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Abstract: In this paper, the principle of tirgelay feedback control is applied to suppress or weaken the bifurcation of the traffic
system so as to suppress traffic congestion. The key to this methocthd #ostiable time delay and feedback gain interval, that is
to say, how to choose an appropriate parameter combination efléfag and feedback gain to stabilize the solid angle model
(SAM). Considering the effect of tirmaelay, the timelelay differentiaequation (DDE) is used to describe the traffic model with
delay feedback control. However, it is difficult to make a dynamic analysis of DDE because of the infinite dimensiosalgatease
Existing studies of cafollowing models involving timelelay ofen ignore the timelelay term directly or use the smdtlay
approximation. Although the small delay approximation is simple and can easily be used to truncate the delay terms the result
obtained are only valid for very small delays. To overcome thigdtion and obtain an accurate stable interval, the definite
integral stabilization method and the stable switching criterion are used to determine the stable interval of the legciiot de
feedback gain. Then a control strategy is designed to suphredraffic congestion and stabilize the unstable traffic flow in the
SAM. Numerical simulations are carried out to verify the practicability of the system. Numerical results demonstrate that re
sonable feedback gain and delay settings can indeed efflgatnprove the stability of traffic flow.
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1 Introduction (Kong et al, 2021a, 2021b). Among them, the
carfollowing model is the most extensively studied in
With  the continuous development of micro traffic flow. It employs a dynamic approach to
urbanization, traffic accidents and congestion haviavestigating the appropriate behavior of the
increasingly become obstacles to urban developmeifidllowing car resulting from changes in the motion
To cope with the increasing traffic demand, improvestate of the preceding vehicle. Currently, the most
traffic efficiency and suppress traffic congestionwidely used research on datlowing models is the
scholars have conducted research on these three ty@$ model proposed by Bando (1995) in 1995, which
of traffic flows and have proposed many traffmwv  uses acceleration changes to describefadiawing
models that can describe the characteristics of relahavior. For the practical deceleration situation,
traffic flows. These models include hydrodynamicHelbing and Tilch (1998) established a GFM
models (Ge et al., 2014a, 2014b), queuing mode{&eneralized Force Model) to resolve these questions.
(Geroliminis et al., 2009a, 2009b), gas kinetic modeldiang et al. (2001a, 2001b) proposed a FVDM (Full
(Helbing and Treiber, 1998) céullowing mocels Velocity Difference Model) to further improve the
(Sun and Zheng, 2018) and cellular automata modedecelerabn and deceleration of the vehicle by
considering the influence of both negative and
+ RongjunCHENG chengrongjun76@®6.com positive speed differences on the acceleration of the
rear vehicle. Based on the velocity difference model,
Receivel Jan. 122@3; Revision accepteiar. 2 2023; Yu et ,al' (2913a’ 2013b) proposed t_he FVDAM (Ful
Crosschecked Velocity Difference and Acceleration Model) by
considering the distance from the preceding vehicle,
© Zhejiang University Press 28 and the differences in velocity and acceleration from
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it. Cheng et al. (2017a, 2017b) established a newthe change fovehicle types in adjacent lanes would
continuous macroscopic model on the basis of FVDM,f f ect t h e -thaking/ire cafdlowind.e ci s i o |
which succesfully solved problems of small Therefore, an extended visual angle model based on
perturbations that previous models ignored. the FVD model was established to verify this feature

With the continuous development and wideand the results of the analysis proved it. Considering
application of psychological research, scholars hawhat the vehicle height wi ||
gradually tried to put aside the vehicle factor and tperspective to a certain extent, in 2020, Ma et al.
use the human factor to debei caffollowing (2020a, 2020b) proposed adding a stereo perspective
behavior by proposing a psyciphysiological model, to the original basic cdpllowing model. The
which is based on the perception and responsgecific model expression and perspective view are as
characteristics of the driver. This idea was first putollows:
forward by Michaels and Cozan (1963). The idea is
that t he dphysivlegialbcharagesisticsh o B R
have a certain promoti oha“(t)é?{fvglg(tt) nggt)} t'ée”@i’r i (/1)er 6s s
driving, whi ch i s embodi ed i n t he driver 0s Vi sual
range or size of the previous car. Meanwhllewherev( V'é(t)) represents the optimal speed of the
Wiedemann (1974) had also begun, in 1974, to
discover how psychophysiological charactics driver in this perspective, ant/ (t) represents the
affect caffollowing behavior, and proposed a basicperspective of the driven at themomentt .
model of caifollowing, which became a core model
for the weltknown microscopic simulation software L ——
Vissim. The ideas of Michaels and Wiedemann hav . - - -1 A TR rar ™
important implications for the study of the inéince —g= A\
of driver psychephysiological characteristics on NG : Jaassd)
driving behavior, but they have also slowed down th
speed of research on this topic because it is not
represented by more specific models and factors. Van

Winsumdéds (1999) r esetlsr c h Irhesqu”t S m%l?eh fu”p f_c%r
deficiency. He developed a basic-faltowing model n the cariollowing model, the follower isfa

when integrating the research results of manpacted by. many factors. The main ones are the actual
psychologists on cébllowing behavior. Andersen c_)ad design, the _mechanlcal pe_rfqrmance of me v
and Sauer (2007) further improved the basic mod%'l'de and the individuatharacteristics of the driver
and proposed the DVA (Driving by Visual Angle) m_c!udlng psychological quallty, d_rl\_nng experience,
modd. In addition, Jin et al. (2001a, 2001b) based Oanmg age, etc.). The driver's individual characteri

the full velocity difference (FVD) model of Jiang et al.tiCS are mainly reflected in _the response time lag in the
(2001a, 2001b), improved the physiologicaImOdeI' For the study of time delay, Chandler et al.

carfollowing model, and proposed the VAM (Visual (1958a 1958b) assumed that the driver's response
Angle  Model) ;n 2023. Considering the came from the stimulus of the relative speed change

characteristicsfo t he driver és ps}igr}algrbqecgntsiqegng t,hﬁt tl”égee ﬁsg?eg 'r:.sdhelay in
believe that driver ds é 8tpr'¥e{)§e:ec5‘?°£;9”@t_ %glrlw;qlusé?sﬁ\ 3 I?Jdékﬁc e
driving during the processes of datlowing and Irst time-delay catfollowing model. Bando el.

lanechanging. For this reason, Zhang et al. (2023&1998& 1998p) introduced the reaction time delay
2023b) proposed a Hdirectional visual angle |pto the optma! speed model and proposed a
carfollowing model (BDVAM) model that time-delay optimization speed model. The results

considered the collision sensitivity coefficient, theShOW that the stability of the fleet depends not only on

rearview perspective ratio and multiple vehicles. Alscsr,]e size of the driver's reaction time delay, bst in

Jiang et al. (2021a, 2021b) considers the actual scewg 'bnumbe: of vehicles irt]) t.he fleet. Tg rt]his(,j ?nd:
of a twoway road without isolation belt, believed thatTre' er et al. (2006a,_ 2006 )_mco_rporate_ t € drivers
response time delay into the intelligent driving model.

Fig. 1 The schematic diagram of solid angle
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Treiber pointed out that the negative impact of thdesign conclusion of the feedback control system is

driver's reaction time lag can bengpensated by obtained.

considering the behavior of multiple vehicles ahead.

To further explore the influence of time delay on the

system, the time delay parameters that are moatThe controlled SAM

conducive to the stability of the system are studied.

Konishi et al. (1999a, 1999b) adbe timedelay When faced with unstable situations such as

feedback control term based on the OV model taffic congestion, SAM has certain limitations. The

improve traffic flow stability while suppressing traffic main objective of this research is reducethose

congestion. limitations

In addition, the timadelay control strategy was

o et oon wean i et s dei e g =28/ ((0) () g41(u() w(t
ysare dt

important to traffic flow. On the one hand, delay can (2

degrade control performance and even lead to system

instability. On the other hand, a wdkksigned wheree and¢ denote the feedback gains of target

time-delay control system can improve the stability of/ehicle velocity; M = 2A ,/(h -, _1)3, A, andl_,

traffic flow (Konishi et al., 1998a, 1998b). Fox-e represent the rear area and length retsmdy of the

ample, Konishi et al. (2000a, 2000b) added gyiowing vehicle, andthe optimal velocity fution
time-delay feedback control term on the basis pf o V(M/(1)) can be replaced as follows:

timizing the speed model to improve the stability of
uniform traffic flow and achieved the purpose of
restraining traffic cogestion. Zhao and Gao (2006) V(W (1) =V, #,tanh(Cy S, (Y WD C). ()
designed a new feedback controller with hysteresis

based on theoupled magollowing model, which Using, V,=6.75,V, =7.9;, C,=0.13,C, =1.5,

effectively suppressed traffic congestion in thé-bo e narameter calibration and verification are based
tleneck section. Fang et al. (2015a, 2015b) designgd e empirical data of Helbing and Tilch (1998). To

static and dynamic feedck controllers for ¢ ¢, jjitate the following calculations, we convert Eq.
pressing traffic congestion after considering the effecztz) into Eq. (4):

of continuous vehicle speed difference on traffic flow
stability. In addition, bifurcation research (Jin and Xu,é v (1)
2016; Zhang et al., 2019a, 2019b) is also higely r ;—=—=a &/ ( W(t)) -v,(t) g+ (v, () w(t ))
garded as theoretical research method for feedbacl«? at
control. Igarashi et al. (2001a, 2001b) selected-Ne jdxn(t) —v (t)
ell's firstorder delay cafollowing model to discuss [ dt "
the bifurcation phenomenon of the uniform floar s @
lution and analytically obtained the blocking flow
solution caused by the bifurcation. . _

The controlled SAM with feedback gain and3 Linear analysis of the controlled SAM
response time delay is established in Section 2. Linear , , -
stability analysis and bifurcation analysis are-pr In this section, the stability of the feedbackico
sented in Sections 3 and 4, respectively. In Section 80! model is preconditioned by our linear analysis.
the control principleof the feedback delay control For a steady traffic flow, all vehicles in the system
strategy is given and the control effect under thiavel at the optimal speed(4), and the same
combination of multiple parameters is simulated. Thaeadway h, while the viewing angle remainsu
parameters of the controlled SAM are calibrated anghanged. Apparently, we can get:
the effectiveness of this control system is verified by

simulation in Section 6. Finally, in Section 7, the V(1) =V(1g), X =hn v 1)t h IEN
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5)
where W =A, ,/(h I ,)?

blue line curve represents the critical value of the
stable interval of the uncontrolled SAM/hen¢ =0,

represents the perspe thatis, when the influence of thesponse delay is not

tive of the driver of the target vehicle in a steady flowgonsidered, the part above the blue curve, thétes,

of traffic. Giving a small perturbatiory, (t) can d-
tain:

X, =hn MU)t %03 (6)

Linearizing the equation as follows:

dya () _ 2& 1
e V( W} )

+6"V|yn ") 0

whereV' (i) =dV ( Wy/d Wy, , . Exparding v, (t)

é’km zt

with the form of y, (t) = , it follows that

VO G A

1) u

Expandingz= z(ik +z(ikR*> -+, and subst
tuting it into Eq. (8), we can gain the firstderand

secondorder termsf coefficientsin the expresion
of z as follows:

7= MVi( 1)

(9)

—— ——D:

az,=(M e ) ZVi( WS MV (i )

Substituting z, into z, we can obtain thexe

pression of the neutral stability curve of the

time-delay feedbck control model as follows:

/= m (10)

When e=0, the stable condition is consistent

with the stable condition of the efnllowing model
without considering the viewing angle difference

Subsequently, Fig. 2(a) depicts the neutral stability

under different ¢ of
2e H.E.

curve
w=1.8,H

paraneter

H and w represent the

stable region is the smallest, indicating that the sy
tem stability performance is the worst atttime. As

t increases fronD.1 to 0.9, the neutral stahfy
curve first movesdownward and then rises, which
indicates that the influence of the integral form of
flow difference effect on the traffic flow stability is
not linear. Fig. 2(b) is the neutral stability curvenge
erated by takinge=0,0.1,0.3,0.7,0. respectively
when w=1.8H =2¢ $9.t. The figure intuitively
shows that the pattern of the neutral stability curve
corresponds to the law reflected by the resposise d

¢t , indicating that there is an optimal value for the
promotion ofthe gain valuek =1 and the response
delay ¢ on the system stability and that, beyond this
optimal value, the control effect of the control item
begins to weaken and, therefore, the rational design of
the @ntrol item has a significant promoting effect.
Fig. 2(c) is the neutral stability curve under th@-co
ditions e=05 t=05H = and t&ing
w=1.8,1.9,2.0,2.1,2.. From the change of theue
tral stability curve in the figure, we can find thie
width of the vehicle keeps increasing, the stability
curve moves down, and the stable area increases
slowly, indicating that the increase of the vehicle
width improves the stability of the system frdn8

to 2.2, but, compared with the twa@imensional
view-following model that does not consider the car
height, the stereoscopic view model that doas- co
sider it obviously helps to improve the stability of the
system. Fig. 2(d) is the neutral stability curuweder
the conditions of H =1.0,1.5,2.0,2.5,3. when
e=0.5, r=0.5w =. The results show that as the

vehicle height increases froin0to 3.0, the s#bility
also has a promoting effect.

4 The bifurcation analysis of the controlled
SAM

In this section, a bifurcation analysis isrpe
formed on a singlelelay feedbackontrolled SAM to
study its bifurcation properties. Suppose vehicles are

height and width of the vehicle gjgectively and the traveling on an adequate long sintgee circular



road without overtakingA small derivation is added

for uniform flow:

(O =V(W) (0.4 sh W Bt M Q1)
where#, (t) andx, (t) are derivations.
(@) w=1.8,H=2,e=0.5
3 ‘ ' " [——r=00
—©—7=0.1
7=0.3
25 ——7=0.7
2 -
151
1+
0.5
0
(b) w=1.8,H=2,7=0.5
3 ' ‘ " [—e=00
—©—¢=0.1
¢=0.3
——¢=0.7
257 =09
2 -
1.5¢
il
0.5}
0 50

25¢

1.5¢

25¢

0.5

letting b= &'( K M), d=M e-
subscriptni {1,2,--- N} represents the satinumber
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(c) €=0.5,H=2,7=0.5

T-w=18
—©-w=1.9

w=2.0
——w=2.1
—v-w=2.2

50

(d) €=0.5,w=2,7=0.5

40 50
Fig. 2. The neutral stability curve of k=1, N=7

Substituting . (11) into Eq. (4) we can obtain:

? d/:;‘t(t) =a[V'( (M 0 -0) (0]
{ +Me[ At) - & )]t

Tdx, (t) _

1[ p =h,(1).

(12)

In order to facilitate the subsequent calculation,
, where the

of the vehicle in the fleet, which is simplified as:
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adn, (t) _ plane is longer than that in Fig. 3(a), indicating that
[ =b( 5.0 - &) the controlled SAM can suppreshe oscillation,

| which further explains that a reasonable delay design
i +d [(t) -M th - 13 e . ) .

} ) q ) (13) can delay or eliminate the impact of Hopf bifurcation.
Tan ® =h_(t). As can be seen from Fig. 3(a) and (b), tle st
P

bility changes drastically when the eigenvalues i
tersect the imaginary axis. Thiat Hopf bifurcation

The specific solution process of the controllecbccurs when a pair of pure imaginary ropis= ¢ v
SAM has been showed $ection Slf theelectronic

supplementary material&ESM), whenk = N, what
meansc, =1 and s, =0, combining the two equ

tions of Eg. (25) inSection Slyields the following g Mew + bz
equivelence relationship:

appears in the system. Therefondien/ =i v, the
Hopf bifurcation critical condition can be obtained:

I (15)
[-dwM e&w =5 b

< 2 2
gri- - dgle  mu (14) Letting €=0 in Eq. (24)in Section S1the sa-
=(m +HM? & 2. bility conditionis as follows:

Obviously, fixedw=1.8, H=2, for k=N,
Eqg. 4) with m and w as the dependent variable and
V' as the independent variable has two spote is
(0,0) and the other igf,0), where the value of (a) =0

depends upom, t andd (i.e. Me- &). In other < 1
words, whenk = N, asV' increases, there are two i i
fixed points of eigenvalues, one €,0) and the 6 i i k=1

other at(f,0). WhenN =7 andk, N, the disti \‘\ i /
bution of real and imaginary parts of the eigdnea

of Eq. (18) is shown in Fig. 3(a) and (b). Fig. 3(a)
depicts the distribution of eigenvalues of an umco U
trolled SAM, namelye=0, whenV'=0, for any P \
value ofk, the eigenvalues have fixed poir( 0) i s
and (- 1,0). Then, as/' increases, the differeni-e / Vol
genvalues are parated along the trajectory with the k=2
corresponding hyperbola. For adequately small
V'>0, the eigenvalues of eadhlie in the left half

of the complex plane, indicating that the system is
asymptotically stale. However, the system loses
stability suddenly whetV' is large enough for the
eigenvalues to cross the imaginary axis. In Fig. 3, we
observe that the eigenvalues corresponding +d

and k =6 cross the imaginary axis first, thér= 2

and k=5, and finally k=3 and k=4, which -
quire more time to cross the imaginary axis. Fig. 3(b)
shows theeigenvalue distribution of the SAM o
trolled with one delay. In Fig. 3(b), fdk=1, the
length of the hyperbolic locus in the left hatimplex

a= ZCoégekN; \8 ' (16)

imaginary axis
[
\

!
k=4 ' k=4
real axis

(a) uncontrolled SAM
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(b) ¢=0.65,=0.35 According to the control method BectionS2,
ko5 k=4; k=3 | the effects of muktparameter combination for o
i 7 k=2 trolled system stability are explored. Some param
k=6 ! / 1 ters are shown belaw

k=1
1 /
/ { / a=2,gx () =h 25V \KH 1.44¢
s ‘ N=10,w =1.8H =2 (18)

—— -

T T ~05 Note that to demonstrate the feasibility of the
\ i ) reaction-delay feedback control strategy, the unstable
i \k=6 state of the SAM is compared. In Fig. 4., the critical

K i \ | value ¢ and the first stable delay interval for the

\ N ks controlled SAM can be estimated by plotti ¢)

for differenta , e, and time delay . The estimate of
real axis t can be determined by the point at which the jump
(b) controlled SAM of W/ ¢) occurs. The firsstable reaction time inte
Fig. 3. The absolute value distribution curve bSAM (a)
and Controlled SAM (b) (& =1 and N =7)

imaginary axis
)
)
I

val corresponding td/{ £) =0 is easily found from
Fig. 4. In Fig. 4(a) and (b), the feedback gains are
chosen a¥#=0.5 and e= 0.5, the results show that

5 The design of time-delay feedback control the first shbilization delay regions of Fig. 4(a) and
Fig. 4(b) are found to be respectivgly,0.74] and

This section focuses on obtaining the optimal Se[[0.508,1.08]3. In addition, there are second and third
of feedback control parameters. Among them, Jin and

Xu (2016) mt forward the following control priric stable intervalg[1.183,1.81p and [1.862,1.93]l in
ples: Fig. 4(a). By comparison, the stabilization delay i
terval of negative feedback (i.e= 0.5) is found to
f(/)=F - dM €' 4 be significantly smaller than that of positive dback
2k . 2K (A7) (i.e. e=0.5). Whena=2, V' ¥'(g) EA44¢ the
i b(COSW K SmW ) performance of psitive feedback control is better
than that of negative feedback control. From Fig. 4(c)
The Nyquist criterion is generally used to desigrand (d), the first stabilization delay interval is shown
the timedelay control strategy because it can welbs[0.054,0.79Pand[0.601,0.81pfor fixed €=0.5

judge the stability in the case of a single tideay. ;.4 o= 0.5, respectively. That is, for a fixed

In addition, using the definite integral stabilization e=0.5. the controlled SAM is stable. and when the
method and the integral stabilization criterion, the <o " ic unstable. traffic congestic,)n can be-su
product function is computed as a transcendental reéj )

) X ! e . pressed by selecting the response delay from the firs
equation associated with the characteristic equatloSfalble delay interv a{IO 054.0 7912
If P =0, the controlled syem will be stable. Qo o
versely, whenP _ 0, there are stopnd:go waves in To demopstr_ate the performance of the control,
the traffic flow. The problem with the rttisdelay several cgmblnatlpns of pgramgters were chosen for
control design seems to be well resolved. Howevel’® €quations during the simulation. In summary, the
this approach has the disadvantage that the genefiPility condition of the uncontrolied SAM is
rule for determining the upper limit of the definite @ >2V " It is obvious that the uncontrolled SAM is
integral is not available. Therefore, Jin and Xu (201fstable in this case, which should find an appiate
improved on the definite integral method, please redg?MPosition of time delay and feedback gain & st

Section S2 of ESMor specific improvement pree bilize the traffic flow. From Fig. 5(a) and (b), the
dures: values oft are chosen a6.55, 0.9, 1.85 for a
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fixed e=0.5, and it is clear that =0.55 comes
from the stabilization delay interv4D,0.74] ac-
cording to Fig. 5(a). But other values=0.9 ,
t =1.85 are not included in the threealske delay
intervals. That s, ifle, }=(0.5,0.59, the catrolled

SAM is stable. When (e }=(0.5,0.9 or

zero quickly, effectively suppressing traffic corsge
tion. However, when (e }=(0.50.9 or
(e, ¥=(05,1.85), small disturbances in the hom

geneous flow turn into large oscillations with time.
Similarly, whene= 0.5 chesest as 0.8, 0.15,
1.2. Only (e, y=( 0.5,0.9 is selected from the

(e, ¥=(05,1.85), the system is unstable. Fig. 5(a)stabilization delay intervg0.505,1.08p in Fig. 5(b).

shows the speed timarying curve of the first veh
cle and it can be seen that, {@&, f=(0.5,0.53, the

Similar phenomena can be observed and will not be
repeated here.

small disturbance in the homogeneous flow tends to

(a) e=0.5, a=2

(b) e=-0.5, a=2

05

05

0 . . . .
0 02 04 12 14 16 18 2

T

0.5F

(c) e=0.5, a=3 L5 (d) e=-0.5, =3
1
0.5F
. . . . 0 . . . .
0 02 04 06 038 1 1.2 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2

T

T

Fig.4. The unstable root number l/l/( t) of Controlled SAM
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(a) e=0.5 (b) e=-0.5
35 v 35 4 T r
— 7=0.55 —7=0.8
T 09 ---7=0.15
30| 7=1.85 30 =12
25
—~20 1 —~ 20|
<2 R
E E
> > 45 v b
10 [
5L
0 . . . ) . . .
0 50 100 150 200 0 50 100 150 200
time time

Fig. 5. The timevarying curve of the velocity of the first vehicle under differentf (where & =2)

Table 1 Fragment data of the 59th vehicle following

Vehicle v_length  v_width v_Vel v_Acc Lane Precel-  Follow- Headway v _Width v _Class

_ID ID ing ing

59 15 7 5.9 5.9 1 52 66 46.01 6.7 2
59 15 7 6.34 6.34 1 52 66 45.97 6.7 2
59 15 7 7.34 7.34 1 52 66 45.79 6.7 2
59 15 7 8.75 8.75 1 52 66 45.55 6.7 2
59 15 7 5.89 5.89 1 52 66 45.25 6.7 2
59 15 7 4.79 4.79 1 52 66 44.77 6.7 2
59 15 7 -5.9 -5.9 1 52 66 44.16 6.7 2
59 15 7 -5.75 -5.75 1 52 66 435 6.7 2
59 15 7 -2.67 -2.67 1 52 66 42.84 6.7 2
59 15 7 3.24 3.24 1 52 66 42.38 6.7 2
59 15 7 5.22 5.22 1 52 66 42.09 6.7 2
59 15 7 5.48 5.48 1 52 66 41.91 6.7 2
59 15 7 -1.76 -1.76 1 52 66 41.96 6.7 2
59 15 7 7.39 7.39 1 52 60 53.7 6.7 2
59 15 7 12.27 12.27 1 52 60 54.19 6.7 2
59 15 7 10.05 10.05 1 52 60 54.53 6.7 2
59 15 7 -0.37 -0.37 1 52 60 54.76 6.7 2
59 15 7 -8.18 -8.18 1 52 60 54.96 6.7 2
59 15 7 -8.71 -8.71 1 52 60 55.03 6.7 2
59 15 7 -5.43 -5.43 1 52 60 55.03 6.7 2
6 Case studies (1) The data of the selected vehicle must be located in

the same lane, and this paper chooses dattetbga

6.1 Parameter calibration
lane 1.

This section uses the 558 data set of the 59(&) Except for the first vehicle, the selected front and
vehicle in the NGSIM database to calibrate the-optrear vehicles, that is, Proceeding and Following are
mal parameters, which include the required data suciot 0.
as speed, acceleration, distance, etc. Because {B®The distance between the vehicles in front and rear
modified dataset involves vehicle trajectory data in cannot be too largeo as to ensure that vehicles are
nonfollowing state and there is changing lane- b always followng. Thus, this paper selects 160 feet as
havior, the following is used as the filtering conditionequal to 48.768 meters, which means that the
to satisfy the following behavior condition. Space_Headway in the dataset is no larger than 160.
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After filtering through the above conditions, 558long, and the initial parameters are:
sets of singldane caifollowing data can be acquired.
The following is the segment data of the 59th car. L

After trr:?a paramet?ars to be calibrated in thas p x,(0)=nh +y,(0), v ¥(h. b _N: (19)
per and the input variables of the-falfowing model
are d_etermined: the_ least squares rr_wethod is qsedv\;ﬁere yn(o) =0.01.
optimize the calibration parameters Aorearly. This
method is a parametric calibration of parameters  Based on Section 4, it is possible to know the
based on the minimum error between model simul effective range of parameter control. CHog
tion data and similar observation data. In additione=0.3 anda =2 corresponds to the unstable SAM
parameter combinations optimized by genetioalg and the feedback control effect diagram is shown in
rithms with an error range of 5% or less were selectegig. 6. The critical valu¢ and the stabilizationahy
for analyss in both models. The normalizationopr interval for the SAM can be estimated in Fig. 6 by

cess is then performed for each parameter, and thptting l/l/( ;) at different time delays . The est

results of the opt|m|zat|_on process for each parametﬁ{ate oft can be decided by the point at which the
are clustered systematically.

As shown in Table 2, it can be seen that from th&'™P of W( [) occurs. From Fig. 6 it is easy to find
same data, the tirgelay contol can be reduced, that the stable reaction time intals coresponding

which means that the tirgelay control system can to W #)=0 are [0,0.673 and [1.182,1.97]. In

effectively weaken the harmful influence of the-0 aqdition, to verify their performance, a few conbin
timal speed on unified traffic flow. In addition, thejons of parameters were agen for the simulations.
smaller h indicates that the minimum safe distancan Fig, 7, for a fixede=0.3, the value off was
requrement in steady traffic flow is smaller, and the;hosen a9.4, 1, 2: it is clear thatt =0.4 is from

larger v, means the maximum speed of eachivehye giapilization delay intervdD,0.673 in Fig. 6.
cle can be achieved as the traffic flow increaseg, e the other values=1 ¢ =
which implies that a controlled SAM will maintain a ' ’
smoother operation and be moikely to achieve

2 are not m-
cluded in the stabilization delaptervals[0,0.673

stability. and[1.182,1.97]L. If (e, ¥=(0.3,0.4; the catrolled
Table 2. Calibration parameters SAM is stable. When (e ¥=(0.3,1) or
parameters  range SAM controlled SAM (o ¥=(0.3,2) , the sgtem is unstable. Fig. 7. shows
a(s-l) 0,2] 0.5164 0.4823 the speedrehicle number curve in three cases. For

(e, ¥=(0.3,0.4, small disturbances in the hom
geneoudlow tend to zero quickly, effectively pu
V. (MGY)  [20,40] 29 4532 34.4623 pressing traffic congestion. However, when
(e, ¥=(0.3,1) or (e, ¥=(0.3,2), large oscilitions
over time arisefrom small disturbances in theoh
t(s) [0,2] 0 0.7179 mogeneous flow. Furthermore, in Fig. 8, {teran-
eter set(e, ¥=(0.3,0.4 has the smallest kieresis

loop compared tde, ¥=(0.3,2) and(e, ¥=(0.3,2),

h(m) [8,40] 31.5834 27.0565
e(s?) [-1,1] 0 0.7746

Pl 0.6624 0.6237

which means that it is the most stable compared to the
other two, and this is in line with the findings a&bo

Settingthe time difference stepd=0.05< in the To better demonstrate the control impact of the
numerical simulation, vehiciewere increased 00  parameter se(e, ¥=(0.3,0.4), Fig. 9 shows the
during the simulation to better suit the realficflow.  jonsity waveforms of controlled and uncontrolled

We assume that thd initial vehicle travels at the gam, and Fig. 10 shows its twdimensional graph.
same speed and distance on a loo2@J0 meter  Qpviously, the irregular walking wave in Fig(b)

6.2 Numerical Simulation
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disappears under the control of parameter settingsrediction and response delay control.
which is a further proof of the effectiveness of the

e=0.3, a=2 €=0.3,a=1
1.5 T T T 35 T T T
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Fig. 6. The unstable root number W/ £) of Controlled Fig. 7. Variation curve of velocity and number of veli
cles under different f
SAM
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(b) e=0.3, =1 (c) e=0.3, =2
30 1 30
25 ¢ 1 25+
20t £ 20
z z
Tg) 15+ % 15+
> >
10t 10F
5 5
0 : : : 0 : : ‘
15 20 25 30 35 15 20 25 30 35
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Fig. 8. The hysteresis loop of Controlled SAM under different!
Fig. 9. Comparison between the uncontrolled SAM (i.e. ) and the controlled SAM (i.e. and

Fig. 10. The snapshots of velocity for all vehicles at corresponding to Fig. 9.



