Count = 25)
Mean  SD Min Max Mean SD Min Max
Hysteresis magnitude -9.99 537 -18.03 -6.92 1.24 312 485 478
Baseline TD 0.40 0.05 036 047 056 021 030 1.05
Deceleration TD 0.39 0.08 030 046 049 015 023 082
Acceleration TD 0.51 0.08 043 0.63 0.53 0.15 0.24 0.81
Baseline speed 3555 1229 2258 48.38 3458 6.05 2347 4518
Deceleration speed 2086 9.79 1168 30.74 2182 9.60 11.02 41.27
Acceleration speed 3123 6.15 2543 37.34 29.18 1046 1556 50.27
Baseline spacing 8498 3151 4771 116.20 66.18 2514 2852 114.72
Deceleration spacing  58.96  16.09 44.09 76.63 50.61 18.80 2894 96.22
Acceleration spacing  63.21  13.00 50.57 8134 57.23 1868 27.21 96.39
Table 7 Hysteresis types at the two stages of an oscillation
Originated Precursor stage Developed stage
by Typel Type2 Type3 Typed Type5b Typel Type2 Type3 Typed Type5
Oscillation1  Type 1 6 4 2 0 0 5 0 19 1 6
Oscillation2  Type 1 12 4 1 0 1 5 1 6 0 2
Oscillation3  Type 2 8 15 0 0 5 6 4 6 1 2
Oscillation4  Type 2 4 1 2 0 0 6 0 14 0 5
Oscillation5  Type 1 5 2 1 0 1 4 0 5 0 1
Oscillation6  Type 1 8 2 0 0 0 2 0 2 0 1
Oscillation 7 Type 1 6 1 0 0 0 10 4 13 2 1
Total count 49 29 6 0 7 38 9 65 4 18

As shown in Table 7, five out of the seven oscillations are originated from Type 1 hysteresis,
and the rest are from Type 2. For both the types the TD level has increased at the deceleration
phase caused by inadequate car following behavior due to a number of reasons including
inattention, late reaction or aggressiveness. For example, Chen et al. (2014) have attributed the
aggressiveness of drivers to the formation of oscillations. This is only partially supported by
our study because 3 out of the 7 drivers who originated these oscillations are found not
aggressive as their average baseline speed is less than 35 ft/s and baseline average time
headways are within the range of 1.73 to 2.14 seconds. Another issue could be the presence of
some external distraction on the road because all the seven oscillations have started
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approximately at the same location. The study site includes an uphill segment and the video
footage of the study site shows some maintenance activity on the median of the road during the
data collection period. Hence, Zheng et al. (2011b) stated that the distraction along with the
road gradient likely instigated the oscillations spontaneously. In either case the inappropriate
car-following behavior brings the driver too close to the preceding vehicle and caused a big
increase of the TD level. As a consequence, a notable risk compensatory behavior is observed
at the acceleration phase to reduce the TD level. In the NGSIM US101 dataset, no oscillation
is found to have experienced a complete oscillation containing the precursor, developed and
decay stages. We have only observed the precursor and part of the developed stage. In general,
we can conclude here that Type 1 and Type 2 behavior are predominant at the precursor stage,
and Type 3 is mostly observed at the developed stage. It is unlikely that all the five types will
be present in every oscillation. Especially the negative hysteresis (Type 4) is rare. In our data,
only 12 (5.3%) trajectories exhibit a negative hysteresis, and only 4 of them have a notable
magnitude (reported as Type 4). The driver behavior behind a negative hysteresis is more
intriguing as it has the potential to stop an ongoing oscillation. Unlike others, these drivers are
found to increase their TD level in the acceleration phase. There are at least two possible
reasons behind this behavior: i) they have intentionally raised the TD level (accepting the risk)
to make up the time that has been lost during the deceleration phase; or ii) they have been
driving with a low TD level before the oscillation and resume to their usual behavior after the
disturbance. The low TD level in the deceleration phase can be caused by a nearby oscillation
that the driver has experienced (and did not get the sufficient time to resume their usual
behaviour), or related to their anticipation of the downstream traffic condition. The sample size
and the spatial extent of the data are not large enough to investigate this behavior in detail.
More research is needed to understand this hysteresis type.

In addition, we have also observed 11% trajectories (Type 5) that did not show any distinct
hysteresis loops. These findings are consistent with the literature. For example, Ahn et al.
(2013) also reported approximately 5% negative hysteresis loops and 10-13% trajectories that
exhibit indistinct hysteresis loops in their analysis.

The magnitude of the positive hysteresis follows a gamma distributiont (illustrated in Fig.
5) which indicates that majority of the hysteresis are of small magnitudes. More specifically,
from the fitted distribution it can be said that the probability of observing a hysteresis
magnitude higher than 35 ft is about 30%.

T Kolmogorov-Smirnov test is used to observe the goodness-of-fit of the gamma distribution with the estimated
shape parameter of 1.8529 and scale parameter of 15.4699. The K-S test statistics (D = 0.0503, p-value =
0.6534) suggests that the distribution of hysteresis magnitude can be approximated with a gamma distribution.
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Fig. 6. Distribution of the hysteresis magnitude

3.3. Statistical modeling of the hysteresis magnitude

In this section, we have developed a regression model to understand the effect of different
driver and traffic characteristics on the magnitude of hysteresis. In Section 4.2.1 we have
observed that the properties of the positive hysteresis are almost the opposite of the negative
hysteresis, which clearly indicates that these two types of hysteresis should be modelled
seperately. However, the number of observations for the negative hysteresis is too small to
build a separate statistical model. The negative hysteresis has been excluded from this
regression analysis. Descriptive statistics of the prospective variables for developing a
statistical model of hysteresis magnitude is presented in Table 8.

Table 8 Summary statistics of prospective variables for the model

Variable name Description of the variable Mean SD Min Max Count
Hysteresis magnitude Continuous variable 28.66 20.92 0.33 11197 213
Oscillation amplitude Continuous variable 27.65 9.39 4.95 51.17 213
Oscillation duration Continuous variable 13.30 4.10 6.40 25.60 213
Oscillation intensity Continuous variable 2.19 0.86 0.39 5.81 213
Oscillation stage

Precursor If trajectory is in precursor stage = 1, else =0 - 0 1 91

Developed If trajectory is in developed stage = 1, else =0 - - 0 1 134
Baseline ATD Continuous variable 0.52 0.17 0.22 1.05 213
Deceleration ATD Continuous variable 0.57 0.19 0.19 1.13 213
Acceleration ATD Continuous variable 0.41 0.15 0.13 0.90 213
Average speed* Continuous variable 31.96 8.31 15.94 52.64 213
Fluctuation in speed? Continuous variable 11.72 2.70 4.32 20.64 213
Average spacing! Continuous variable 74.14 25.64 28.07 152.16 213
Fluctuation in spacing? Continuous variable 26.23 14.53 4.10 79.63 213
Hysteresis type

Type 1 If hysteresis belongs to Type 1 =1, else =0 - - 0 1 87

Type 2 If hysteresis belongs to Type 2 =1, else =0 - - 0 1 38

Type 3 If hysteresis belongs to Type 3 =1, else =0 - - 0 1 71

Type 5 If hysteresis belongs to Type 5=1, else =0 - - 0 1 25

1 Average speed or spacing is measured for the whole trajectory that includes baseline, deceleration and acceleration phases.
2 Fluctuation in speed (spacing) is measured as the standard deviation of speed (spacing) for the trajectory.

We have used a Generalized Linear Model (GLM, McCullagh and Nelder, 1989) with
gamma distribution and a log link to account for the skewness in the distribution of hysteresis
magnitude. Output of the final model is summarized in Table 9. This model has six independent
variables and all the variables of this model are statistically significant. The model shows that
hysteresis magnitude would be larger for a trajectory that belongs to the precursor stage than
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that to the developed stage of oscillation. If all the other variables remain constant, the
hysteresis magnitude of a trajectory that belongs to the precursor stage would be 20.2%
[(e%18* — 1) % 100] higher than that of a trajectory that belongs to the developed stage. Both
the average speed and fluctuation in spacing have positive impact on hysteresis magnitude.
More specifically, 1.0 foot increase of the fluctuation in spacing would lead to 1.4% increase
of the hysteresis magnitude. Meanwhile, 1.0 ft/sec increase of the average speed would lead to
1.8% increase of the hysteresis magnitude. It implies that, compared to drivers with a lower
speed, drivers with a higher speed are more likely to over-react (e.g., less time to perceive and
react to the situation) to a disturbance, which would cause a larger hysteresis magnitude.

Trajectories that belong to Type 5 do not exhibit a distinctive hysteresis loop, which is rightly
captured by the model. According to the model, the hysteresis magnitude for a trajectory that
belongs to Type 5 will be 70.4% lower than that for a trajectory from other types, provided that
all other variables remain constant. The ATD at the deceleration phase has a positive impact
on the hysteresis magnitude. A 0.1 unit increase of the ATD level at the deceleration phase is
likely to increase the hysteresis magnitude by 20.2%. In contrast, a 0.1 unit increase of the
ATD level at the acceleration phase is likely to decrease the hysteresis magnitude by 31.0%.

According to the estimated model, the hysteresis magnitude is mostly influenced by the TD
level. A possible explanation is that the increase of the TD level at the deceleration phase
indicates an underestimation of the risk in the current driving situation, and consequently the
subject vehicle comes too close to the preceding vehicle. To avoid collision, the driver reduces
the TD level at the acceleration phase. The bigger the difference between the ATD levels at
these two phases, the larger the hysteresis magnitude becomes.

Table 9 Generalized Linear Model (GLM) for hysteresis magnitude

Estimate Standard Error t-value Pr(>[t))
(Intercept) 2.663 0.131 20.339 <0.001
Oscillation stage = “precursor’ 0.184 0.070 2.618 0.009
Average speed 0.018 0.005 3.623 <0.001
Fluctuation in spacing 0.014 0.002 6.425 <0.001
Type 5 hysteresis -1.219 0.094 -13.009 0.017
Deceleration ATD 1.838 0.198 9.290 <0.001
Acceleration ATD -3.707 0.302 -12.292 <0.001

Dispersion parameter for Gamma family is taken to be 0.1029
Null deviance: 125.023 on 212 degrees of freedom

Residual deviance: 23.167 on 206 degrees of freedom

AIC: 1456.2

4. Discussion and conclusion

This paper aims to provide a deeper understanding of the mechanism of traffic hysteresis
and traffic oscillations from the driver behavior perspective captured through the driver’s TD
profile over the driving period. A close connection between the hysteresis type and the
difference in the ATD level across deceleration and acceleration phases is observed. A positive
(negative) hysteresis is associated with a decrease (increase) in the ATD level from
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deceleration to acceleration phase. The superiority of TD in explaining driver behavior over
other variables such as speed, spacing and time headway is established.

The relation between TD and the hysteresis magnitude is also evident from the statistical
model, which shows that the two most influential variables on the hysteresis magnitude are the
ATD at deceleration and acceleration phases, respectively. The bigger the difference between
the ATD levels at these two phases, the larger the hysteresis magnitude becomes.

Meanwhile, driver behaviors inside an oscillation are broadly categorized in five types based
on the TD profile. The first three types (Type 1, 2 and 3) create the positive hysteresis; Type 4
creates the negative hysteresis; and Type 5 does not exhibit any profound hysteresis loops.
Among them, Type 4 (the negative hysteresis) is rare.

Driver behavior also differs between the precursor and the developed stages of an oscillation.
Specifically, the statistical model shows that the hysteresis magnitude is 15% higher in the
precursor stage than that in the developed stage of an oscillation. Such behavioral difference
reflected in the model is consistent with the observation from NGSIM data.

Overall, the ATD increases during deceleration but drops below the baseline during
acceleration. To be precise, for 77% cases the ATD at the acceleration phase becomes lower
than the baseline phase. However, the differences between these two ATDs are small (average
difference = 0.09). It implies that drivers generally attempt to return to their normal behavior
after experiencing a disturbance, but (due to human imperfection or overcorrection) many
drivers drive more cautiously after the disturbance. Zheng et al. (2011b) reported the similar
behavioral change after a driver experiencing a disturbance. By adding another traffic phase
after the acceleration, we could have observed how long it takes for the drivers to return to their
regular driving. The spatial extent of the trajectories used in this study is not long enough to
observe this behavior.

In summary, inspired by the recent discovery that driver behaviors (e.g., aggressive/timid
driving behavior) significantly contribute to traffic hysteresis and oscillation (Laval and
Leclercq (2010)), this paper has provided a more solid foundation to the connection between
driver behaviors and traffic hysteresis & oscillation by resorting to a well-established
psychological/behavioral theory (i.e., TCI). Changes in driver behavior in response to the
disturbance caused by traffic oscillations can be easily captured based on driver’s task difficulty
(TD) profile. A close connection between the TD profile and evolution (such as formation and
growth) of the stop-and-go traffic oscillations is found. Furthermore, connection between
driver behaviors inside the oscillations and hysteresis magnitudes is established, and a
generalized linear model suggests that variables related to traffic flow and driver characteristics
are significant predictors of hysteresis magnitude. Besides its theoretical merits and behavioral
soundness demonstrated in this study, the proposed method is also appealing for practical
reasons. For example, hysteresis types can be easily identified using TD profile even with a
short time interval (e.g., 3 to 5 seconds), which can be further used to analyze traffic
oscillation’s origin and propagation.

Once TD has been embedded into a CF model, e.g., TDGipps, TD becomes an indispensable
component of the model. This study clearly shows that with the enhancement derived from the
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introduction of TD, the new model can better explain many phenomena triggered or amplified
by behavioral factors. Since activation/change of human factors is inherently reactive, the
activation/change of TD in response to oscillations needs oscillation occurrence information
(such information can be either generated by a CF model or provided externally). TD-based
CF modelling framework (TDCF) is not designed to predict any human behavior or external
disturbance, but to enable a CF model to better react to a disturbance, which leads to a better
understanding on mechanisms of many puzzling-phenomena observed in traffic flow, such as
hysteresis and oscillation.

To increase the reliability of this study and to avoid confounding effect of nearby
oscillations, short-lived oscillations and oscillations that are influenced by nearby oscillations
were excluded. Hence, only seven oscillations are found that fulfilled these two criteria. To
increase the sample size the 1-80 dataset from NGSIM (FHWA, 2008) was also explored.
However, only one oscillation was observed that satisfies the criteria mentioned above. Hence,
the 1-80 dataset was not included in this study. Nevertheless, the sample size used in our study
is in line with that in the literature (e.g., Chen et al. (2014) used 9 oscillations). Furthermore,
note that only the results in Table 2 are based on this small sample size. The rest of the statistics
are for hysteresis where the sample size is 225.

Due to the data limitation, this study has only analyzed the first two stages of the oscillations
including the precursor and the developed stage. Understanding driver behavior in the decay
stage of the oscillation could provide valuable insights about how an oscillation comes to an
end, how to develop countermeasures to terminate an oscillation effectively. This is a topic for
future research.
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