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ABSTRACT

Asymmetric driving behaviour in acceleration and deceleration processes under car-following (CF)
state can affect traffic flow significantly. Thus, to improve the performance of CF models, the formation
mechanism of the asymmetric driving characteristics (gap difference, reaction time difference, response
intensity difference, discrete driving difference) and the internal relations between them should be
investigated. Thus the quantification methods are proposed to study the asymmetry for each driving
characteristic. Then the mean values of the gap, reaction time, discrete intensity, and response intensity
at each velocity fragment in acceleration and deceleration process are measured respectively using the
NGSIM data with the proposed quantification methods. By comparing these mean values in
acceleration and in deceleration processes, the asymmetry of the gap, reaction time, discrete intensity
and response intensity are validated. Moreover, the correlation analysis between the four asymmetric
driving characteristics are implemented while the results indicate they influence each other, and the
formation mechanisms of the four asymmetric driving behaviours are obtained.

Keywords: car-following, asymmetric driving behaviour, formation mechanism, quantification
methods, correlation analysis.

1 INTRODUCTION

Asymmetric driving behaviour possessing gap difference, reaction time (RT) difference,
discrete driving (DD) difference, response intensity (RI) difference characteristic in
accelerating and decelerating process under the car-following (CF) condition is reported by
many researchers [1]-[3], which can affect the traffic flow significantly [4]. Thus, the
performance of CF models in reproducing the asymmetric driving behaviour affects the
numerical simulation results [5]. Many CF models [6], [7] based on simple assumptions
cannot capture the realistic traffic flow characteristics as well as that considering asymmetric
driving behaviour [3], [5], [8]-[11]. For instance, the asymmetry full velocity difference
(AFVD) model proposed by Gong et al. [9] which considers the gap difference and RI
difference outperforms the optimal velocity model (OVM) proposed by Bando et al. [7]
without considering the asymmetric driving behaviour in terms of reproducing the realistic
traffic flow characteristics.

In addition, some studies indicated that the asymmetric driving characteristics affect each
other [2], [6], [12]-[15]. Specifically, both Helly [6] and Newell [13] believed that the gap is
influenced by RT. In consideration of the RT difference between acceleration and
deceleration process [14], [15], the gap in acceleration and deceleration process should be
different as well. Hidas [16] believed that the asymmetric driving behaviours are only formed
in CF condition rather than in free flow condition. Yeo [2] also proposed two different gap
functions for acceleration and deceleration process, both in which, the gap increases with RT
increasing. Besides, Yeo [2] put forward that the DD in deceleration process are more
frequent which leads to the short RT. However, this theory is not proved by the field data.
Lenz et al. [17] also proposed a CF model based on the assumption that the acceleration
increase with larger gap. However, little effort has been devoted to understanding the
relationships between the characteristics of asymmetric driving behaviour.
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To prove the internal relations between the asymmetric driving behaviours in depth and
obtain the mechanism of the asymmetric driving behaviours with field data, the remaining
parts are organized as follows: Section 2 describes the data preparation process; Section 3
analyses the four asymmetric driving characteristics with the quantified methodologies;
Section 4 implements the correlation analysis to obtain the effects between the four
characteristics; Section 5 summarizes main conclusions of this study.

2 DATA

The datasets used in this study are collected from two study sites from the Next Generation
Simulation (NGSIM) program [18], i.e. the U.S. Highway 101 in Los Angeles, California
and the Interstate 80 in Emeryville, California. In these datasets the observed data are
collected every 0.1 s. According to Montanino and Punzo [19], the original datasets contain
abnormal values of acceleration and speed. Therefore, Kalman filtering [20] is used for
reducing the measurement errors in this paper. In addition, to obtain the appropriate data, the
trajectory data used in this study need be further filtered according to the following
conditions:

(1) Each leader—follower trajectory pair should keep driving on the same lane without any
lane-changing behaviour;

(2) The speed should be limited in [3 m/s, 15 m/s], and the gap between the leader and
follower should be smaller than 50 m [21];

(3) The trajectories with |a}| > 0.3 m/s? are regarded as acceleration/deceleration data [2];

(4) Each acceleration/deceleration process should last for more than 6 s, containing only
accelerating/decelerating and coasting behaviours.

3 QUANTIFIED METHODOLOGIES AND EMPIRICAL ANALYSIS
To understand the mechanism of asymmetric driving behaviour and the relationship between
the asymmetric characteristics from the filed data, the driving characteristics are defined and
quantified accurately in this section.

3.1 Gap difference

The gap in this study is defined as the net distance gap between the rear bumper of the leader
and the front bumper of the follower. The speed—gap relationship of vehicle 1212 in Fig. 1
indicates that the gap in acceleration is different from the gap in deceleration when driving
at the same velocity. In other words, the relationship during accelerating and decelerating is
asymmetric. This feature exists universally under CF condition.

To prove this feature, the acceleration and deceleration trajectories are organized for 13
segments respectively based on the velocity range according to the condition (2) in Section
2 (see Fig. 2). Each 1 m/s increase in velocity is considered as an individual velocity fragment
(i.e. 3 m/s, 4 m/s, 5 m/s). Thus, the average gap for acceleration (gapg) and deceleration
(gap&) process at each velocity fragment (vi = 3 m/s, 4 m/s, ... 15 m/s can be obtained

respectively. The gap difference ( gapgff f ) at each velocity fragment is then calculated with
eqn (1). The overall average gap for acceleration (1—132,1”-5:3 gaps ) and deceleration
(1—13 1> .gapd ) process within all velocity fragments are also obtained, and the

corresponding average gap difference (gap_dif f) is then calculated with eqn (2). According
to these quantified methods, values of these variables are obtained and shown in Table 1:
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Figure 1: Gap difference in acceleration and deceleration process.
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Figure 2: Quantified method for gap difference.

gap” = gap& — gapg, (1

. . -
gap_dif f = - %5i-3 9apd — - Xoi=s 9aph. )

From Table 1 we can see that the gapd is always lager than gapg when v < 13 m/s. In
these cases, each gapgllf Tis larger than 3.8 m, which indicates that the gap difference is
obvious between acceleration and deceleration process. However, the gapg is close but a
little smaller than gapg, when v = 14m/s. And gap,(15) does not exist since there is no

trajectory data. The gap_dif f = 4.79m is larger more than zero. Therefore, Table 1 implies
that the relation between acceleration gap and deceleration gap is asymmetry.
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Table 1: Summary of average gap and gap difference.

Speed | gapd | gapf, | gapy’' | Speed | gapd | gapd | gapy’”
(m/s) (m) (m) (m) (m/s) (m) (m) (m)
3 637 | 1039 | 401 10 | 1415 | 2012 | 597
4 736 | 1152 | 417 1 1611 | 2167 | 556
5 908 | 1291 | 383 12 | 1607 | 2292 | 585
6 903 | 1428 | 435 13 | 1706 | 2483 | 7.67
7 | 1044 | 1584 | 541 14| 2052 | 2014 | 038
8 | 1220 | 17.04 | 4384 15 | 2165 _ _
9 | 1339 | 1859 | 520 | total | 1273 | 1752 | 479

3.2 Reaction time difference

Many methods for estimating the RT have been proposed based on the theory that the subject
vehicle always changes driving behaviour some time later than the leader [13]-[15], [23],
[24]. However, among these methods, some are laborious and time consuming, such as the
RT defined in Zheng et al. [23] is the time lag between the starting points of gap and speed
variation of the subject vehicle; the RT defined in Khodayari et al. [24] is the time lag
between the starting points of relative speed and acceleration of the subject vehicle.

To prove the RT difference between acceleration and deceleration process, three methods
that can estimate the RT more convenient are used in this study. Method I: the method in
[14]. Ozaki proposed that the RT is a function of gap and the acceleration of the leader.
Method II: the method in [13]. The definition of RT in [13] is that the follower (vehicle i)
changes velocity following to the lead vehicle’s velocity changed after T s. For instance, the
vehicle i — 1 drives at constant velocity v for a period of time, and then changes to constant
velocity v'. The follower will do the similar change with a space and time placement d; and
7;. According to this theory, Newell [13] proposed that the distance between the leading and
following vehicles is relative to d; and 7;, and the relationship of them can refer to the [13].
Method III: the method in [15]. Siuhi proposed that there is a linear relationship between
relative speed at time t (Av(t)) and the acceleration/deceleration at time t + At (a(t + At))
and the RT is the time lag (At) when the goodness of fit (R-square) is the highest between
the field data and the fitting function.

In order to remove the noise trajectories, the pre-processed data need to be filtered
according to [22]. To estimate the RT with Method II and Method III, Least Square Method
(LSM) is used, with the range of d; € [0.1 m,50 m]. For t;, the low limit set as —1 s
represents considering multi-leaders, and the upper limit is set as 5.0 s [23]. The negative
value of 7; represents that the follower perceives the driving behaviour from vehicles not
only the immediate leader. The RT in acceleration and deceleration process estimated from
these three methods are summarized in Table 2.

From Table 2, we can see that the RT between the acceleration and deceleration process
are different. The mean RT of method I, II and III in deceleration are 7.1%, 49.25% and
11.79% shorter than that in acceleration respectively. Both the minimum RT that calculated
from [13] and [15] are negative, which can indicate some drivers anticipate the driving
behaviour from multi-leaders. Both the average RTs in acceleration and deceleration process
estimated from [15] are longer than 2 s, which seems inconsistent with the facts. For Method
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Table 2: Reaction time with different methods.

Model Mean (s) | Std. (s) Max (s) Min (s)
. acc 1.36 0.22 2.05 0.80
Ozaki (1993) dec 127 0.24 2.07 0.75
acc 1.0 0.98 435 -1.00
Newell (2002) dec 0.67 0.88 389 -1.00
Newell (2002) without | acc 133 0.69 435 0.00
negative RT dec 0.99 0.65 3.89 0.00
. acc 237 1.96 5.0 1.0
Siuhi (2009) dec 2.12 1.94 50 1.0

I, though they believed that rt in acceleration is different from that in deceleration process,
the RT in acceleration is very close to that in deceleration (the RT difference is smaller than
0.1 s) and both the maximum RT in acceleration and deceleration are approximately equal to
2 s, all of which seem inconsistent with the facts as well. Thus, the rt that estimated from
Method II is used in the following sections.

3.3 Discrete driving difference

Yeo [2] pointed out that the follower usually assesses the spacing and speed every certain
seconds when accelerating or decelerating, which leads to accelerating or decelerating
discretely. As shown in Fig. 3, the acceleration curve is not straight. Since different drivers
have difference DD frequencies during the same period, such as 6 s, to quantify the intensity
of DD, the variable named discrete intensity (DI) is introduced to measure the DD frequency.
A complete DD should satisfy the following conditions: (1) the acceleration/deceleration
trajectory should include a short acceleration/deceleration and short cruising driving and start
from accelerating/decelerating, (2) the driving behaviour that |aj-| < 0.3 m/s? is regarded as
cruising driving, (3) the time of a continuous acceleration/ deceleration should be larger than
0.2 s, (4) the time of continuous cruising driving should be larger than 0.2 s and smaller than
the cruising threshold time (ctt). In this study, ctt is setas 1 s.

Therefore, the DI of acceleration and deceleration are estimated and summarized in Table
3. From Table 3, we can see that the DI in acceleration and deceleration process are different
and the DI in acceleration is 14.06% larger than that in deceleration.

ID = 485
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Figure 3: Illustration of discrete driving.

WIT Transactions on The Built Environment, Vol 186, © 2019 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



78 Urban Transport XXV

Table 3: Discrete intensity in acceleration and deceleration process.

Acceleration Deceleration
Mean (1/s) Std. (1/s) Mean (1/s) Std. (1/s) | Difference
2.19 1.21 1.92 1.05 14.06%

3.4 Response intensity difference

Many studies have proved that the RI of drivers (usually measured by acceleration) to the
same-magnitude relative speed (could be positive or negative) are different, when driving in
the same traffic condition (i.e. the same velocity and the same distance gap) [3]. Thus, the RI
at time t and at certain velocity (vi) and gap (gapi) is defined as rinty; gopir =
Qyi gapit/ AVvi gapi¢ at in this study. In a Note that small acceleration or relative speed may
be caused by the driving error or reaction delay, which may lead to RI noise, e.g. due to
perception error, the follower maintains accelerating/decelerating when the speed has been
approximately equal to the leader’s, which results in small Av (e.g. Av < 0.06 m/s) and
large RI that can’t represent the true RI of the follower. Therefore, the trajectories used for
quantifying should satisfy the following conditions: (1) |a]‘-'| > 0.3m/s?, (2) |Av| = AV. The
range of the AV can be set as [0.03 m/s, 0.15 m/s] base on our experiments. Both the
acceleration and deceleration datasets are organized as 13 x 23 segments. Each 1 m/s increase
in velocity is considered as an individual velocity segment (from 3 m/s to 15 m/s) and each
gap segment increase 2 m from 5 m to 50 m at each velocity fragment. Thus there are 299
acceleration data subsets and 299 deceleration data subsets. And the average RI at certain
speed (vi) and certain gap (gapi) in acceleration (rint,; 54,,;) and deceleration (rint& gapi)
can be estimated with eqn (3) and eqn (4) respectively with AV = 0.06 m/s. The mean RI at
certain velocity fragment including all distance fragments for acceleration (rintg;) and
deceleration (rint%) is calculated from eqns (5) and (6). Therefore, the overall average RI
including all velocity fragments and gap fragments in acceleration (rint® = mean(rint%))
and deceleration (rint® = mean(rint%)) can be obtained. The results are shown in Table 4.

na

1 Wi gapi
,gapi,t
rint, = E —— 3)
vi,gapi ai ’
na
i=1 Avmgaplt
d:
_ vi ga.pl
rmtmgapl =d E ) 4)
vlgapl
int® = i int% 5
rint,; = 23 rin vi,gapi, ( )
gapi=5
rintl, = i 49 imsTintd 6
vi gapi=5 vi,gapi» ( )
where al; gapis i, _gapitepresent the acceleration and deceleration when driving at vi m/s and
di
gapim. Avg;' gapi> AVyi gapi tepresents the relative speed in acceleration and deceleration

when driving at vi m/s and gapi m. i represents the index of trajectory record. na and nd
represent the size of each acceleration and deceleration data subset.
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Table 4: Response intensity in acceleration and deceleration process.

Speed | Acceleration | Deceleration | Speed | Acceleration | Deceleration
(m/s) | rintd (1/s) | rintl (1/s) | (w/s) | rint (1/s) | rint% (1/s)

3 0.88 1.64 10 3.48 3.23

4 3.60 6.19 11 3.07 3.18

5 3.51 8.75 12 4.92 1.46

6 1.47 1.32 13 3.84 2.93

7 4.09 3.75 14 NaN 1.53

8 2.29 4.42 15 NaN 0.58

9 2.26 1.34 Total 2.67 3.20

From Table 4, we can see that (1) the relationship of RI between acceleration and
deceleration is asymmetric at each speed fragment, except Vi = 14 m/s and vi = 15 m/s while
there are no data for rint?, and rintl; (2) the rint%s are not always smaller than rint%s.
For instance, when driving at low speeds, such as speeds lower than 9 m/s, most magnitudes
of RI in acceleration are smaller than that in deceleration. However, when driving at the
higher speed, such as speeds greater than 9 m/s, most magnitudes of RI in acceleration are
larger than that in deceleration. This result seems not consistent with the theory of RI
asymmetry which is believed by previous researchers [9], [10]. In order to prove this result
in depth, the magnitudes of RI at certain speed and gap in acceleration and deceleration are
compared. The results show that when driving at high speeds (e.g. 12 m/s), the most
magnitudes of rinty; ;,,,; s are higher than rintgi,gapi s (see Fig. 4(a)). When driving at low
speeds (e.g. 5 m/s), each magnitude of rinty; 44, is lower than rintgi_gapi (see Fig. 4(b)).
Therefore, the RIs at certain speed and gap between acceleration and deceleration are
asymmetry. Moreover, the magnitudes of RIs are not always higher in deceleration than that
in acceleration when driving at the same traffic situation.

4 MECHANISM OF THE ASYMMETRIC DRIVING BEHAVIOR
The asymmetry in the gap, DD, RT and RI between acceleration and deceleration process
have been proved in the Section 3. To obtain the formation mechanism of gap difference, the
correlation analysis between the gap and |Agap| and other three characteristics respectively
are implemented and the results are shown in Tables 5—7 respectively. Note that the RTs that
larger than zero are extracted and used. Each driver is considered as having one RT and DI.

As shown in Table 5, the RT has significant positive correlation with gap both in
acceleration and deceleration. It means the gap increases with RT increasing both in
acceleration and deceleration, vice versa. This results is consistent with the gap model
proposed in [2], [6], [13]. In other words, drivers keep larger gap from the leader if his/her
RT is longer. Thus, the larger RT in accelerating than in decelerating leads to the larger gap
difference between acceleration and deceleration. Moreover, the |[Agap| have significant
positive correlation with the RT both in acceleration and deceleration. In this way, the slopes
of the gap—speed fitting lines for acceleration and deceleration are different, such as the fitting
lines shown in Fig. 1.

As shown in Table 6, the correlation between gap and DI is significant in acceleration
process, but not significant in deceleration process. However, the correlativity is very
significant between |Agap| and DI in both processes. Both the gap and |[Agap| increase with
the increase of DI during the acceleration process. During the deceleration process, only
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Figure 4: Response intensity at certain speed and gap. (a) V=12 m/s; and (b) v =5 m/s

Table 5: Correlation between the gap/Agap and reaction time.

Acceleration Deceleration
Gap and reaction time (RT > 0) 0.435"*(0.000) [ 0.282"(0.000)
Agap and reaction time (RT = 0) | 0.2357(0.000) [ 0.222"(0.008)

Table 6: Correlation between gap/Agap and discrete intensity.

Acceleration Deceleration
Gap and discrete intensity 0.1227(0.022) 0.049(0.491)
Agap and discrete intensity | 0.292*(0.000) | 0.218(0.002)
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Table 7: Correlation between the gap and response intensity.

Speed Acceleration Deceleration Speed Acceleration Deceleration

(m/s) (m/s)
3 -0.264™(0.002) | -0.449(0.225) 10 -0.150(0.065) -0.123(0.193)
4 -0.1987(0.049) -0.175(0.487) 11 -0.114(0.240) | -0.324"(0.001)
5 -0.169°(0.019) -0.098(0.348) 12 -0.191(0.119) | -0.2577(0.023)
6 -0.225(0.000) | -0.2027(0.034) 13 -0.299(0.091) -0.160(0.288)
7 -0.3127"(0.000) | -0.160(0.085) 14 0 -0.182(0.326)
8 -0.274™(0.000) | -0.034(0.704) 15 0 -0.614(0.142)
9 -0.154%(0.025) | -0.275™(0.001) | total [ -0.1027"(0.000) | -0.184"(0.000)

|Agap| increases with the increase of DD frequency. The relationship between Agap and DI
can be indicated by Fig. 5. In Fig. 5(a), the gap increases when discretely driving in
acceleration process, though the magnitudes of each gap change are different. For instance,
when discretely driving at v{ and v, the gap increases Agap; and Agap; respectively with
Agapi>Agap;. In Fig. 5(b), the gap decreases when discretely driving in the deceleration
process though the magnitudes of each gap varying are different. For instance, the gap
decreases Agap;, and Agap;, when DD atv; and vy, respectively, and Agap;>Agap;.

Since RI is measured at certain speed and gap. The correlation between gap and RI is
analysed based on each velocity fragment from 3 m/s to 15 m/s with 1 m/s interval. Zero in
Table 7 at 14 m/s and 15 m/s in acceleration represents not enough data.

From Table 7, we can see that the correlation between gap and RI are affected by the
speed, in both acceleration and deceleration process. When speed is smaller than 10 m/s,
correlation between gap and Rl is significant and negative influence in accelerating. When
speed is no smaller than 9 m/s, no significant correlation is observed between gap and RI. In
deceleration, the correlation between gap and RI is significant and negative influence when
driving at some speeds, such as 6 m/s, 9 m/s. However, the correlation between gap and RI
is significant and negative influence while including all trajectories.

Besides, to obtain the mechanism of the asymmetric driving behaviour, the correlation
between RI, RT and DI are implemented as well. The relationship between RT, DI and RI
are given in Table 8. From Table 8, we can see that the RT increase with the DI decrease in
both acceleration and deceleration process. The smaller relative speed between the follower
and leader also leads to less discretely driving. However, both the relationship between RI
and RT, DI and RT are not significant. In other words, the RT of a driver does not impact the
RI and DI. The reason for this result may be caused by the RI, since the RI here is the mean
value for each driver, but not based on a certain gap and velocity.

Based on the above analysis, we can obtain some findings about the formation mechanism
of the asymmetric driving behaviour: (1) The gap can be categorized as a basic gap which is
influenced by RT mainly, and varying gap that is influenced by DI and RI. (2) In deceleration
process, drivers pay more attention on safety, which leads to shorter RTs, smaller basic gaps,
and smaller deceleration. In contrast to the deceleration process, there are longer RTs, larger
basic gaps, and larger acceleration in acceleration process. (3) The smaller deceleration leads
to larger real gap than desired gap. However, for safely driving, drivers usually do not reduce
the gap with discretely driving, which results in low DI in deceleration process. In
acceleration process, driver tends to follow the leader closely to prevent other vehicles cutting
in, which causes stronger RI and smaller gap (see Fig. 5). Therefore, to get the desired gap,
drivers increase the gap with more discretely driving for ride comfort.
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Figure 5:

The relation between Agap and discrete driving. (a) Acceleration trajectory; and
(b) Deceleration trajectory.

Table 8: Correlation between different characteristics.

Acceleration Deceleration

-0.108(0.115) | -0.035(0.6873)
-0.2477(0.000) | -0.280""(0.000)
0.064(0.350) 0.071(0.408)

5 CONCLUSIONS

The asymmetric driving behaviour is one of the most significant human driving behaviours
that affect the dynamics of traffic flow. This paper investigates four characteristics of
asymmetric driving behaviour at CF state. To obtain the mechanism of these asymmetric
driving behaviours, firstly, the quantitative methods for gap and gap difference, DI and RI

Response intensity and reaction time
Response intensity and discrete intensity
Reaction time and discrete intensity
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are proposed while the Newell model is used to estimate driver’s RT. Secondly, with these
quantitative methods, the asymmetry of driving behaviour is proved using the NGSIM data.
For instance, the gap in acceleration is 4.79 m larger than in deceleration. The mean gap is
always lager in acceleration than that in deceleration when v < 12 m/s. The RT in acceleration
is 49.25% longer than that in deceleration. 14.06% difference of DI exists between
acceleration and deceleration. For the asymmetry of RI which is estimated at each velocity
fragment, the largest RI difference between acceleration and deceleration is 236.99% at
v =12 m/s. However, the RI in deceleration is not always higher than that in acceleration.

In addition, the correlation analysis between different factors are implemented, which
indicate the four asymmetric characteristics are not independent. With paying more attention
on safely driving in deceleration process and closely following and discretely driving in
acceleration process, the driving behaviour in acceleration is different from that in
deceleration. However, close following and safety driving leads to stronger RI, while more
discrete driving results in smaller RI, causing that RI in acceleration process are higher than
that in deceleration sometimes.

In summary, the four asymmetric characteristics not only exist but also influence each
other. In this regard, a CF model that consider the features of asymmetric driving behaviour
and their formation mechanism should be studied, which can improve the model performance
a lot. This work is on-going.
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