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Enhancement and stabilization of traffic flow by moving in groups
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We study the traffic behavior of vehicles moving in groups analytically and numerically. A car-following
model of traffic is extended to take into account a binary mixture of vehicles. It is shown that the movement
in groups stabilizes the traffic flow. The jamming transition among the free traffic, the inhomogeneous traffic,
and the homogeneous congested traffic occurs at a higher density than the threshold of the original model. The
traffic current is highly enhanced at a high-density region by keeping a short headway without jam. The
jamming transition is analyzed by using the linear stability method. It is found that the theoretical neutral
stability curve agrees with the transition line obtained by the simulation.
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I. INTRODUCTION system with vehicles moving in groups. We consider the
traffic flow in which two kinds of vehicles exist on a high-
Recently, traffic problems have attracted considerable atway: the one is the manual vehicle and the other is the au-
tention[1-3], due to the fact that traffic behavior is impor- tomated vehicle. It is assumed that each kind of vehicle
tant in our life. Traffic flow is a kind of many-body system of moves with optimal velocity different from the other. The
strongly interacting vehicles. Traffic jams are typical signa-automated vehicle keeps shorter headway than the manual
ture of the complex behavior of traffic flold—10. The jams  vehicle. The manual vehicle has the higher velocity than the
obstruct traffic flow. In the result, the traffic currefilow)  automated vehicle. The car-following model is described by

sary to enhance the traffic current and prevent the traffic jam, ;tomated vehicla:

Traffic jams have been studied by several traffic models:

car-following models, cellular automaton models, gas kinetic d?x, dx,
models, and hydrodynamic modeglkl—29. rTa =a( V,(AX,) — W] (1)
We are interested in the enhancement of traffic flow and

disappearance of traffic jam with the help of automatic con- hereV, (Ax,) =V, (Ax,) or Vo(Ax,), V| (Ax,) is the op-
trol system. In the intelligent transportation system, severa. M TN LSRN op
trafficysystems are consi?jered by fommunica%ing with other'rn"le _velocny for the manual CaNT.(AX”) IS th.e optimal
vehicles and controlling vehicles automatically with measur-vfEIOCIty fo_r the automated cakq(t) is the position of ve-
ing instantly the headway. Recently, a concept of car in &'C1€ N at imet, AX,(t) =Xp1(t) —Xy(t) is the headway of
virtual moving cell on an automated highway system is pre_vehlcle_n at timet, anda is the sensitivity(the inverse of the
sented where vehicles move in groups and each group ételay time. _ _
vehicles constructs a platog80—32. Both manual and au- A driver adjusts the car velocity to approach the optimal
tomated vehicles are mixed on the highway. The automatedelocity determined by the observed headway. The sensitiv-
vehicles move with keeping shorter headway than thdty a allows for the time lagr=1/a that it takes the car
manual vehicle. It is supposed that the traffic current envelocity to reach the optimal velocity when the traffic is
hances by keeping the short headway. However, the dynamirarying. Generally, it is necessary that the optimal velocity
cal features of the system have been known little. function has the following properties: it is @ monotonically
In this paper, we study the effect of the movement inincreasing function and it has an upper bounthximal ve-
groups on the traffic flow with the use of the car-following locity). We choose the maximal velocity and safety distance
model. We would like to address whether or not the moveof manual vehicle to be twice of automated vehicle:
ment in groups enhances the traffic current and stabilizes the
traffic flow. We investigate the jamming transition and the 2Vmax
spatiotemporal structure of traffic jam. We calculate the fun- Vi(Ax)= 2 [tani(AX—2x;) +tani(2x.) ],
damental diagranithe current-density relatiorand the tran-
sition line numerically. We apply the linear stability method

14
to the car-following model. We compare the neutral stability V(AX)= gax[tanr{Ax—xc)thanr(xc)], 2
curve with the transition line.
Il. MODEL wherev hax S the maximal velocity of automated vehicle and

Xc is approximately the safety distance at the half of the
We present an extended version of the car-following mod-maximal velocity of automated vehicle.
els [5,6,13. We describe the equations of motion for the Fujioka, Omae, and MiyakE30] have presented the con-
trollers for platooning(group controls in the group move-
ment. Their controllers keep the short headway for the auto-
* Author to whom correspondence should be addressed. mated vehicles and give the rapid response. They have
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A group of three vehicles Generally, the equations of motion far vehicles per
Vi (Ax) group are described by

Az

VL(AX) Highway d*Xpm al V, (Axyr) — Xnm
I T L TR
dXam-1 dXpym-1
A group dntg] a| Vi(AXpm-1)— nr: )

FIG. 1. Schematic illustration of our model for the group move-
ment of three vehicles per group. All vehicles are partitioned into d? Xnm- 2 _
three vehicles in which the leading vehicle is the manual car and the —o

. . dt
second and third vehicles are the automated cars.

VT(AXnm 2) -

4

dXam-2
dat |

studied such a system that the automated vehicle differs from
the manual vehicle by a shorter headway for congested traf-
fic and by a high response.

The automated vehicle has a shorter reaction time than X (n-1) _
that of the manual vehicle. The reaction time corresponds to dt
the inverse of the sensitivity in the optimal velocity model
[5,6,13. In Secs. lll and IV, we will show that the difference Equationg4) describe the group movement with the periodic
of the sensitivities between the automated and manual vesonfiguration.
hicles does not have a significant effect on the traffic behav-
ior. The traffic current depends little on the reaction time but
mainly on the headway. We sat=a, and safety distance

dXnm—(n—l)

VT(Axnm (n— 1)) dt

IIl. LINEAR STABILITY ANALYSIS

of manual vehicle to be twice of automated vehicle wraeye We apply the linear stability analysis to the model de-
and.aL are the sensitivities of the automated and manuakcribed by Eq.4). We consider the stability of the traffic
vehicles, respectively. flow in which all vehicles move with the same velocity. The

The reaction time of vehicle is given by the sum of thetraffic flow is a solution at the steady state for E4). First,
human and vehicle’s response times. The vehicle’s responsge consider the group movement of two vehicles per group
time is determined by the vehicle’s inertia. In the automatedyhere the manual vehicles are positioned alternately to the

vehicle, one is able to reduce the human response time baitomated vehicles. The equations of motion are given by
the vehicle’s response time is the same as the manual vehicle

if their masses are the same. In order to shorten the safety d?x, Xo

distance of the automated vehicle, it is necessary to lower its Wm:a Vi (AXpm) — d_tm ,

maximal velocity because the automated vehicle avoids a

collision. We choose the maximal velocity of the automated )
vehicle to be half of manual vehicle. If the maximal velocity d%Xom_ 1_ dXom_1

of automated vehicle increases, the current enhancement be- T a Vi(Axam-1)— dat

comes better than the case considered here.

For an example, we consider the movement in group
consisting of three vehicles. A group includes a leading
manual vehicle and two tracking automated vehicles. Figure

Bolutions of uniform- -velocity traffic are given by

. . (0) (0)
1 shows the schematic illustration of model for the group Xom=VL(AX(”)t+ (M= 1) Ax(® +mAx{
movement of three vehicles. For simplicity, we assume that (6)
all vehicles are partitioned into three vehicles in which the X9 =V AX)t+ (m—1)(AX(O+ Ax(),

leading vehicle is the manual car and the second and third
vehicles are the automated cars. The equations of motion for

(0 (0) ) j
three vehicles per group are given by WwhereV, (Ax; 7) =V(Ax;™), the average headwayx ™ is

given by Ax(@=(Ax(9+Ax{?)/2.

X3m dXam Let us add small disturbances to the steady-state solution
gz~ & Vi(@Xam) = | (6). We study whether or not the disturbances are amplified
with time. One takes the solutions of E&) as follows:
d X3m- 1 dX3m1}
al V1(Ax , 3
S d? T(AXam-1)= dt ® Xom=Xom+Yom,  |Yaml <1,
)
d?x dXgm_
de,tr; 2 =a| Vr(AXam_ o) — ZT 2, Xom—1=Xom-1FYom-1,  |Yom—1|<1.
wherem is the index indicating the group number. Then, the linear equations are obtained
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d Yom

(0)
—z—dt LAX) —

A)/Zm

dy2m
dt |’

d Yom- 1
Cdtz

a) Ay 1VH(AXQ) - =22 yz’“ L

where

dV, (Ax,)

dAx, and

vi(ax®)=

— 0
Ax,= Axf_ )

VT(AXn)

VJI—(AX(TO)):—dAXn

Axn:Ax(f).
By expanding
Yom(t) =Y exp{ik(2m) + wt},
Yom—1(t) =Yrexpgik(2m—1) + ot}
and replacing those into E¢8), one obtains

e v o
M3 4 Y7] (0

M;=w’+aw+aV|(Ax?),

with

M,=—aV| (Ax?)e,
Mz=—aVi(Ax{)ek,

M,=w?+aw+aVi(Ax{Y).

PHYSICAL REVIEW E64 016106

If w, is a negative value, the steady-state fl@ybecomes
unstable for long-wavelength modes. Whep is a positive

®) value, the steady-state flow is stable. The neutral stability
condition is given by

(Ax<°>)vT(Ax<°>){v Ax<°>)+vT(Ax<°>)}
VA AXD)+ViA(AxY)

(13

We consider the group movement of three vehicles per group
shown in Fig. 1. The set of motion equations is given by Eq.
(3). Their equations have the following solutions of the
uniform-velocity flow:

XD =V (Ax)t+(m-1)AxV+2mAx{?,

X9 =V AxP)t+ (m—1)Ax(”+ (2m—1)Ax{Y, »

Xam-2=Vr(AXP)t+ (m=1) (Ax(*+24x7),

whereV, (Ax{?)=V(Ax{?), the average headwayx(® is
©  given by Ax©@=(Ax(D+2Ax(?)/3.
Let us add small disturbances to the steady-state solution
(14). We study whether or not the disturbances are amplified
with time. One takes the solutions of E@®) as follow:

_ (0
X3=Xgn+Yam,  |Yaml <1,
0
Xam-1=Xn-1+Yam-1, |Yam-1/<1, (15
0
Xam-3=Xm_2FYam-2, |Yam-2|<1.

For Y_ and Y to have nontrivial solutions, it should be Then, the linear equations are obtained

satisfied that the determinant is zero. One obtains

d2
o*+2a0°+afa+V{(Ax(") + Vi(AXP)}o? %— a| AysnV{(Ax(”)~ Zﬂ'
+a¥{ V[ (AX) +ViAX) o
d?
(K- DV (AXOIVHAXP) =0, (10 Yor i ol Ayanvi(axg) - 2Xom 1}, a6
By solving Eq.(10) for w, one finds that the leading term of
w is on the order ofk. If ik approaches zeray—0. Let us d?ysm- 2 _ ©) y3m 2
derive the long-wave expansion @f which is determined a2 al Aygm-oVr(AXT) — :
order by order aroundik=~0. By expanding o= w,ik
+ w,(ik)?+- -+, one obtains where
2V (AXO)VE(AX?)
® , (11 . dV, (Ax,)
LTV (AX?) + Vi (AXD) vL(Ax<L°>)=dA—X” and
n AxnzAxf_O)
2V] (AxO)WVH(AXY) 20012 A
) oz tVI(AXT) dVi(Ax,)
{VL(AX )+VT(AX )} V/(AX(O))_ T n
TEAT 7 dAd '
VA — 2aV! (AX V)V AXO) V] (AX?) X Lax-ax

+VH(AXP)}].

(12 By expanding
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2.0 3.0 4.0 5.0 6.0 7.0
Headway

FIG. 2. Neutral stability curves in the headway-sensitivity space
for (1) all manual vehicles;2) the group movement of two vehicles
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neutral stability lines are also indicated for the two limiting
cases of all manual and all automated vehicles. Above each
neutral stability curve, the uniform-velocity flow is stable.
For any initial condition, all vehicles approach the traffic
state with the same velocity. The uniform flow becomes un-
stable below each curve. Each apex of neutral stability
curves indicates the critical point. Above the critical point,
the uniform flow is always stable for any density. With in-
creasing vehicles per group, the unstable region shifts to
high-density side and shrinks. Therefore, the group move-
ment stabilizes the traffic flow. The increase of vehicles per
group strengthens the stabilization effect.

We would like to estimate roughly the current enhance-
ment effect by moving in groups. We study the traffic current
of group movement when the uniform-velocity state main-

per group,(3) the group movement of five vehicles per group, andtains without traffic jams. The current of traffic flow with no

(4) all automated vehicles, whetg,,,=2.0 andx.=3.0.
Yam(t) =Y exp{ik(3m) + wt},
Yam-1(t) =Y, explik(3m—1) + wt},
Yam-2(t) = Y1, explik(3m—2)+ wt}
and replacing those into E(L6), one obtains

M; 0 My[( YL 0
M, Mg 0 |{ Y} ={0
0 My MgllYr, 0

, 17

with
M,=w’+aw+aV|(Ax?),
M,=—aV[ (Ax{?)e',
M;=w?+aw+aVi(Ax{Y),

M,=—aVi(Ax{?)ek,

jams gives approximately the flow quantity except for the
coexisting phase with jams. It is easy to calculate the traffic
current without jams. For the traffic flow without jams, all
vehicles move with the same velocity. Then, the velocity is
given by the optimal velocity. The headways of manual and
automated vehicles should satisfy the relationships

VL(AX?) =V(Ax?) and
AXO=[AX?+(n—1)Ax?]/n, (20)

where the optimal velocity functio¥ is given by Eq(2) and
Ax© s the average headway.

We define the relationship between the headway and the
density as following:Ax(®=1/p—1. If one adoptsAx(®)
=1/p, the density is larger than 1 farx(®’<1 and diverges
in the limit Ax(®—0. We adopt the relationshigx(®
=1/p—1 in order to normalize the density. This relation
corresponds to a vehicle length of 1. In the traffic flow with-
out jams, the current is given by

Q=V, (AXx{9)/(Ax P +1), (22)

where the headway of manual vehitlés determined by Eq.

Similarly to the case of two vehicles, we obtain the following (20).

neutral stability condition for three vehicles:

2V (AXO)VH(AX) {2V (AX(D) +ViH(AX?)}
" 2VEA(AX) + VA (Axe) '

(18

We show the current21) for all manual vehicles, two
vehicles per group, five vehicles per group, and all auto-
mated vehicles in Fig. 3 wheng,,,=2.0 andx.=3.0. For
two vehicles per group, the current at low-density region is
less than that of all manual vehicles since the maximal ve-
locity of manual vehicle is twice that of automated vehicle.

We derive the stability condition for the group movementHowever, at high-density region, the current of two vehicles
of n vehicles per group. The set of equations of motionrfor is higher than that of all manual vehicles. With increasing
vehicles is given by Eqg4). Similarly, one obtains the neu- vehicles per group, the current increases highly at high-

tral stability condition for the movement aof vehicles:

2V AV AX){(n= V] (Ax(”) + Vi(AXP)}
(n—DVHAXT) +ViA(AxX?)

(19

density region. We find that the group movement has a sig-
nificant effect on the current enhancement at high-density
region.

As can be seen from Fig. 3, even higher maximal flow is
obtained with only manual vehicles. However, at a higher
density than 0.1, the current decreases rapidly and the traffic

We show the neutral stability lines in Fig. 2. The neutralexhibits the low current. In order to enhance the current at
stability curves are shown for two cases of two and fivethe higher density, it is necessary to move with a shorter
vehicles wherev,,,,=2.0 andx.=3.0. For comparison, the headway. Generally, to keep the short headway, the safety
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0.5 depend little on the sensitivity of automated vehicle and de-
1 pend highly on the safety distance and the maximal velocity.
0.4 A
203 . 2 IV. SIMULATION
o
£ 3 We present the simulation result for the traffic flow with
©0.2 1 vehicles moving in groups. First, we consider the traffic flow
4 for two vehicles per group. Second, we present the simula-
0.1 1 tion result for five vehicles per group. Third, we consider the
effect of a random configuration on the traffic behavior. We
0.0 ' T ' ' compare the traffic behavior of a random configuration with
00 01 02 03 04 05 that of a periodic configuration.

Density

FIG. 3. Plots of the traffic current without jams against density
for (1) all manual vehicles(2) two vehicles per group(3) five
vehicles per group, and4) all automated vehicles, where,ay We carry out a computer simulation for vehicles moving
=2.0 andx,=3.0. in groups. We study the jamming transition points and the

structure of traffic jams. The boundary is periodic. First, we
distancex, must be short. In order to shorten the safety dis-study the group movement of two vehicles per group where
tance, the maximal velocity should be low due to the vehicldhe maximal velocity of automated vehicletig,a,=2.0, the
inertia. By keeping the short headway, the traffic current carsafety distance of automated vehicle %s=3.0, and the
be enhanced at a high density. Also, the automated vehicle aximal velocity and safety distance of manual vehicle are
driven with a higher sensitivity to keep the short headwaytwice those of automated vehicle, respectively. We calculate
We study the effect of the sensitivity of automated vehiclenumerically Eq.(5) with optimal velocity functions(2) by
on the traffic stability. For two vehicles per group, one ob-using fourth-order Runge-Kutta method where the time in-
tains the neutral stability condition similarly to E(L3), terval is 13z. As a result, three types of traffic flow are dis-
tinguished similarly to the original optimal velocity model:

A. Two vehicles per group

, Oyt ) , on, By, ) (i) a free traffic with uniform velocity at low densityii) an
2V (A )V(AXT)| VI (AX] )+a_LVT(AXT ) inhomogeneous traffic at intermediate density in which jams
a = a , appear, andiii) a uniform-velocity congested phase. In the
T , ; . . .
a1 {VLZ( Ax(LO)) +VT2( AX(TO))} fre_e traffic and con_geste(_j t_rafﬂc, the ve_Io_C|ty profiles are
a, uniform over all vehicles similarly to the original model. The

(22 headway changes alternately from manual vehicles to auto-
o mated vehicles. The headway of manual vehicles is the same
wherea, andar are the sensitivities of the manual and au-gyer all manual vehicles, the headway of automated vehicles
tomated vehicles respectively. Figure 4 shows the neutrgk the same over all automated vehicles, and the headway of
stability lines foras/a; =1.0, 1.5, and 2.0. With increasing manual vehicles is different from that of automated vehicles.
the sensitivityar of the automated vehicle, the neutral sta-Thjg point is different from that of the original optimal ve-
bility curve becomes a little low but the transition Iilpbe— locity model. Figure 5 show&) the velocity profiles andb)
tween the free traffic and the coexisting phase the right-  the headway profiles of manual and automated vehicles for
hand side changes little fay <1.0. Also, the current does the free traffic where the sensitivity &= 1.0, the average
not change byar/a, . Therefore, the current and stability headway isax(®)=5.5, and the total number of vehicles is
100. We focus our attention on the inhomogeneous traffic.
2.5 — Figure 6 showga) the velocity profiles andb) the headway
ar/aL=1.0 . . .
aT/aL=1.5\ profiles of manual and automa}tgd yeh|cles for the inhomoge-
2.0 A ar/ar=2.0 neous traffic where the sensitivity &= 1.0 and the average
e headway isAx(®)=4.25. The density waves with kink-

L5 1 antikink form appear in the inhomogeneous traffic. The ve-
& locity profile of manual vehicles agrees with that of auto-
L0 1 mated vehicles except for the left edge of the kink-antikink
density waves. Each headway exhibits the kink-antikink den-

0.5 1 sity waves but the amplitude of manual vehicles is different
0.0 from that of automated vehicles. Figure 7 shows the plot of

velocity against headway after a sufficiently large time for
2.0 3.0 H 4.0 5.0 6.0 each vehicle where the values of parameters are the same as
eadway . . . . . .
in Fig. 6. The trajectories of all automated vehicles enter into
FIG. 4. Neutral stability curves foa;/a, =1.0, 1.5, and 2.0 in & single orbit. All automated vehicles generate a single tra-
the group movement of two vehicles per group wherg=2.0 and  jectory representing a limit cycle. Also, all manual vehicles
X.=3.0. generate a single trajectory different from that of automated
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2.2 2.8
—— Manual vehicle —— Manual vehicle
—=— Automated vehicle 2.4 1 -=— Automated vehicle
2.1 20 -
2z 216
820 -
° asnenen 1.2 4
> >
1.9 0.8
0.4 -
1.8 T T T T 0.0 T T T T
20 40 60 80 100 0 20 40 60 80 100
Vehicle number Vehicle number
@) (@)
7.0 8.0
—— Manual vehilce ——Manual vehicle
6.5 —=— Automated vehicle 7.0 1 —— Automated vehicle
6.0 6.0 -
. >
g $5.0 -
©
§o8 4.0 -
o
T
5.0 3.0 1
4.5 2.0
40 T T ) T ].0 T T T T

0 20 40 60 80 100

Vehicle number

0 20 40 60 80
Vehicle number

(b)

FIG. 6. (a) Velocity profiles of manual and automated vehicles
and(b) headway profiles for the free traffic in the group movementmovement of two vehicles per group where the sensitivita is
of two vehicles per group, where the sensitivityais 1.0, the av-  —1 0, the average headwayAx(®)=4.25,v,,,,=2.0,x.= 3.0, and
erage headway &x(®9=5.5,0,,,=2.0,x.= 3.0, and the total N(UM-  the total number of vehicles is 100.
ber of vehicles is 100.

100

_ _ ) “tion result is consistent with the current-density curve with-
vehicles. Each vehicle moves counterclockwise on the orbitout jams. Thus, the traffic current is enhanced at the inter-
A small loop on the orbit of manual vehicles appears. This isnediate and high-density regions by the group movement of
due to generating spike of the velocity and headway profileswo vehicles per group.
in Fig. 6. N _ _ We study the effect of sensitivity of the automated vehicle
_ We study the transition points among the free traffic, theon the jam structure. Figure 10 shova the velocity pro-
inhomogeneous traffic, and the homogeneous congested traf- o5

fic by varying sensitivity. Figure 8 shows the transition Manual vohiole
points obtained from simulation whetg,,=2.0, X.= 3.0, Automated vehicle
and the total number of vehicles is 100. The simulation result 20 1
is indicated by the square. The solid line represents the neu- -
tral stability curve of the case with two vehicles per group. 5 1.5 1
The jamming transition line agrees with the neutral stability % 10 |
curve within numerical accuracy. The uniform-velocity traf- >
fic becomes unstable within the neutral stability curve and 05 -
evolves to the inhomogeneous traffic. ’
We study the traffic current for the group movement of 0.0 . : : : .

two vehicles per group. Figure 9 shows the plot of current
against density whera=1.0, v,,=2.0, X,=3.0, and the
total number of vehicles is 100. The square indicates the
simulation result. The solid line represents the current- FiG. 7. Plot of velocity against headway after a sufficiently
density curve without jams. In the intermediate density re{arge time for each vehicle in the group movement of two vehicles
gion at which jams appear, the simulation result deviateger group, where the values of parameters are the same as Fig. 6.
from the solid curve. In the low-density region of the free The loop on the left-hand side indicates the trajectory of automated
traffic, the simulation result agrees with the current-densityehicles. The loop on the right-hand side represents the trajectory of
curve without jams. In the high-density region, the simula-manual vehicles.

10 20 30 40 50 60 7.0
Headway

016106-6



ENHANCEMENT AND STABILIZATION OF TRAFFIC . ..

PHYSICAL REVIEW E64 016106

2.50 3.0 -
—+—Manual vehicle
2.25 A 2.5 4 = Automated vehicle
2.00 A
2z 5,2.0
2175 z
S 815
£1.50 o
] =10
1.25 A
1.00 - — Neutral line 0.5
0.75 . L] sin:ulatior: data . 0.0 -em— . et :
30 35 40 45 50 55 20 . 80 100
Headway Vehicle number
I . @)
FIG. 8. Plot of transition points among the free traffic, inhomo-
geneous traffic, and homogeneous-congested traffic in the group 8.0
movement of two vehicles per group in the headway-sensitivity 70 ——Manual vehicle
space, where ,,=2.0 andx.=3.0. The square indicates the tran- : == Automated vehicle
sition point obtained by simulation. The solid line represents the 6.0
neutral stability curve. F
£5.0 -
o
©
files and(b) the headway profiles of manual and automated :",:’4'0 ]
vehicles for the inhomogeneous traffic where the sensitivity 3.0
of manual vehicle isa, =1.0, the sensitivity of automated 20 4
vehicle is a;=1.5, and the average headway s ‘
=4.25. Figure 10 is compared with Fig. 6 af =a;=a 1.0 ' ' ' '
=1.0. The amplitudes of both headway and velocity out of 0 20 40 60 80 100

and within the jam are nearly the same as those of Fig. 6. Vehicle number

Also, we show in Fig. 9 the plot of traffic current against
density fora_ =1.0 anda;=1.5. The triangular points indi- FIG. 10. (a) Velocity profiles of manual and automated vehicles
cate the simulation result. Those simulation points agree witland (b) headway profiles in the group movement of two vehicles
the square points af, =ar=a=1.0. Thus, the difference of per group fora, =1.0 anda;= 1.5 where the average headway is
the sensitivities does not affect the overall traffic behavior. Ax(®=4.25 v ..,=2.0,x.= 3.0, and the total number of vehicles is
100. Both profiles are compared with those in Fig. 6.

B. Five vehicles per grou . . .
per group and the maximal velocity and safety distance of manual ve-

We study the group movement of five vehicles per grouphicle are twice those of automated vehicle, respectively.
where the maximal velocity of automated vehiclevigax  Similarly to the case of two vehicles per group, three types
=2.0, the safety distance of automated vehicleis 3.0,  of traffic flow are distinguished(i) a free traffic with uni-

form velocity at low density(ii) an inhomogeneous traffic at

0.35 E——— intermediate density in which jams appear, afiil) a
0.30 - 0 adaet Oeriodid uniform-velocity congested phase. In the free traffic and con-
A agja;=15(Periodic) gested traffic, the velocity profiles are uniform over all ve-
0.25 4 . T o hicles similarly to the original model but the headway pro-
- =1.5(Random) X
£0.20 A files are not homogeneous. The headway changes from
S manual vehicles to automated vehicles. The headway of
30~15 ] 8 manual vehicles is the same over all manual vehicles and the
0.10 A headway of automated vehicles is the same over all auto-
0.05 4 & mated vehicles. We focus our attention on the inhomoge-
‘ neous traffic. Figure 11 show@®) the velocity profiles and
0.00 T T (b) the headway profiles of manual and automated vehicles
0.0 0.1 De(z‘.gity 0.3 0.4 for the inhomogeneous traffic where the sensitivityais

=1.0, the average headwayAx(?’= 3.5, and the total num-
ber of vehicles is 200. The leading manual vehicle within a

FIG. 9. Plots of current against density whearg.=2.0, X, ) ] )
=3.0, and the total number of vehicles is 100. The square an@roup is labeled by 1. The following automated vehicles are
triangle indicate, respectively, the simulation results far/a, ~ labeled in order by 2, 3, 4, and 5. The density waves with
=1.0 andas/a,=1.5 in the periodic configuration. The diamond Kink-antikink form appear in the inhomogeneous traffic. The
and circle indicate, respectively, the simulation resultsdera,  Vvelocity profile of manual vehicles agrees with that of auto-
=1.0 anda;/a,_=1.5 in the random configuration. The solid line mated vehicles except for the left edge of the kink density
represents the current-density curve without jams. waves. Each headway exhibits the kink-antikink density
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FIG. 13. Plot of transition points among the free traffic, inho-
mogeneous traffic, and homogeneous-congested traffic in the group
movement of five vehicles per group in the headway-sensitivity
space, where ,,,=2.0 andx.=3.0. The square indicates the tran-
sition point obtained by simulation. The solid line represents the
neutral stability curve.

vehicle generates a single trajectory representing a limit
cycle. Each vehicle moves counterclockwise on the orbit. A
small loop on the orbit of manual vehicles appears. This is
due to generating spike of the velocity and headway profiles

0 40 80 120 160 200 in Fig. 11. The trajectory of the automated vehicle just be-
Vehicle number hind the manual vehicle is closer to the trajectory of the
®) manual vehicle. The trajectories of the other automated ve-

hicles are in agreement with each other.

FIG. 11. (a) Velocity profiles of manual and automated vehicles  In the case of five vehicles per group, we study the tran-
and(b) headway profiles for the inhomogeneous traffic in the groupsition points among the free traffic, the inhomogeneous traf-
movement of five vehicles per group, where the sensitivitgis fic, and the homogeneous congested traffic by varying sensi-
=1.0, the average headway 4(?=3.5,v,=2.0,x.=3.0, and tivity. Figure 13 shows the transition points obtained from
the total number of vehicles is 200. simulation where ,,,=2.0,x.= 3.0, and the total number of

vehicles is 200. The simulation result is indicated by the
waves but the amplitude of manual vehicles is different fromsquare. The solid line represents the neutral stability curve of
that of automated vehicles. Figure 12 shows the plot of vefive vehicles. The jamming transition line agrees with the
locity against headway after a sufficiently large time for five neutral stability curve within numerical accuracy. The
vehicles where the values of parameters are the same as Fighiform-velocity traffic becomes unstable within the neutral
11. Each trajectory of five vehicles enters into a single orbitstability curve and evolves to the inhomogeneous traffic.
and their trajectories are different between each other. Each We study the traffic current for the group movement of

five vehicles. Figure 14 shows the plot of current against

2.5
5 0.35
20 - —No jam
0.30 - m Simulation data
Z15 - 0.25 3
2 o
% $0.20 - u
i ;.
>10 50.15 A "
(&)
05 - 0.10
0.05
0.0 T T T T T
10 20 30 40 50 60 70 0.00 - ' '
Headway 00 01 02 03 04 05
Density

FIG. 12. Plot of velocity against headway after a sufficiently
large time for each vehicle in the group movement of five vehicles FIG. 14. Plot of current against density whese=1.0, v pax
per group, where the values of parameters are the same as those=i2.0, x,= 3.0, and the total number of vehicles is 100. The square
Fig. 11. The vehicles within a group are numbered 1-5 from the topndicates the simulation results. The solid line represents the
to the back. current-density curve without jams.
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density wherea=1.0,v y,=2.0,%x.= 3.0, and the total num- 3.5 -

. . S . . —+— Manual vehicle
ber of vehicles is 200. The square indicates the simulation 3.0 { -+ Automated vehicle
result. The solid line represents the current-density curve
without jams. In the intermediate density region at which
jams appear, the simulation result deviates from the solid
curve. In the low-density region of the free traffic, the simu-
lation result agrees with the current-density curve without
jams. In the high-density region, the simulation result is con-
sistent with the current-density curve without jams. Similarly
to the case of two vehicles per group, the traffic current is

enhanced at the intermediate and high-density regions by the 0 20 40 60 80 100
group movement. Thus, we find that the enhancement effect Vehicle number
of current and the stabilization effect increase with the num- ()
ber per group.
9.0
C. Random configuration 8.0 4 ——Manual vehicle
—=— Automated vehicle

Finally, we consider the binary mixture of vehicles with a 7.0 1
random configuration. We study the traffic behavior numeri- >6.0 -
cally. We choose manual vehicles randomly with probability 2 5.0 4
3 from all vehicles. We assign the automated vehicles to the b 4'0 1
remaining vehicles. The maximal velocity of automated ve- %
hicle isvnh=2.0, the safety distance of automated vehicle is 3.0 1
Xx.=3.0, and the maximal velocity and safety distance of 2.0 A
manual vehicle are twice those of automated vehicle. Simi- 1.0 . . . (
larly to the case of periodic configuration, three types of 0 20 40 60 80 100
traffic flow are distinguished(i) a free traffic with uniform Vehicle number
velocity at low densityii) an inhomogeneous traffic at in- (b)

termediate density in which jams appear, &iiid a uniform-

velocity congested traffic. In the free traffic and congested FIG. 15. (a) Velocity profiles and(b) headway profiles of
traffic, the velocity profiles are uniform over all vehicles manual and automated vehicles for the inhomogeneous traffic in the
similarly to the periodic case. The headway changes fronbinary mixture of vehicles, where the sensitivityds-1.0, the av-
manual vehicles to automated vehicles. The headway dfrage headway iax(¥=4.25, v ,,=2.0, x,=3.0, and the total
manual vehicles is the same over all manual vehicles and th&umber of vehicles is 100.

headway of automated vehicles is the same over all auto-

mated vehicles. We focus our attention on the inhomogerenresents the current-density curve of two vehicles without
neous traffic. Figure 15 shows) the velocity profiles and 55 The simulation result agrees with the current-density
(b) the headway profiles of manual and automated vehicleg, e without jams except for the inhomogeneous traffic re-
for the inhomogeneous traffic vv(g)ere the sensitivityais  gion at an intermediate density. The current with the random
=1.0, the average headway 5x'’=4.25 and the total cgnfiguration is consistent with that of the periodic case with
n_umber of veh|cle_s is 1QO. The density waves with wregu!artwo vehicles per group, except for the neighborhood of the
kink form appear in the inhomogeneous traffic. The velocCityyansition points. The transition points depend weakly on the
profile of manual vehicles agrees roughly with that of auto-angom configuration. The enhancement of current by the
mated vehicles except for the left edge of the kink de”Sitygroup movement changes little in both cases of the random
waves. Similarly to the periodic case, each headway exhibit§,q periodic configurations. Therefore, we find that the
the kink-antikink density waves but the amplitude of manualgroup movement has a significant effect on the enhancement
vehicles is very different from that of automated vehicles.qf traffic current irrespective of the configuration.

Among automated vehicles, each headway profile is a littte | 4 different model, two vehicle types, there called cars
different from the other. Also, each headway profile of 3nq trycks, have been studied in a random configuration by
manual vehicles is a little different from the other. The dif- Treiber, Hennecke, and Helbirig3]. They have shown that

ference among automated vehicles depends on the configie trucks have a significant effect on the traffic flow.
ration of vehicles.

We study the traffic current for the random configuration V. SUMMARY
in which the number of manual vehicles equals that of auto- '
mated vehicles. Figure 9 shows the plot of current against We have investigated the traffic behavior of group move-
density wherea=1.0,v,,=2.0,%X.=3.0, and the total num- ment by extending the car-following model. We have shown
ber of vehicles is 100. The diamond point indicates the simuthat the group movement stabilizes the traffic flow and the
lation result fora, =ar=a=1.0. The circle indicates the traffic current is enhanced significantly without jams. We
simulation result fora.=1.0 andar=1.5. The solid line have studied the effect of the group movement on the jam-
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ming transition. We have shown the structure of the jams irhave found that the transition line is consistent with the neu-
the group movement. We have analyzed the traffic behaviaral stability curve. We have investigated the traffic behavior
by the use of the linear stability method. We have derivedn the binary mixture of vehicles with a random configura-

analytically the neutral stability condition. We have com-tion. We have shown that the current-density curve of the
pared the transition line among the homogeneous free trafficandom case agrees strongly with that of the periodic case.
the inhomogeneous trafficoexisting phase and the homo- It is expected that our model and result will serve the
geneous congested traffic with the neutral stability curve. Weéntelligent transportation system in the near future.
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