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A novel deceleration traffic flow model is established based on the oscillatory congested states and the slow-to-
start rule. The novel model considers human overreaction and mechanical restrictions as limited deceleration capacity,
effectively avoiding the unrealistic deceleration behavior found in most existing traffic flow models. In order to consider
that the acceleration of a stationary vehicle is slower than that of a moving vehicle due to reasons such as driver inattention,
the slow-to-start rule is introduced. In actual traffic, the driver will take different deceleration measures according to
local traffic conditions, divided into ordinary and emergency deceleration. The deceleration setting in the deceleration
model with only ordinary deceleration is modified. Computer simulations show that the novel model can achieve smooth,
comfortable acceleration and deceleration behavior. Introducing the slow-to-start rule can realize the first-order transition
from free flow to synchronized flow. The oscillatory congested states enable a first-order transition from synchronized flow
to wide moving jam. Under periodic boundary conditions, the novel model can reproduce three traffic flow phases (free
flow, synchronized flow, and wide moving jam) and two first-order transitions between three phases. In addition, the novel
model can reproduce empirical results such as linear synchronized flow and headway distribution of free flow below 1 s.
Under open boundary conditions, different congested patterns caused by on-ramps are analyzed. Compared with the classic
deceleration model, this model can better reproduce the phenomenon and characteristics of actual traffic flow and provide
more accurate decision support for daily traffic management of expressways.

Keywords: oscillatory congested states, three-phase traffic flow, limited deceleration capacity, slow-to-start
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1. Introduction

Traffic congestion causes low traffic efficiency and se-
riously affects the rapid development of the social econ-
omy. The three-phase traffic flow theory has become a re-
search hot spot because it can explain various complex traf-
fic phenomena.m The cellular automaton (CA) model has the
advantages of good parallelism, flexible evolution rules, and
high computational efficiency. It is widely used to clarify the
essence of traffic flow dynamics and gradually occupies an es-
sential status in traffic flow theory research. With the advent of
the three-phase traffic theory, driver behavior has received con-
siderable attention in cellular automaton modeling, especially
oscillations around steady states within the deterministic limit,
in order to reproduce empirical phenomena. Therefore, this
paper uses the cellular automaton model under the three-phase
traffic flow theory framework to establish a novel deceleration
traffic flow model based on the oscillatory congested states.

The major drawback of most existing CA models is that
all vehicles have no limit to the deceleration capability.?]
Krauss and Wagner!3! first introduced limited deceleration ca-
pacity in the CA traffic flow model, but because the value of

Corresponding author. E-mail: wangjunxia@nefu.edu.cn
fCorresponding author. E-mail: tdxu@nefu.edu.cn

CSTR: 32038.14.CPB.add500

deceleration capacity is too conservative, the simulation re-
sults still have unrealistic deceleration behavior. Lee et al.[*!
proposed a model considering limited deceleration capability
(abbreviated as the Lee model), which is inherently unsafe
because a significant deceleration is occasionally required to
avoid collisions, so emergency deceleration is introduced in
this paper. Based on the Lee model, Pottmeier et al.l>! im-
proved the original single-lane model by increasing its ro-
bustness to accidents (abbreviated as the Pottmeier model).
Vranken et al.!® proposed a single-lane traffic flow model
with a time step of 0.1 s, which can simulate the heteroge-
neous traffic flow with a mixture of human-driven and auto-
mated vehicles. Inspired by the idea of deceleration limita-
tion, many scholars have conducted research in this area and
achieved fruitful results in the past few decades.![’~!!]

It must be emphasized that over-reaction as the reason of
the classical traffic flow instability was introduced.!!-8! Chen
et al.”’! studied traffic hysteresis arising in traffic oscillations
from a behavioral perspective. It is found that the occur-
rence and type of traffic hysteresis is closely correlated with

driver behavior when experiencing traffic oscillations and with

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

108902-1


https://doi.org/10.1088/1674-1056/add500
https://cstr.cn/32038.14.CPB.add500
mailto:wangjunxia@nefu.edu.cn
mailto:tdxu@nefu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 34, 108902 (2025)

the time driver reaction begins relative to the starting decel-
eration wave. Outay er al.l'"! proposed to implement the
reaction time-based collaborative velocity control (RT-CVC)
model that was implemented in autonomous cars into an agent-
based simulator. This model is compared to the intelligent
driver model (IDM), which is one of the standard longitudi-
nal driving behaviors in simulation environments. Addition-
ally, there are many papers about microscopic modeling with
driver’s over-reaction idea.!!!=14]

However, the models mentioned above do not consider
oscillatory congested states, i.e., in congested traffic flow, the
space gap between two vehicles will oscillate around the de-
sired space gap in the deterministic limit.['”) The primary
mechanism incorporated into this assumption is in the decel-
eration of the vehicles. From the perspective of the braking
capacity of the vehicles, in addition to ordinary braking in
normal conditions, emergency braking is required in emergen-
cies. The model assumes that the vehicles adopt ordinary de-
celeration in normal conditions and emergency deceleration in
emergencies. Guzmén et al.!'® proposed a reliable cellular
automaton model that faithfully reproduced deceleration and
acceleration based on the driver’s actual response, consider-
ing that vehicles have different deceleration capabilities. The
model describes complex traffic phenomena by encoding its
rules’ fundamental mechanisms of driver behavior, vehicle ca-
pabilities, and dynamics. Li et al.l'* described the empirical
car-following behavior of commercial adaptive cruise control
(ACC) systems and understood the behavior of ACC under
different conditions. For a three-vehicle platoon, the change
from one ACC vehicle to another is progressive for the os-
cillation growth and decreasing for deceleration, acceleration,
and overtaking.

Considering that the acceleration of a stationary vehi-
cle may be slower than that of a moving vehicle due to the
driver’s inattention and difficulty in starting due to long-term
parking, the slow-to-start rule is introduced. Takayasu and
Takayasu!!> first proposed the CA model with a slow-to-start
rule (abbreviated as the TT model). Schadschneider et al.!°!
proposed an extended model based on the TT model. The
model further specifies the acceleration behavior, and the up-
date rule is: if there is precisely an empty cell in front of
the stationary vehicle in the system, the vehicle will accel-
erate with a probability of 0.25; for other cases, it still ac-
celerates according to the deterministic rules of the Nagel and
Schreckenberg (NaSch) model.!!”! Barlovic et al.!'"® proposed
velocity-dependent-randomization (VDR) model. The differ-
ence between the VDR model and the NaSch model is that
the randomization probability is no longer fixed but deter-
mined by the vehicle’s velocity at the last moment, and the
rest of the update rules are the same as the NaSch model. Gao
et al.'" proposed a cellular automaton model with velocity

adaptation, equivalent to combining the Kerner—Klenov—Wolf
(KKW) model®! and the NaSch model with a slow-to-start
rule. Qiao er al.*! studied phase diagrams to reflect traf-
fic congestion and PM emissions for two typical slow-to-start
models under open boundary conditions. Importantly, with the
introduction of the slow-to-start rule, it can be found that the
flow drop occurs near the phase transition point from synchro-
nized flow to wide moving jam.[>223]

This paper aims to describe driver behavior and vehicle
braking capability through a novel deceleration traffic flow
model that considers oscillatory congested states and slow-to-
start rules, reproducing some empirical results of the three-
phase traffic flow theory. The rest of this paper is structured
as follows. The first section reviews Kerner’s three-phase traf-
fic flow theory. Section 2 details the model rules. Simulation
results under periodic boundary conditions are simulated and
discussed in Section 3. Simulation results with open boundary
conditions are simulated and discussed in Section 4. Section 5
gives a summary.

2. Review of Kerner’s three-phase traffic flow
theory

Nagel and Schrekenberg!!”) first proposed a classic cel-
lular automaton model (the NaSch model) consisting of four
parallel update rules. The traffic flow is divided into free flow
and congested flow in the two-phase models.[>3:16:18]

By analyzing field data, Kerner proposed the famous
three-phase traffic flow theory and divided the congested
flow into the synchronized flow (S) and wide moving jam
(3).11-424=26] The synchronized flow is defined as its down-
stream front at the highway bottleneck and ensures the nucle-
ation nature of traffic breakdown (F—S transition). A wide
moving jam is a moving jam that maintains the average veloc-
ity of the downstream front of the jam as it propagates, even
as it propagates through bottlenecks or other diverse, complex
traffic states.[!327]

Commonly observed traffic phase transitions from large
empirical datasets are the phase transition from free flow to
synchronized flow (F—S transition) and the phase transition
from synchronized flow to wide moving jam (S—J transition).
The F— S transition and the S—J transition are first-order tran-
sitions, during which the flow rate drops sharply. Two-step
F—S—J transition: the F—S transition occurs first, and then
the S—J transition occurs at different positions after a while,
where the F—S—] transition shows double Z characteristic in
the velocity-density plane, while the line J becomes a curve
in the flow-density plane. Related to this phenomenon, two
main types of congested patterns at isolated bottlenecks can
be observed.

General patterns (GPs) and synchronized flow patterns
(SPs).[281 GPs consist of free flow, synchronized flow, and
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wide-moving jam. When the traffic flow is in the SPs, there
are free flow and synchronized flow on the road. As a re-
sult of the bottleneck, various types of SPs may occur, such
as widening synchronized pattern (WSP), local synchronized
pattern (LSP), and moving synchronized pattern (MSP).

Kerner and Klenov proposed the first cellular automa-
ton model for three-phase traffic flow.[>”) The same year,
Kerner et al. proposed a microscopic model to reproduce
the typical characteristics of three-phase traffic flow, abbre-
viated as the KKW model.[*’! Kerner er al.l’") established
a novel three-phase CA traffic flow model based on the dis-
continuous characteristics of drivers’ excessive acceleration.
Based on the KKW model, Zeng et al.l®!1 proposed a traffic
flow model of the freeway ramp system under accident con-
ditions and simulated and analyzed the impact of traffic acci-
dents on traffic flow under open boundary conditions. Based
on the Kerner—Klenov—Schrecenberg—Wolf (KKSW) cellular
automaton model,*?! Hu et al.333* established a two-way
six-lane expressway model. They studied the impact of tidal
lanes and entry points on urban traffic flow in the framework
of Kerner’s three-phase traffic theory and achieved good re-
sults. Lyu et al.,'’! based on the improved KKSW cellu-
lar automaton model, studied the vehicle—vehicle non-uniform
traffic flow characteristics of the expressway with climbing
lanes. Zhao et al.?") established a modified velocity difference
effect (MVDE) model based on Kerner’s three-phase traffic
flow theory. Under the three-phase traffic theory framework,
the MVDE model showed better-synchronized flow results.
Zhou et al.3%) proposed the multi-anticipative model (MAM)
based on the average space gap model, describing the impact
of multi-anticipatory effects on acceleration and deceleration.
Simulations show that MAM can reproduce empirically con-
sistent synchronized flow and associated congested patterns
well.

3. Model formulation

Considering the oscillatory congested states, the novel
model introduces an effective desired space gap d(¢) in the
update rule. Assuming that the driver tends to keep the ef-
fective space gap not smaller than d(¢), otherwise, the driver
will be in a defensive state, and the actual behavioral change
is characterized by changing deceleration from 1 Lcey/ s2 to
4 Leent/s%. The effect of deceleration changing from ordinary
deceleration to emergency deceleration is a critical factor in re-
producing the phase transition from free flow to synchronized
flow in the novel model. The following formula determines
the determination of deceleration:

_[4 i &) < d; (1),
b= { 1, else, M
d:;(t) = Tvn(t)a 2)

dsz(t) =d, (t) + maX(Vanti(t) — &safety O)a 3)
Vanti (1) = min(dp+1 (1), Va1 () + 1, Viax)- (€]

Here, d,(t) is the space gap between vehicle n and its
previous vehicle n+ 1, d)i(¢) is the effective desired space gap
between vehicles n and n+ 1, and d°(¢) is the effective space
gap. T is the effective safe time gap between vehicles n and
n+1 in steady state, and v,n(7) is the expected velocity of
the vehicle ahead at the next time step. gsafery is the parameter
controlling the validity of the anticipation.

In the novel model, the velocity to ensure safe driving is
denoted by ¢!,"!, which should satisfy the following inequality:

(i)

xg+A+ Y (&' — Di)
i=0

i—
(V1)

<Xt ), (Ve —Di). )
=1

L

Among them c/1: safe velocity of vehicle n at time ¢+ 1.

xk, vi: the position (velocity) of the follower vehicle at time
t. n (n+1): the follower vehicle (the leader vehicle). D:
deceleration. 7 (77): the time step required for the follower
vehicle (the vehicle in front) to decelerate continuously to a
complete stop. The summation starting from zero represents
the response time of the follower vehicle, so for the follower
vehicle, the cumulative sum is calculated from the time step
i=0,1,..., 7, and for the leader vehicle, it is calculated from
time step i =1, 2, ..., 7. A: the minimum coordinate differ-
ence required by the follower vehicle to ensure safety must be
at least the length of one vehicle. The expressions 7, 7j, and
A are detailed later to account for human overreactions.

%(v) = %v/D+ (1 — ;) max{0, min{v/D, g} — 1}, (6)
1(v) = %v/D+ (1 —y,) min{v/D, tes. }, (7)
A = L+ v max{0,min{gadd, v}, — gaad } }- (8)

Here #43te means the maximum time step that the follower
vehicle can predict its safety when driving optimistically, but
Zadd 18 the additional safe time gap required when driving pes-
simistically. The additional —1 for the follower vehicle is the
reaction time that is only compensated for driving optimisti-
cally, and the function of #g¢. is implemented at the same time.
A two-state variable is introduced to reflect the driver’s dis-
criminatory behavior towards local traffic conditions. When
¥} =0, it corresponds to the situation where the driver judges
the local situation as optimistic because the vehicle in front
is accelerating. Conversely, when ¥ = 1, the driver is pes-
simistic, and the vehicle needs to decelerate below the veloc-
ity required by the strict no-collision standard. ¥} is defined as
follows:

t t t
0, for vy <v, (<v,,, or

W= (p2 2 Vst Avy—vas SDAbL,=0), (9
1, otherwise.
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The faster velocity v, slightly below maximum veloc-
ity vmax, and both variables are assumed to be constant. In
addition, for variable ¥, considering that each vehicle n and
vehicle n + 2 require a stronger interaction in order to pre-
vent the occurrence of two situations that may lead to danger-
ous configurations in the Lee model, the relationship between
vn+1 and v, 42 is strengthened in the novel model to satisfy the
condition v, < v,42, and use the maximum braking capac-
ity to limit the difference between v, and v, ;. It indicates
whether the vehicle decelerates due to the surrounding envi-
ronment rather than randomness. The brake light b}, is defined
as follows:

bl =

n

{ 1, for viFl <yl (10)

0, otherwise.

Here b!: the states of the brake light of vehicle n at time
t and b!, = 1 (0) means the brake light is on (off). #,"!: the
saved velocity before randomization. To sum up, for ¥/ =0,
¢, Ty will be smaller than v/D, and A is close to vehicle length
L. At this time, the safety condition is loose, and a faster 5;“
can be selected; on the other hand, for }/n’ =1, 1, 7y are close to
v/D, A will be greater than vehicle’s length L, and the safety
condition is more necessary, a slower E;H
The parallel update rules for the novel model consist of the
following five steps.

Step 1 Determination of the randomization probability p

can be specified.

p=max{pq, po—vp(Po—Pa)/Vsiow }- an
Step 2 Determination of the maximal safe velocity
& = max{c, ¢!t satisfies Egs. (1)-(10)}.  (12)

Step 3 Acceleration and deceleration
If v/, = 0 and gap = 1, vehicles will stay in their original
position and not move with probability p, = 0.75, else

\7r§+1 :min{vmaX7vrtz+aamaX{Ovvlt1_D’g’?rl}}' (13)

Step 4 Randomization with probability p

v = max{0,v! — D,5/ ™ —n}, (14)
1, ifrand() < p,
= { 0, else. as)

Step 5 Vehicle movement
X = X! gyt (16)

In the update rules, the third step introduced the slow-to-
start rules of the Takayasu and Takayasu model!'>! and mod-
ified them. A stationary vehicle with only one empty cell in
front stops in the same place with the probability of p;; oth-
erwise, the acceleration and deceleration are updated accord-
ing to the formula (13). The randomization probability p in

Step 1 is linearly interpolated between po and pg when it is
less than vy, and pq is adopted for p when v/ is greater
than vgew. In addition, p is an actual number, and the novel
model assumes that pg > pq. It should be emphasized that for
a given vehicle n, the safe velocity can take on the value of
about 0 — vmax Leenn/s at most, and it has multiple values in
most cases. In order to reflect the desire of the driver to drive
as fast as possible, the maximum safe velocity is taken and

expressed by &/*!

. The gap is the number of empty cells in
front of the vehicle n. It is important to note that both Step 3
and Step 4 involve limited deceleration capacity. The position

update is conducted at last.

4. Simulation investigation
4.1. Simulation results under the periodic boundary con-

dition

The general characteristics of the novel model are stud-
ied on the ring road. The unit time step corresponds to 1 s.
All key parameters and its definitions are listed in Table 1,
which are different from the Lee model to be more in line
with the actual situation. The simulation is carried out on
the road of Lypaq = 4 x 10% Leey length. Stationary vehicles
are initially evenly distributed on the road to avoid the im-
pact of uneven distribution of the initial vehicle on the sim-
ulation results. During the simulation, the first 4.9x 105 s is
conducted to make the transient disappear, the system reaches
steady state, and the simulation time step is set to 5Xx 105 s, so
the statistics are collected in the last 1x10* s. On the premise
of ensuring the reliability of statistical results, considering the
limitations of computing resources, the number of samples in
this article is 50.

Table 1. Definition and value of parameters in the novel model.

Parameters Value Units Definition

Leen 1.5 m length of each cell

Lyen 5 Leeny vehicle length

Vmax 20 Leenn /s maximum velocity

Viast 19 Leen/s faster velocity

Vslow 5 Leen /s slower velocity
Po 0.32 - randomization probability
Pd 0.11 - randomization probability
Dt 0.75 - randomization probability
a 1 Leen/s? acceleration

tsafe 3 S maximum time step

8add 4 Leent additional safe time gap

Figures 1(a) and 1(b) draw a dotted line on the flow—
density and velocity—density planes, in which three traffic flow
phases (free flow, synchronized flow, and wide moving jam)
and two first-order phase transitions between the three phases
(from free flow to synchronized flow (F—S transition) and
from synchronized flow to wide moving jam (S—J transition)
are distinguished. The straight line with a positive slope of the
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red sphere represents free flow, the negative slope of the blue
sphere represents synchronized flow, and the longest line with
a negative slope of the green sphere represents a wide moving
jam. When the density K is less than Kj, only the free flow can
be found in the diagram (Fig. 2(a)). With the increase of den-
sity, the flow increases until K = Kj, and the maximum flow
is close to 2250 veh/h. When the density is more significant
than K, the synchronized flow forms spontaneously from the
free flow, as shown in Figs. 2(b) and 1(c). With further den-
sity increase, the range of synchronized flow expands, and the
velocity decreases (Fig. 2(c)). When the density is more re-
markable than K5, the synchronized flow is unstable, and a
wide-moving jam occurs (Fig. 2(d)). Figure 2(d) shows the
vehicle’s trajectory as it approaches the upstream front of the

2500

(a) ° Free flow
g Synchronized flow

. 2000 j Wide moving jam
T N
= [
< 1500(
g °
% 1000} o
3 o
= s00t°

o

L K

0 v 1

0 20 40 60 80 100 120133
Density (veh-km~1)

21 108.0
18 86.40
15 64.80

12 43.20

Position (km)

9 21.60

?400 1600 1800 2000 2200 2400
Time (s)

traffic jam, which reveals that the revised update rules mod-
ify the unrealistic sudden velocity drop. Similarly, vehicles
can accelerate smoothly and comfortably when they leave the
downstream of the traffic jam. The flow decreases significantly
when the density returns to K3, as shown in Fig. 1(d). In ad-
dition, when K > K3, the wide moving jam with lower veloc-
ity appears. It can be found that the downstream propagation
speed of the wide moving jam is nearly —15 km/h, which is
consistent with the empirical observation. This indicates that
the new model can reproduce the same propagation charac-
teristics of the congestion pattern that are consistent with the
three-phase traffic theory. For a more explicit description, the
flux, velocity, and density are converted into vehicles per hour,
kilometer per hour, and vehicles per kilometer, respectively.
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Fig. 1. The fundamental diagram and the spatiotemporal diagrams: (a) the fundamental diagram (FD) on the flux—density plane, (b) the
fundamental diagram on the velocity—density plane, (c) K = 21 veh/km, describes the F—S transition and (d) K = 37 veh/km, describes the

S—1 transition. The color bar indicates velocity (km/h).
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Fig. 2. Trajectories of every 10th vehicle of the novel model, where
(a) K = 15 veh/km, (b) K = 25 veh/km, (c) K = 35 veh/km, (d) K =
40 veh/km, respectively.

Figures 3(a) and 3(b) show the one-minute averaged flow
and density in new model and the pottmeier model, in which
the maximum flow and its corresponding density are almost
consistent with the empirical data. A virtual detector at the
road’s midpoint monitors the flow (J) and velocity (V) arith-
metic average. The local density (p) on the x-axis is calcu-
lated by p = J/V. In addition, the straight line with a positive
slope corresponds to the free flow, and the synchronized flow
is widely dispersed in the two-dimensional (2D) area of the di-
agram. The synchronized flow generally shows a linear distri-
bution in new model, however, linear synchronized flow is not
observed in the Pottmeier model, which is consistent with the
fundamental diagram representation. The flow of the synchro-
nized flow decreases with the increase of the global density
K.
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(a) (b)

@ 10 veh-km™" 120

120

@ 15 veh'km™
@ 20 veh-km!
@ 25 veh-km™
@ 30 veh-km™
@ 35 veh'km!
@ 40 veh-km™
@50 veh-km™!

90

60

Velocity (km'hfl)
Velocity (knrh*‘)

30
0
2000
)
e“Sft
'y 30 A
Vol 400 (&

~1 h Q\x\‘ﬂ

120 —
@ 10 veh-km"! . (c) --20 veh-kmi1
@ 15 vehkm'! n J "‘} 24 veh-km
° @ 20 veh-km™" <= 90k T 28 veh-km~!
§ @ 25 veh-km™" g %b 32 veh-km~!
@30 veh-km'! = ‘ 2
@ 35 veh'km'! 5 E
@ 40 veh-km! s 601 \ %
@ 50 veh-km'! é’ 5
2 g 3
o 301 3 WR
3 \
O
=l -
0 50 100 150

Gap (m)

Fig. 3. (a) The one-minute averaged flux and local density in new model, (b) the one-minute averaged flux and local density in pottmeier model, and

(c) optimal velocity function.

The novel model makes an in-depth study from the point
of view of the headway distribution. Figure 4 shows the head-
way distribution of different phases (the detector is located at
the road’s midpoint), which shows the relative frequency of
the headway between two adjacent vehicles passing through
the detector. The distribution is standardized, and the mini-
mum interval of the headway is 0.2 s. The data is classified by
density value. Specifically, under the density corresponding to
the free flow, it is mainly distributed in 1 s-3 s, and the posi-
tion of the maximum value is independent of the density and is
fixed at 1.5 s, as shown in Fig. 4(a). However, within the den-
sity corresponding to the synchronized flow, the position of the

maximum value depends on the density, as shown in Fig. 4(b).
With the increase in density, the position of the maximum dis-
tribution increases gradually. Under the density of synchro-
nized flow, the headway is more concentrated, which is about
2 s. In addition, the headway approximately obeys the normal
distribution. As shown in Fig. 4(c), compared with the phase
of the synchronized flow, the ratio of the headway of wide
moving jam is more uniform; the distribution is mainly con-
centrated in 1 s—5 s. Because vehicles with a headway greater
than 4 s will not follow other vehicles, vehicles with a head-

way greater than 4 s account for a relatively low proportion in
the mode].?”]
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Fig. 4. Normalized headway distributions of the novel model in (a) free flow, (b) synchronized flow, and (c) wide moving jam are depicted for different

densities, respectively.

Figure 5 shows the distribution of vehicle velocity at dif-
ferent densities. In free flow, the vehicle’s velocity is always
close to vmax due to the randomization effect, as shown in
Fig. 5(a). As shown in Fig. 5(b), the synchronized flow spon-
taneously forms from the free flow. As the density increases,
the velocity of the synchronized flow decreases, as shown in
Fig. 5(c). Figure 5(d) shows wide-moving jams in the syn-
chronized flow. In addition, the velocity of the synchronized
flow obeys the normal distribution, which is in good agreement
with the actual traffic conditions.

The time series corresponding to the one-minute averaged
velocity and flow under the density K3 is shown in Fig. 6. Dif-
ferent random seeds may show different phases. Figures 6(a)
and 6(c) correspond to the synchronized flow of the upper
branch at the density K3 of Fig. 1(a), while figures 6(b) and

6(d) correspond to the wide-moving jam of the lower branch
at the density K3 of Fig. 1(a). One can see that the velocity in-
terruption occurs in about 8200 minutes, accompanied by the
flow interruption. Because no vehicle passes through the vir-
tual detector during the interruption, the wide-moving jam’s
velocity is zero, significantly different from the non-zero ve-
locity in the synchronized flow.

The optimal velocity (OV) function point diagrams of free
flow and synchronized flow are primarily separate, as shown
in Fig. 3(c). In the free flow region, the averaged velocity is
limited by the maximum velocity and is independent of the
global density.?® In the phase of synchronized flow, the av-
eraged velocity of a given gap is much lower than that in the
free flow, which means that the vehicle moves much slower
than the gap allows to ensure safety. The gap shortens with
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the increase in density, and the corresponding averaged veloc-
ity decreases. In the case of a large gap, the OV function curve
of the synchronized flow region with high density is an approx-
imately normal distribution. The OV function of the model is
the direct influence of the vehicle—vehicle interaction, which
is consistent with the experimental results.
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The moderate emergency deceleration in the process of
vehicle driving can not only ensure the safety of the vehicle
but also improve the capacity of the road. Excessive emer-
gency deceleration may waste capacity. In this paper, emer-
gency deceleration is the critical parameter. In order to fur-
ther analyze the influence of this parameter on traffic flow, a
sensitivity analysis is carried out. In the sensitivity analysis,
the values of emergency deceleration are set to 2 Leey/ s2, 3
Leen/s%, 4 Leen/s?, and 5 Leeyi/s?, respectively. The results
of the sensitivity analysis are shown in Fig. 7(a). When the
emergency deceleration changes gradually from 2 Lej/ s2 to
4 Leen/ s2, the transitions, including F—S$ transition and S—J
transition, still exist, so that the F—S transition can be eas-
ily found under the emergency deceleration of 4 L./ s2. In

addition, the flow is gradually increasing. With the increase
of emergency deceleration, the density region of synchronized
flow is shortened, and the density region of wide moving jam
is widened. More importantly, the linear synchronized flow
becomes the scatter synchronized flow (the synchronized flow
is distributed in the two-dimensional region in the middle of
the flow-density plane). When the emergency deceleration
increases to 5 Leey/ s2, the synchronized flow does not occur
spontaneously, and the transitions no longer exist. Therefore,
when the emergency deceleration is 4 Ly / s2, the traffic flow
is easier to reach a steady state.
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Fig. 7. The fundamental diagrams for comparing: (a) sensitivity analy-
sis of vehicle’s emergency deceleration and (b) fundamental diagram of
the traditional model and the novel model.

A comparison of the level of improvement achieved with
the novel model and the traditional model is presented in
Fig. 7(b). The black hollow represents the Pottmeier model,
and the color sphere represents the novel model. Compared
to the Pottmeier model, oscillatory congested states and the
slow-to-start rule are considered in the novel model. The novel
model can reasonably simulate the first-order transition from
free flow to synchronized flow and from synchronized flow to
wide moving jam. At the same time, the linear synchronized
flow can be simulated.

Figure 8 presents the FD of the new model in different
system sizes. Based on the simulation results, one notes that
the transitions including F—S transition and S—J transition
always exist as the size of the system increases. Moreover, it

should be pointed out that the linear synchronized flow still ex-
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ists as the size of the system decreases. It can be clearly found
that the density range corresponding to the synchronized flow

and wide moving jams is different due to the different system

sizes.
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Fig. 8. Fundamental diagram of the new model in different system sizes.
(a) Road length decreases from large to small. (b) Road length increases
from small to large.

4.2. Simulation results under the open boundary condition

We have simulated an open road consisting of a total
length 1.8 x 10° Leeyi (90 km), whose coordinates are —45 km
to 45 km from left to right, and drivers also drive from left to
right. The open road has an on-ramp length of Lyyyp = 0.6 km
and is at Xpmp = 20.4 km. The on-ramp starts at the loca-
tion of Xramp and ends at the location of Xramp + Lramp. During
simulations, a flow enters the main road constantly from the
left of the road. When vehicles enter the main road keeping
for 10 hours, the simulation time step is set to zero, and the
on-ramp injection Qo is started after 8 min. The number of
samples is set to 1.

The model sets the left-most cell of the main road cor-
responding to the position x = 1. Qj, and Qo are the traffic
flow of the main road and the on-ramp, respectively, in-vehicle
units per hour. At each time step, at the entrance of the main
road, if the position of the left-most vehicle Xj,g > viax, a new
vehicle with velocity vy,ax will be injected at the position min
[Xiast — Vmax> Vmax] With a probability of Qj,/3600, where | |
is the rounding function. If the leading vehicle’s position is
Xjead > Lroaq at the main road’s exit, the leading vehicle will

be removed, and the following vehicle becomes the leader.

In addition, the condition of whether an entering vehi-
cle injects into the main road from the on-ramp or not plays
an important role. Within the merging road section [Xramp,
Xramp + Lramp], two consecutive vehicles with the widest gap
are selected, and X; and X; denote their coordinates. The en-
tering vehicle will be placed at the coordinate Xepeer = | X¢ +
Lyeh + (Xi — Xt —2Lyen) /2] (where | X | denotes the most sig-
nificant integer smaller than X) with probability Qo,/3600 if
the widest gap (X — X¢ — 2Lyep) between the two consecutive
vehicles on the main road exceeds the critical value dyigical
(= 0.5W1 4+ 2Ln), where V; is the velocity of leader vehicle of
the entering vehicle. The widest gap subtracts the length of
the new entering vehicle simultaneously for simplicity. In or-
der to generate a sufficient velocity perturbation in the merging
region, the velocity of the entering vehicle is set as 0.7 times
that of the respective following vehicle. The stop time is set to
zero to keep matters simple.

When traffic breakdown happens near the on-ramp, vari-
ous congested patterns can occur. Figures 9(a) and 9(b) show
the spatiotemporal diagrams of two well-known patterns un-
der open boundary conditions with an on-ramp, including a
localized synchronized pattern (LSP, Fig. 9(a)) and a general
pattern (GP, Fig. 9(b)). In Fig. 9(a), the downstream front of
the synchronized flow is fixed at the on-ramp. The upstream
front of the synchronized flow is not continuously widening
over time but is localized within 4 km near the bottleneck.
Thus, it belongs to the local synchronized pattern (LSP). Fig-
ure 9(b) shows the spatial-temporal features of the general
pattern (GP). It can be seen that the wide-moving jam con-
tinuously emerges in sequence in GP.

In the GP pattern, the synchronized flow appears up-
stream of the merging region, and wide moving jams spon-
taneously emerge in the synchronized flow. The downstream
fronts of the jams move upstream with a constant speed and
widen continuously. This process is indicated in Figs. 9(c)
and 9(d), showing the one-minute average flow (c) and veloc-
ity (d) at different locations over time in the GP. From the top,
virtual detectors are located at 20.4 km, 18.9 km, 15.9 km, and
5.4 km, respectively. The top figure is formed at the beginning
of the on-ramp. At the top, it can be seen that a synchronized
flow (high flow and low velocity) formed near the on-ramp. In
the subsequent two figures, many small flow drops converge
upstream into little jams. Finally, some wide jam appeared
upstream immediately, away from the on-ramp. It shows the
so-called pinch effect, 3! describing the process of local self-
organization within the synchronized region, leading to the
formation of a small narrow jam. As the minor jams grow
large enough to lose the stability of the synchronized flow,
these minor jams eventually evolve into several wide-moving
jams by merging when moving upstream.
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5. Conclusions

Under the three-phase traffic flow theory framework, in-
troducing the slow-to-start rule proposes a novel deceleration
traffic flow model considering oscillatory congested states.
Concerning oscillatory congested states, drivers take different
deceleration measures according to local traffic conditions, di-
vided into ordinary deceleration (1 Leey/ s2) and emergency
deceleration (4 Leen/ s2). The deceleration setting of only or-
dinary deceleration in the deceleration model is modified. The
novel model adopts the definition of driver behavior proposed
by Pottmeier et al. and considers human overreaction and me-
chanical limitation in the form of limited deceleration capac-
ity, which effectively avoids the unrealistic deceleration be-
havior found in most of the existing traffic flow models and
realizes smooth and comfortable acceleration and deceleration
behavior. The slow-to-start rule is introduced into the deceler-
ation model, which considers that the acceleration of the sta-
tionary vehicle is more limited than that of the moving vehicle
because of the driver’s inattention or the need to expend a large
amount of traction when starting.

Considering the oscillatory congested states, the model
can reasonably simulate the first-order transition from free
flow to synchronized flow, and by introducing the slow-to-
start rule, the model can reasonably simulate the first-order
transition from synchronized flow to wide moving jam. The
simulation is carried out under periodic and open boundary
conditions, respectively. The results show that the model can
better modify the unrealistic deceleration behavior to reflect
the driver’s behavior in the actual traffic.

The simulation results under periodic boundary condi-
tions show that the novel model can effectively reproduce the
three phases of traffic flow (free flow, synchronized flow, and
wide moving jam) and the first-order phase transition between
them (F—S transition and S—1J transition). The model can
reproduce the small headway of less than 1s in the free flow
phase. The synchronized flow is linear, with only one slope.
What is essential is that the reappearance of linear synchro-
nized flow is verified by the trajectory figures, headway dis-
tribution figures, velocity distribution histograms, optimal ve-
locity function figures, and so on. The virtual detector finds
the velocity interruption accompanied by flow interruption for
wide moving jams.

Simulations on open roads with on-ramp show that the
novel model can describe the LSP and GP. Both the upstream
and downstream of LSP fluctuate near the on-ramp. In the GP,
the synchronized flow appears upstream of the merging area,
and the wide-moving jams occur spontaneously.

In future research, given the heterogeneity of the appli-
cation scene, we will further design a two-lane heterogeneous
traffic flow model of cars and trucks to discuss the traffic flow
characteristics in depth.
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