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Based on the fact that the electronic throttle angle effect performs well in the traditional car following model, this paper
attempts to introduce the electronic throttle angle into the smart driver model (SDM) as an acceleration feedback control
term, and establish an extended smart driver model considering electronic throttle angle changes with memory (ETSDM). In
order to show the practicability of the extended model, the next generation simulation (NGSIM) data was used to calibrate
and evaluate the extended model and the smart driver model. The calibration results show that, compared with SDM, the
simulation value based on the ETSDM is better fitted with the measured data, that is, the extended model can describe the
actual traffic situation more accurately. Then, the linear stability analysis of ETSDM was carried out theoretically, and the
stability condition was derived. In addition, numerical simulations were explored to show the influence of the electronic
throttle angle changes with memory and the driver sensitivity on the stability of traffic flow. The numerical results show
that the feedback control term of electronic throttle angle changes with memory can enhance the stability of traffic flow,
which shows the feasibility and superiority of the proposed model to a certain extent.

Keywords: smart driver model (SDM), electronic throttle angle changes with memory (ETSDM), parameter

calibration, stability analysis
PACS: 05.60.-k, 45.70.Vn

1. Introduction

The popularization of motor vehicle not only facilitates
people’s travel, but also improves the work efficiency. How-
ever, as the number of motor vehicle increases year by year,
the traffic problems caused by them have become increasingly
serious. In order to fundamentally solve the problem of the
traffic congestion, some scholars have studied the formation
mechanism and evolution law of the traffic congestion. !~

To find out the root cause of the traffic congestion, it
is necessary to analyze the dynamic changes of each car in
detail.

on the speed changes and car-following methods of adjacent
6-12

Therefore, some scholars have carried out research
vehicles.[012] Li et al.!®] combined the opening angle of the
electronic throttle on the basis of the full velocity difference
model, so that the proposed model can effectively and quickly
eliminate the external disturbances. Zhai et al.!'?! put forward
a car-following model considering electronic throttle, which
reveals that the electronic throttle opening angle effect has a
considerable impact on the stability of traffic flow. Meanwhile,
it is also very important to analyze the overall evolution of
traffic flow from a macro perspective.!!3-1 Qin et al.!"3! dis-
cussed the effect of electronic throttle on the stability of mixed
traffic flow. Jiao et al.!'*! proposed a new macro model, which
contains electronic throttle (ET) and ramp factors. The results
indicated that the ET effect play an important role in alleviat-
ing traffic congestion to a certain extent.
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In 2000, Treiber et al.!*"! proposed an intelligent driver
model (IDM), which can describe the phase transition from
free flow to the congested flow in a unified form. IDM pro-
vides a new way to solve the problem of traffic congestion, and
many scholars have developed new research on traffic prob-
lems based on it.[>1=?41 Subsequently, in order to alleviate the
traffic congestion caused by the influx of vehicles, Treiber et
al.1?>261 optimized the IDM and modified the situation that
the actual velocity exceeded the expected velocity. Liu et
al.?") discussed the different car following combinations in
heterogeneous traffic flow on the basis of IDM, and conducted
NGSIM data calibration and simulation experiments on the ex-
tended model. Qin et al.*8) proposed an extended IDM by us-
ing the electronic throttle as a feedback item of IDM, and the
results show that the extended model can improve the safety
and traffic efficiency.

Milanes et al.”*! pointed out that IDM model can pro-
duce smooth following behavior, but the response is very slow
and the gap changes greatly, which leads to the subsequent ve-
hicle response instability. To address these issues, Lu et al. 3]
built the smart driver model (SDM), which can make timely
adjustment according to the speed difference and headway be-
tween vehicles. In addition, SDM provides smoother deceler-
ation and acceleration than IDM.

As one of the four elements of traffic, drivers play an
important role in the actual traffic. Due to the difference of
driver’s technology, reaction speed, physical fitness and other
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factors, the decision-making also directly affects the stability
of traffic flow. Sharma et al. 3!l introduced the driver’s compli-
ance behavior into the vehicle driving strategy, and studied the
influence of the driver’s compliance on the stability of traffic
flow. Yu er al.'®? proposed an improved car following model
considering the memory changes of multiple vehicle gaps, and
concluded that the driver’s memory can improve the safety and
stability of road traffic flow.

The above research literature shows that whether the mi-
cro model or the macro model, using electronic throttle as the
feedback control term to improve the model can effectively
improve the anti-interference ability of traffic flow and im-
prove the stability of traffic flow. At the same time, although
SDM has smooth acceleration and deceleration, it does not
consider the driver factor. Can the electronic throttle angle
changes with memory as a feedback term be introduced into
SDM? How does the angle of electronic throttle change with
the driver’s memory affect the traffic flow stability? This series
of problems need to be further explored and resolved. There-
fore, from the perspective of human-vehicle integration, this
paper establishes an extended model considering electronic
throttle angle changes with memory, and tries to explore the
angle of electronic throttle change with the memory on the
stability of traffic flow.

The rest of the paper is structured as follows. Section 2
firstly introduces the proposed model, and then the next gen-
eration simulation (NGSIM) vehicle trajectory data is applied
to calibrate and evaluate the proposed model. In Section 3, we
use the method of linear analysis to analyze the new model.
In Section 4, numerical simulation is carried out to study the
evolution characteristics of traffic flow in the extended model.
The final conclusion is given in Section 5.

2. Model description
2.1. The representation of the ETSDM

On the basis of the Gipps model,*3! Treiber ez al.*°! pro-
posed an intelligent driver model (IDM) considering different
congestion dynamics. The IDM essentially defined an accel-
eration target command generated by the following function:

dvy (1) v O\ (55 (a(0) Ava (1))
di “[1( v ) < Ay — 1y ” M
s (v (1), A, (1)) = 0

+ max (O, Tv, (t)+

v (2) Avy, (2)
) @

dv, (1)

where a is the maximum acceleration, v indicates the desired
velocity in free-flow traffic conditions, [, is the length of the
nth vehicle, sy represents the static safety distance, T is safe
headway, and the desired deceleration is expressed as b.

Lu ef al.®Y proposed an improved IDM named as SDM,
which optimizes the problem of large feedback delay in the car
following

dvgt(t) . [1 - (v,,vit))w
- (52) ]+
- . 3)

Ax |
exp| ———— —
P so+vp xT

In this paper, the driver’s sensitivity and memory time

step are added into the electronic throttle, and a more realistic
acceleration model framework is proposed, which is named
as smart driver model considering electronic throttle angle
changes with memory (ETSDM)

dv, (1)

) _, [1_ (vnvff)ﬂ
E ll_ (vnvgn)“] v val

Ax
exp| ———= —1
so+ vy XT

+K((6r (1) = 0, (1 = 6))), ©)

where 6, () and 6, (r — &) refer to the angle of the electronic

throttle at time ¢ and r — §, & denotes the memory step, and K
is the driver’s sensitive coefficient.

Toannou et al. ®*! proposed that the opening angle of elec-
tronic throttle has the following relationship with the vehicle
speed and acceleration

dv, (1)
Cdr

which can be simplified to give

1[dv,(t) dwa(t—0)
(0] dr dr

HBa()=va(t=8))|, (6

=B (va(t) —Vv§) + 00, + ey, (5)

6, (1)— 6, (t— ) =

where vg is the speed when the electronic throttle angle is O,
and 8 and @ are parameters changing with vj.
After further derivation and consolidation, we can get

Ax
exp| ———= —1
so+vy XT

O 0) 50 (1), 800 (1) =

; @)
S
(O]
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K dv, (t - 9)
ol @ +ﬁ(vn (t)_v’l (t_6))

and v, (t — &) is the speed of v, at time t — §.

2.2. Next generation simulation data

Next generation simulation (NGSIM) vehicle trajectory
data is used to calibrate and evaluate the ETSDM. Table 1
shows the main data used in this paper. The focus of this paper
is on car following behavior, and there will be no overtaking
or lane changing phenomenon, but these data include various
traffic behaviors. Therefore, in order to ensure the accuracy of
the experimental results, we screened out 1467 sets of useful
data from 1048576 sets of data for experiments.

Table 1. Description of the main NGSIM data.

Columns number Name Description
1 vehicle_ID vehicle number
2 frame_ID data frame number
9 v_Length vehicle length
12 v_Vel instantaneous vehicle speed
13 v_Acc vehicle instantaneous acceleration
15 preceding front vehicle number
16 following following vehicle number
17 space_headway space_headway
18 time_headway time_headway

Table 2. Ranges of parameter.

Model
Parameter

SDM ETSDM
a [1, 3] [1, 3]
b _ _
Vo [30, 40] [30, 50]
S0 [4, 10] [4, 10]
T [0.5, 2] [0.5, 2]
B - [0, 1]
K - [0, 1]
) - (1,2]
) - [0, 1]

The objective function Fyp; of the optimization model for
the genetic algorithm is defined as

S W

where N represents the sample size, ¥ the actual acceleration,

®)

2=
._.Mz

and Y the simulated acceleration of the model.

According to the existing literature, the ranges of param-
eters in SDM and ETSDM are given in Table 2. The objective
function value of the ETSDM is Fy,; = 0.5631 while the objec-
tive function value of the SDM is Fy,; = 0.6235. Figure 1 il-
lustrates the comparison between computational accelerations

of the two models and 1467 sets of real acceleration data for
calibration. The blue solid line represents the actual accelera-
tion value, and the red solid line and the green solid line rep-
resent the acceleration value simulated by SDM and ETSDM,
respectively. According to the comparison by using the verifi-
cation data, we observe that the improved model shows better
fitness with the verification data.

Table 3. The parameter calibration results of models.

Model
Parameter

SDM ETSDM
a 1 1.13
b _ _
Vo 40 42.6554
S0 6.736 4.671
T 1.6011 1.4263
B - 0.16
K - 0.4202
® - 1.5217
1) - 0.6143

H Eth-SDM
Testing dgta

ww o

Acceleration (ft/s?)

1000

Fig. 1. Comparison of two models with calibration data.

3. Linear stability analysis

The stability of traffic flow mainly studies the evolution
process of small disturbance with time in traffic system. The

general form of time-continuous car-following models is

w:f@n(l%sn@),m@z(ﬂ), )

where 4 is the time delay, and f is a general nonlinear func-
tion.

In addition, Eq. (9) has exactly the same homogeneous
flow solution

X (1) =

where X, () is the location of vehicle n at time ¢, 5 is the av-

(N—n)s+vt, n=1,2,3,...,.N (10)

erage headway distance between vehicles in a homogeneous
traffic flow, and v is the velocity of vehicles in homogeneous
traffic flow. All of these variables have a definite value in the
initial state of traffic flow, in which all vehicles run with the
same headway and the same velocity.

Then, y,(f) denotes the small perturbation from the
steady state solution of the vehicle » at time ¢ with the linear
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Fourier-mode expanding
Y (1) = ce' %™ = x, (1) =X, (1), yo(t) =0,  (11)
where c is a constant, a; = 2nk/N, (k=0,1,....N—1), and

S (1 410) = %, (1 +1a) — (% (£ +1))"

= X, (t+1q)
dv, (t+14)
= —". 12
dt (12)
Substituting Eq. (9) into Eq. (12), one can obtain
Vu (t+1a) = f (v (t) 50 (1), Ava (7)) - (13)

Next, linearizing Eq. (13), we get the following equation:
Y (t+1ta) = fs W (t) = yn-1(1))
+fAv (yn (t) _)}nfl (t))
+fovn (1) 5 (14)

2
s <0, fi= 5

y

where f, = 3{2

ws) =0.
We rewrite Eq. (14) to obtain the difference equation

(v,5) Z 07 and fAV =

9 fn
AV,

Y (t+2tq) =Y (1 +1a) = tafs (Y (1) = yn-1(2))
1 (o (t +1a) = yu (1))
X fav (yn (¢ +1a) =y (t)
~Vn-1 (t+10) + Y1 (1)) (15)
Substituting y, (t) = ce!®"+% and y, (t) = zce!*"+¥ into
Eq. (15) and simplifying the resulting equation, we get the fol-
lowing equation:

(e 1) [¢5 = o (1679

aT 1 Ve 4 n 8av,
14 1 \ %0 +vex T Vo Vo
— <

D T
+ ° )(so+vex )

= taf (71— 1). (16)

Substituting z = z; (iax) + 22 (iag)* + -+, and €' = 1 +
taz+ [(tdz)2 / 2] +---, into Eq. (16), we can obtain the first and
second order equations for ik,

1= éa
Iy
td ) 1
1—=f)zi — favzi — 5 fs
= ( 2 ) ! 2 . (17)

f

The homogenous traffic flow is unstable if z, < 0. On the
contrary, when 7, > 0, the homogenous traffic flow is stable.
Consequently, the stability condition is given as follows:

1
SE =t fofat Shfy >0 (18)

In order to draw the neutral stability curve, we find the

specific form of f,, f;, and fa,:

T as 4 _8avg_KB5
so+ve xT Vo vg [0}

v 1_5 b
0}
a 1—(‘3)]
fi= -
s — K b
(so—l—vexT)(l—a)

Ve
o
(s0+vexT) (1 —5)

By substituting Eq. (19) into Eq. (18), the stable condition
can be further obtained according to the following form:

fAv = -

19)

KB

2 2

_ - ;
T 8
a 1— Ve " a:e "
so+ve X T Vo V5

We use numerical simulation to draw the neutral sta-
ble curve under different conditions. The common param-
eter values of the two subgraphs in Fig. 2 are as follows:
T=15sv=30m/s2, sp=15mls, B =06s"", o=

1.2 n1/52~degree_1, and tg = 0.

Figure 2 illustrates that the area above the neutral stability
curve is stable and vice versa. Figure 2(a) shows the neutral
stability curve with different parameters k¥ = 0.1,0.3,0.5, and
0.7. Among these neutral stability curves, it is obvious that the

(20)

stable region of k = 0.7 is larger than that of k¥ = 0.1, which
means that the stability of traffic flow can be theoretically im-
proved by improving the sensitivity coefficient of the driver’s
memory. Simultaneously, from Fig. 2(b), we can observe and
compare that with the increase of driver memory time step &,
the scope of stability area is increasing, and the stability of
traffic flow is enhanced. This implies that the memory time
of the driver plays a positive role in the stability of the traffic

flow.
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2.0f

SRS
[t
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1.0

0.5

Maximum acceleration

0 10 20 30 40 50 60 70 80 90
Headway

Fig. 2. The headway—maximum acceleration phase diagram with different
parameter.

4. Simulation results

This section provides some numerical simulation results
to analyze the stability of ETSDM vehicles in different sce-
narios. Specifically, two cases are considered: (i) the driver’s
sensitive k; and (ii) the time step of the driver’s memory §. To
facilitate numerical simulation, we discretize Eq. (7) into the
following form:

Vot +A) =v, (8) + f (v (2) ,50(2) , Avy (2)) Ar, (21)

where At is the time step and Ar = 0.1 s.

We select the following periodic boundary conditions and
the initial conditions. The total length of the road is set as
L =2000 m and the vehicle length is / = 5 m. There will be no
overtaking and collision behavior on the road, and the initial
speed of all vehicles is0. The parameters selected for simula-
tionare N =50,a=1,T =1.8, vy =30,50 =4,  =0.3, and
® = 1.2. The simulations last for 4000 s with a time step of
0.1s.

4.1. Driver’s sensitivity

This test shows the effect of vehicle speed fluctuating
with driver sensitivity. The vehicle is equipped with the
ETSDM proposed in the second section, and different driver
sensitivity coefficients are simulated to draw correct conclu-
sions. Figure 3 is the space-time evolution diagram of the
velocity obtained by adjusting k equal to 0.1, 0.2, 0.3, and
0.4, respectively. With the help of Fig. 3, one can clearly see
how the speed changes. When x = 0.1, the response of vehi-
cle speed shows considerable instability, and this fluctuation is
amplified downstream, as k increase, the velocity fluctuation

decreases gradually, the vehicle can better follow the speed

change of the leading vehicle, and the speed fluctuation is
small in the downstream. These results indicate that the driver
sensitivity can improve the stability of traffic flow and alleviate
traffic congestion. The reason can be analyzed empirically as:
drivers with higher sensitivity are more inclined to drive cau-
tiously, and their driving risks are lower than those with lower
sensitivity. When the driving status suddenly changes, such as
overtaking and emergency stop, the highly sensitive driver can
adjust the throttle angle in time to drive the vehicle smoothly.

(a) k=0.1

Velocity (m/s)

Velocity (m/s)

2000
1500

20 o

Cy 30 —
2y, 40 1000
66%

Time (®)

=
~
)
>
z
g
Q
2
20 2000
Cop, 780 yom 1500
Uy, 50 500 ®
Time
w
~
g
>
z
g
Qo
: i
20 2000
Ca 30 |
- — S 500
) 4 — 1
iy, 507500 000 °
Time

Fig. 3. The space—time evolution of velocity under different values of k.

Figure 4 is a time-velocity profile diagram corresponding
to Fig. 3, and the values of related parameters are consistent
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with Fig. 3. By comparing the four pictures in Fig. 4, it is
obvious that the smaller the value of x, the greater the am-
plitude of the speed fluctuation. The most undesirable behav-
ior appears in Fig. 4(a), starting from the 1000th second, the
speed of the vehicle begins to fluctuate significantly, and the
downstream turbulence continuesto increase. Meanwhile, the
driver’s sensitivity is low, and the vehicle cannot be adjusted
in time, resulting in great speed fluctuations, which can easily
lead to aggressive driving. On the contrary, with the increase
of k, the fluctuation range of speed becomes smaller, and the
driving state of the vehicle tends to be stable. Which means
that the stability of traffic flow can be theoretically improved
by considering the driver sensitivity.

25 25
(a) k=0.1 (b) k=0.2
@ 20 @ 20
\E/ 15 \E/ 15
=~ 10 > 1
5 B
500 1000 1500 2000 5)00 1000 1500 2000
Time Time
25 25
(c) k=0.3 (d) k=04
—~ 20 w20
{ ~
Z 15 VRV VR VIVAVY i 15
= 10 ® 10
5 5
500 1000 1500 2000 500 1000 1500 2000
Time Time

Fig. 4. The velocity profiles for different parameters x.

4.2. Time step of the driver’s memory

Similar to Subsection 4.1, we adopt different § to explore
the relationship between driver’s memory time step and traf-
fic flow stability. Figure 5 is the space-time evolution diagram
of the velocity obtained by adjusting & equal to 0, 0.2, 0.4,
and 0.6, respectively. In Fig. 5(a), the value of & is 0, which
means that the time step of the driver’s memory is not con-
sidered. At this time, the traffic flow is very unstable. As
shown in Figs. 5(b)-5(d), with § increases, the amplitude of
the velocity wave fluctuations decreases, which indicates that
the change of the electronic throttle angle with memory has a
positive effect on the stability of traffic flow.

Figure 6 is a two-dimensional velocity evolution diagram
corresponding to Fig. 5. From Fig. 6, we can see the change
of velocity intuitively. From the 800th second, the speed in
Fig. 6(a) fluctuates up and down in the range of 2-22 m/s, and
the traffic turbulence is gradually amplified in the downstream.
However, with the increase of 8, the amplitude of speed fluc-
tuation decreases rapidly. As can be seen from Fig. 6(d), the
speed is basically maintained at 16 m/s, and the oscillation is
amplified very little downstream. This is also consistent with
our theoretical analysis: the driver’s time memory step plays a

very positive role in the stability of traffic flow.

(a) 6=0
— / o
: ~—
~ N
G} -
z
g
e}
<
__——s00 2000
~ 71000
Time (8)
(b) 6=0.2
E 20,
» 154
E) 12‘.
Qo N
N
? ~ 2000
< 30
0
~
g
Z
g
o
<
£ 20
e \‘
3 10
s S J
107\\\7{‘ ~I
a . i ‘1500 2000
- e >~
12 40 S~S——
o 50 500 1000
) Time (5)

Fig. 5. The space—time evolution of velocity under different values of 6.

25 6=0 2 b) §=0.2
_af® 0= g o=0
<15 215
g g
~ 10 ~ 10
B B
5 5
500 1000 1500 2000 500 1000 1500 2000
Time Time
25 25
(c) =04 (d) 6=0.6
~ 20 —~ 20
0 Q)
< ~
5 ISWMANVWVVVVV\/W g s A WY
° 10 ® 10
5 5
500 1000 1500 2000 500 1000 1500 2000
Time Time

Fig. 6. The velocity profiles for different parameters & .

5. Concluding remarks

This paper is mainly divided into three parts. Firstly,
an extended model is proposed, which uses the change of

electronic throttle with memory as a feedback control term.
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Then, based on the same group of NGSIM data after screen-
ing, this paper uses genetic algorithm to calibrate and evaluate
the SDM and ETSDM, respectively. The comparison between
the calibration results of the two models shows that ETSDM
has a higher degree of fitness.

Secondly, the linear stability analysis method is used to
derive the stability conditions of the ETSDM. In order to in-
tuitively analyze the stability region of the model, the neutral
stability curve of the model is drawn by using the simulation
software. It can be found that the driver sensitivity and time
memory step have a positive effect on the stability of traffic
flow.

Thirdly, in order to deeply understand the evolution char-
acteristics of traffic flow, we carry out the numerical simula-
tion under periodic boundary conditions, and obtain the spa-
tiotemporal evolution graph of speed. The main conclusions
of this paper are as follows:

i. Driver sensitivity plays a positive role in the actual traf-
fic, the higher the sensitivity of the driver, the timelier the
adjustment of the vehicle, so as to ensure the smooth and
rapid driving of the vehicle.

ii. Considering electronic throttle angle changes with mem-
ory can improve the stability of traffic flow.

iii. The results of the numerical simulation are consistent
with the theoretical analysis.
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