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Effect of adaptive cruise control systems on traffic flow
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The flow of traffic composed of vehicles that are equipped with adaptive cruise coA€q) is studied
using simulations. The ACC vehicles are modeled by a linear dynamical equation that has string stability. In
platoons of all ACC vehicles, perturbations due to changes in the lead vehicle’s velocity do not cause jams.
Simulations of merging flows near an onramp show that if the total incoming rate does not exceed the capacity
of the single outgoing lane, free flow is maintained. With larger incoming flows, a state closely related to the
synchronized flow phase found in manually driven vehicular traffic has been observed. This state, however,
should not be considered congested because the flow is maximal for the density. Traffic composed of random
sequences of ACC vehicles and manual vehicles has also been studied. At high(sp&@as/9 jamming
occurs for concentrations of ACC vehicles of 10% or less. At 20% no jams are formed. The formation of jams
is sensitive to the sequence of vehidl&€C or manua)l. At lower speed$~15 m/9, no critical concentration
for complete jam suppression is found. Rather, the average velocity in the pseudojam region increases with
increasing ACC concentration. Mixing 50% ACC vehicles randomly with manually driven vehicles on the
primary lane in onramp simulations shows only modestly reduced travel times and larger flow rates.
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[. INTRODUCTION tailed simulations of a section of the German autobahn A8-

i i East, Treiber and Helbinf{R1] reported that if 20% of ve-
_ Most of the literature on trafflc_ theory, even the _modernhides were equipped with ACC, nearly all of the congestion
literature, has focused on describing manually driven veyyag eliminated. Even for only 10%, they found that the ad-
hicles [1-18. However, reports on vehicles with adaptive gjiional travel time due to traffic jams was reduced by more
cruise .control(ACC) are now appearing in gnﬂmpaﬂon of than 80%. Bose and loannd@5] showed that for mixed
the widespread use of such driver assistance systemgffic, where semiautomated vehicles have a higher flow rate
[19-23. In an ACC vehicle the delay due to driver reaction 4 5 given density than manually driven vehicles, the flow-
time is eliminated and a control system attempts to keep thensity curve should fall between the curves for all semiau-
vehicle at the desired headway to the preceding vehiclggmated and all manual. In their calculations, for equal mix-
Through the use of radgor other signaling meapsnd sen-  y,res of semiautomatic and manual vehicles, only marginal
sors, the range and rate of change of range can be measurgg,e| time reductiongat best were noted. Although in stop-
accurately and essentially instantaneously. The principal ele&nd-go traffic the delay at standstill was found to be lower
ment of the control algorithm is the headway policy. In theéinan for all manually driven vehicles.
present work, the “constant-headway time” policy is chosen  grom the scientific perspective, the dynamics of ACC ve-
because of its known stabilif}23]. The scientific questions jcjes differ from those of manual vehicles, which are for the
posed by the introduction of ACC systems a(® What  ,resent purposes described by the three-phase model of traf-
traffic phases can one expect in an all-ACC scena®™  fic que to Kerner and collaboratof3,4,8. This theory pos-
mixed traffic consisting of both ACC and manual vehicles, to;|ates that equilibrium states occupy a region of the two-
what extent(if at all) can congestion be reduced by increas-gimensjonal flow-density space. Many other traffic models
ing the fraction of ACC vehicles? Of course traffic engineers,ave assumed that in equilibrium there is a unique relation-

are interested in the benefits, such as possjble reduced .tra\gﬂip on average between vehicle veloaitand headway,

times, and the impact on safety of extensive use of driver-

assistance systems. v=1(h). (1)

There are now several papers making use of simulations . ] )

to study the effects of ACC vehicles. So far the results appedf flow-density space these solutions lie on the cutte

to be mixed—some benefits and some disadvantages. fhdamental diagramgiven by

small-scale simulations, Kikuchi, Uno, and Tanak2d] _

found that ACC vehicles “can shorten the process of achiev- a(p) = pf(h), (23

ing stability.” Likewise, Kernef22] found that ACC vehicles

suppress wide moving jams and thus promote stability. On p=1/. (2b)

the downside, however, he also found that in some cases. . .

ACC vehicles could induce congestion at bottlenecks. In d(ﬁf is expected that ACC systems will have these characteris-
tics. On the other hand, in the three-phase model of manually

driven vehicles there are equilibrium solutions of the form

*Email: Idavis7@peoplepc.com vn(t) = f(h),
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AX,(t) = h (3 205
for the nth vehicle. Even though every vehicle may travel at 2
the same velocity, the headway to the preceding vehicle 19.5 | ot=500
Ax,(t) can be any value greater thanwithin limits. The g 9 | OtF400
flow is N £t=300

o 185 | xt=200

a=pf(h), (4 .

where the average density is P
1 1 6000 -5000 4000 -3000 -2000 -1000 O
= < -. 5
(AXn> h ( ) x (m)

The symbol(Ax,) stands for the average headway. These FIG. 1. Velocity of ACC vehicles vs position at various times
solutions lie on or below the(p) curve (200, 300, 400, 500)gesponding to a perturbation due to the lead

The purpose of the present work is to study how the in_vehicle that was stopped for 2 s before accelerating to 20 m/s.

troduction of ACC vehicles, with different dynamics, influ-
ence traffic flow, especially in relation to congestion. It is
organized as follows. Section Il describes the dynamics of
ACC vehicles in more detail and shows that spontaneous jam
formation does not occur. Section Ill is devoted to simula-The coefficient of the rate of change of the rangggiand
tions in an all-ACC scenario with an onramp and possib|eremains to be specified. The maximum velocity constraint
transitions to the synchronized floF) phase. Sections IV requiresV<Vp,,=35 m/s, which is imposed by constrain-
and V consider mixed traffic. Section IV pertains to single-ing velocities numerically to remain at or below 35 m/s in
lane simulations and jam formation, while Sec. V treats mul-the simulations. Backing up is forbidden as well. One way to

tilane simulations. Section VI summarizes the conclusions oflétermineg is to choose it to minimize the velocity error,
this study. which is defined as the difference between the actual velocity

and the desired velocity.

V= Z[a%(0 - D]+ BAn, (0. (10
d

Il. DESCRIPTION OF ACC DYNAMICS en(t) = (1) = Vg(Axy(1)), (11)

In this section, | describe the dynamics of ACC vehicles.Where the desired velocity is

Let the vehicles be numbered=1-N from front to rear of 1
the platoon. The lead vehicle correspondsnte0 and its V4(Ax) = —(Ax - D). (12
velocity v(t) is arbitrary. The dynamics of the ideal adaptive hg

cruise control system can be modeled by the following equayf | take g=/hy, it is straightforward to show thaassuming

tion [19-25: the constraints are not violated
d,(t : -
i :lt( Lt 1) = V(ax,0, A1), ®) 7en(t) +en() =0. (13
Hence,
where the distance between thith vehicle and the preceding
one is en(t) = £,(0)™7, (14)
AX, (1) = X21(1) = X (1). (7 which implies the velocity error vanishes for 7 and

This quantity is the rangéncluding vehicle lengthand its (1) = Vg(Ax,(1)) (15)
rate of change is

or that the headway error
Avp(t) = vp-a(t) = (1) (8)

Vehicle response is modeled by first-order dynamics with a A%(t) = hgry() =D — 0. (16)
time constant, which is typically 0.5-1.0 s. The functioh  Note this choice forB gives V(Ax(t),Au(t))=V4(AX(t)

is specified below. . _ +7Ap(t)). The effective headway includes anticipation of the
The desired headway according to the constant-time hea@‘nange during the time intervatto t+r.
way policy is given by In simulations to demonstrate these dynamics, which are
Axgesirefh) = hyuy(t) + D, 9) presented in Fig. 1, 600 cars were startet=1 with veloc-

ity 20 m/s and headway 27 m correspondindje1l s. The
wherehy is the headway time, generally about 1.0 s, Bnid ~ lead vehicle was at zero velocity for 2 s and then accelerated
a constant length, slightly longer than the length of a vehicleto 20 m/s in 4 s, remaining at a constant velocity thereafter.
Throughout this papeD is taken to be 7 m. Thus | také  [Throughout the paper=0.5 s] To demonstrate that a per-
(which should be linearas turbation does not grow with increasimng| show in Fig. 1 a
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at 500s Liang and Pend19,2Q defined a performance index that
takes into account not only the magnitudes of the headway
. ACC 16 error and velocity differencedv,(t), but also the accelera-
e | 13 tions. Depending on how they weighted each contribution,
10 they obtained different numerical values ¥y andK, from
: 8 simulations. However, generally they found that- 7/hy
. Modov . provides a more favorable index.
e 2 Similarly, for a circular roadperiodic boundary condi-
0 tions for whichuwy(t) is replaced byy(t)], Li and Shrivastava
[23] proved asymptotic stability with an exponential conver-
gence rate. That is, if there aM vehicles on a lengtlh. of
FIG. 2. A comparison of the velocity of ACC vehicléspper  highway (i.e., the circumference of the cirgle Ax,(t)
trace and manually driven vehicledower tracg at 500 s as a —L/N quickly for all n and arbitrary initial conditions.
function of position. In response to the lower velodiy2 m/9 of Finally, Konishi, Kokame, and Hiratg26] have proposed
the lead vehicle, manual vehicles initially at the critical density 3 delayed-feedback control that has been shown to be suc-
(0.04 vehicles/m for velocity 15.34 mydorm a jam of nearly  cessful in controlling chaotic systems. Applied to a linear
2 km length, whereas the ACC vehicles make a smooth transitiony affic model with a constant time headway polibut with-
The manual vehicles are described by the modified optimal velocity, + the BAv,(t) term], the control scheme was shown to
model (ModOV). suppress traffic jams. The continuous form of the control law

is given by adding a termi,(t) so that the dynamics is de-
shapshot of all vehicles at various times. The dip in velocityscribed by

(a response to the lead vehicle’s velocity profileecomes

v (m/s)
b

-8000  -7000 6000 -5000 4000 -3000 -2000 -1000 0

x (m)

smaller with increasing car numbeX.perturbation does not dup(t) _
grow with successive vehicles (larger. n) dt * (1) = Val(Axo(t) + Un(D), 2D

Liang and Peng[19,2Q proved a relevant conclusion

about stability of a platoon of vehiclgsalled string stabil- Where
ity). They showed that the magnitude of Fhe_transfer fur!ction Un (1) = K[AX,(1) = AX,(t = 7)] (22)
relating Ax, to Ax,_, does not exceed unity if the following
holds: and 74 is a delay time, chosen to optimize the response. To
first order, one can write
2 -K4hj :
2> Z—hd“‘ (17) Un(t) = KAX, (D)7 + -], (23)
which gives the same form for ER1) as Eq.(6) with Eq.
where (10) substituted.
K, = 1 (18) IIl. ONRAMP SIMULATIONS
Mg Jams are only one phase of traffic congestion. The linear
ACC model has been shown to be stable against formation of
and jams, but it has not been established if it is resistant to other
forms of congestion, such as the synchronized fl&#)
K, = E_ (19)  Phase. Let us consider an onramp where transitions to SF are
T often observed(Only multilane simulations in scenarios
with all ACC vehicles are considered in this sectjon.
If | take B=17/hy, the inequality is satisfied for any positive Two lanes come together in a merge region
andhy. If 8=0, then 2<hy is required for stability. —Omerge<X<0 where vehicles in lane 2 can merge into lane

A simulation demonstrates the stability against the forma4, which continues on beyond> 0. The rules for merging
tion of a traffic jam. The initial conditions are given by are the same as given by Day8] with safe headways for
Ax,(0)=25 m andv,(0)=15.34 m/s. The time headwdy, ~ ACC vehicles determined from E@l2) (without any time
=1.1734 s an@B=1/hy. These parameters are convenient fordelayy. Random choosing of vehicles to attempt merging is
comparison to a simulation using the modified optimal ve-used in the simulations. For simplicity no limits on accelera-
locity (ModOV) model[27,28, which satisfies the postulate tion or deceleration are imposed because unrealistic values
of the three-phase theof4,8], to describe vehicles without generally occur only during merging. Since oncoming ve-
adaptive cruise contro{See the Appendix for a description hicles in lane 1 do not attempt to accommodate vehicles
of the ModOV model. The lead vehicle velocityvg(t) changing lanes to make merging smoother, these are com-
=12 m/s. The comparison is shown in Fig. 2. Clearly thepensating effects.
jam found for manually driven vehicles does not form in the The initial conditions are as follows: vehicles in lane 1
simulations for ACC vehicles. Throughout this paper, theoccupy sites spaced at equal intervalshef42 m(x=-jh,j
delay time for manual vehicles t§=0.75 s. =1,2,..) with probability p;=0.8; those in lane 2 occupy
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FIG. 3. Velocities of ACC vehicles as a function of time at the
beginning of the merge regiafientry”) in both lanes and just be-

yond the downstream end of the merge regitaxit”). The length
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of the merge region is 500 m. The total incoming flow is at capacityflow at 80% capacity.
for the initial headway and velocit42 m and 35 m/s, the maxi-
mum allowed velocity with 80% in lane 1 and the remaining 20%

in lane 2, the onramp. Parameter values:7,=0.5s andhgy

=1.0s.

similar sites with probabilityp,=0.2. The headway time con-
stant is taken to bbay=1 s, so the initial velocity of all ve-
hicles is 35 m/s. The length of the merge regiondigqe
=500 m. Vehicle velocities at the entry to the merge regio

400

500

FIG. 5. Velocities of ACC vehicles as a function of time for
larger incoming flom30% of capacity on the onramp with lane 1

Increasing the incoming rate in lane 2 by makipg

=0.3 produces a dramatic change in the velocity of vehicles

in lane 2. Between 100 and 200 s the velocity at the entry

drops from 35 m/s to 10—15 m/s. The flow in lane 1 drops,
but the exit flow remains at capacity. Flow in either lane 1 or
lane 2(or both at entry must drop because the total incom-
ring flow exceeds the maximum for the single-lane exit. The

(x=—-500 m are plotted as they pass. Likewise, vehicle ve-alternative would be for a jartwhere the velocity drops to

locities just beyond the exit from the merge regitx

=25 m) are plotted. Whereas the entering vehicles mostly5 and 6.

travel with the initial velocity of 35 m/s, the exiting vehicles . i "
leave at a range of velocities around 25 m/s. This is due t§€Yond the capacity of a single lane, a transition to the SF

merging at small velocities near the end of the merge regiorP
See Fig. 3. Downstream the vehicles accelerate to the le

vehicle velocity of 35 m/s.

The rates of vehicles passing “entry” and “exit” are plot-
ted as a function of time in Fig. 4. Twenty-car averages aré
shown. The rate in lane 1 fluctuates around the initial rate OE
2/3 vehicles/s and in lane 2 around 1/6 vehicles/s. The ex
rate is near or above the full capacity of a single lane
5/6 vehicles/s. Since the exit rate is approximately the sunt ) . ; "
of the entry rates, no significant accumulation of vehiclesOPServation point for “entry” is ax=-500 m. A clear tran-
occurs in the merge region. No evidence of synchronize
flow was found in this simulation. Only a small region o
reduced velocity occurred at the downstream end of t &
merge region. It did not appear to grow in size. A calculation
for manually driven cars under similar conditions producesC

the SF phase.

near zerpto form in either or both incoming lanes. See Figs.

If the rate of incoming vehicles is increased substantially

1

hase is observed in both lanes, as shown in the following
jmulation (Fig. 7). The initial conditions(which mimic
those of Davig28] for manually driven vehiclesare p;=1
with v=29.77 m/s andth=48.8 m(22% larger than the con-
tant headway time value of 40)nand p,=0.9 with v
£29.77 m/s andh=44 m (10% larger than the constant
eadway time value For comparison purposes, a speed limit
of va=29.77 m/s was imposed ang=1.1085 s in this
‘simulation. The length of the merge region is 500 m. The

&ition to a SF phase can be seen between 100 and 200 s. The

¢ transition in lane 2 reaches a lower velocity, 2.4 m/s com-

poared to 7.7 m/s in lane 1.
To establish that the flow transformed into the SF phase,

onsider the flow rate versus density plgtversusp) shown

in Fig. 8. The rate for lane 1 begins on the free flow line

1
0.9 0.9
Tos | ETTERTTTTTTN iy
c . o am k3 » o - br'; 3 o Vand
| T T A o 07 RN~
= . cY v R
:os WONSFTON L) 200
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s 02 S . " 0.2 . woap?
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0 0
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FIG. 4. Flow rate at the entry and exit of the merge region. The

FIG. 6. Flow rates for individual lanes as a function of time for

lowest trace is the flow on the onramp. Parameters and initial conincoming flow that is 30% of capacity on the onramp and at 80%
ditions are the same as in Fig. 3. capacity in lane 1. Parameters are the same as in Fig. 5.
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FIG. 7. Velocities of ACC vehicles as a function of time for FIG. 9. Velocity vs position of vehicles @=500 s. With no
large incoming flow rates, approximately 80% of capacity in eachACC vehicles and with 10% ACC randomly mixed in with manual
lane at the initial velocity of 29.77 m/s. Hetg=1.1085 s and a vehicles, a jam is formed due to encountering a slower moving lead
speed limit of 29.77 m/s was imposed. vehicle (traveling at 25 m/» In this example, if 20% of the ve-

hicles were ACC, no jam was formed. Initially all vehicles in the
(0=pvmay) and transforms to the downward sloping portion platoon were traveling at 29.77 m/s with a headway of 40 m. The
of the ideal rate lineg=(1-pD)/hy. The exit rate is above Parameters were=7,=0.5 shy=1.1085 s, anty=0.75 s(manual-
the ideal rate line indicating a metastable condition. Furthepr'ven vehicles only
downstream, equilibrium was approached.
It should be noted that the rate in the SF phase in each IV. SINGLE-LANE SIMULATIONS OF MIXED FLOW

lane goes to the maximum rate for the given final densities The effect of mixing ACC vehicles with manually driven
(points on the downward sloping linerhus flow should not yehicles is explored in this section. Only the results from
be regarded as congested. This is in contrast to flow in thgjngle-lane simulations are discussed here; multilane simula-
corresponding manual-driver simulations, where the ratgjon is the subject of Sec. V. Mixed flow is of interest be-

falls significantly below the line. cause the introduction of driver-assistance systems into the
Other simulationgnot displayed showed that if the com-  fleet of vehicles on highways will be gradual over tirfoe
bined incoming flux of vehicles did not exceed the capacityihe scale of years or perhaps decades
of the single outgoing lane, then no significant congestion  Treiber and Helbing21] have reported that fitting 20% of
occurred. Free flow was found for any combination of in-yehicles with driver-assistance systems makes congestion
coming rategq, in lane 1 andy, in lane 3 tried so long as  yanish in simulations of a section of the autobahn A8-East.
the following condition held: In Fig. 9, results for mixing ACC vehicles randomly with
< (24) manually driven vehicles are presented. The initial condi-
917 02 = Gmax tions wereh=40 m with»=29.77 m/s on a single-lane high-
where the maximum single-lane flow rate is way. The lead vehicle traveled at a constant speed of 25 m/s.
The headway time walsy=1.1085 s, which gives the same
initial headways for ACC and manual vehicles. For no ACC
vehicles, a jam is formed that extends for approximately
%2 km with the upstream edgeyat—2.5 km att=500 s. Cal-
For an all ACC system, when limits on acceleration or de-culations were done with the ModO}27,28 model for the
celeration are imposed an effective scheme to merge vehiclesanual vehicles. With 10% ACC vehicles, the jam was half

Vmax
=, 25
Omax Voahy+ D (25

smoothly is required for Eqg24) and (25) to hold. as long and moved upstream more slowly. In this instance,
equipping vehicles with ACC appears to have no significant
0.9 benefit on suppressing jams until the percentage is larger
0.8 -~ than 10%. No jam was formed at 20% ACC, however, in
0.7 - agreement with the findings of Treiber and Helbing.
+ %6 ¢ lane1 To explore the region between 10% ACC, where a jam
£ 05 o lane2 was formed, and 20% where the jam was suppressed, the
% g4 Ba, s exit following simulations were performed. The parameters were
g.g %0000y idos! the same as for Fig. 9. In Fig. 10, the results for two se-
0'1 quences with~13% ACC are shown. This is a striking case
'0 ‘ ‘ of how the details of the random sequence influence whether
0 002 004 006 008 01 or not a jam is formedMerely changing one manual vehicle
density (1/m) toan ACC vehicle (the 188th vehicle) prevents the formation
of a jam
FIG. 8. Flow rateq in each lane vs density and ideal rate for The sensitivity of the results to the sequence of ACC and
Vmax=29.77 m/s andhy=1.1085 s. The incoming flow rates in each manual vehicles is further illustrated by considering periodic
lane are approximately 80% of the capacity of a single lane. arrays ofk manual vehicles followed by one ACC vehicle.
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FIG. 10. Velocity vs position at=500 s for two sequences of ~ FIG. 12. Velocity vs position at=300 s for ACC vehicle con-
manual and ACC vehiclegapproximately 13% concentratipfor centratioq in .Iane 1 op=0.1, 0.2, and 1/3. Parameters were the
the initial conditions and parameters of Fig. 9. The change of &ame as in Fig. 11.
single manual vehicléhe 188th to ACC suppressed the formation
of a jam(square symbojs Simulations displayed in Fig. 12 show that as the ACC

_— . . concentration is increased fropx 0.1 to 1/3, the velocity in
For the parameters and initial conditions of Figs. 9 and 10y, pseudojam region increased graduaftpm 4 m/s at
simulations demonstrated thatan be as large as 15 without 1604t 9 m/s ap=1/3), rather than abruptly going from the
a jam for.ming. These results Qiﬁer frqm those of Kurata and, - -4i0n of a jam to the absence of a jam as in Figs. 9 and
Nagatani[29] who analyzed binary mixtures of manual and 1o Thqt is, it does not appear that a critical concentration
automated vehicles in periodic and random sequences. Theyisis The pseudojam region also widened with increasing
found that moving in groups of one manual andutomated  Acc  concentration. Forp=1/3 the average density
vehicles(n=1-4) stabilized and enhanced flow. For random _q o5 ntl) and average velocity~9 m/9 or flow rate

sequences of manual and automated vehicles, they found th@f.45 $1) are more like the values for the single-lane version
jamming transitions depended weakly on the random cong synchronized flow than for a jaif28].
figuration in contrast to the present results. Their vehicular
models were substantially different from those used here and
the simulations were performed on a circular track rather V. MULTILANE SIMULATIONS OF MIXED TRAFFIC
than an endless road.

The critical region of the ModOV model, like that of the

original OV model[1], is near the headwagx’ (the inflec-

In this section, the effect of randomly mixing ACC with
manually driven vehicles on lane 1 in onramp simulations is

tion point in the OV functiol, which is 25 m for the param- examined. The vehicles on lane 2 were all manually driven

o o L : d obeyed the merging rules of R¢28]. Two cases are
etrization used in this paper. Jam formation is the most I|kel)faln ) )
near this headway for manual vehicles. In Fig. 11, results argon&dered(a} all manual andb) 50% ACC. In the simula-

presented for initial condition=25 m with »v=15.34 m/s tions, flow in lane 1 was initially 80% of capacity and flow in

and 0, 10, and 50% ACC vehicles encountering a lead yelane 2 was 20%. Vehicles in lane 2 were offset initially to

hicle traveling at 13 m/s. The headway time for the ACC MOre negativex by 500 m. The headway time was 1.1085 s,
vehicles wady=1.1735 s. The plot of velocity versus posi-

tion att=500 s reveals that jam formation is suppressed by Lane 1 atentry

ACC vehicles at high enough concentration.

t=500s
18 o noACC
16 50% ACC
14 —
P ° 12 1 o all manual
Q o £ 10
E a g ¢ 10%Acc
> * o 6 7750% ACC
4
2
0

7000  -6000  -5000 4000  -3000  -2000 . . . . .
FIG. 13. Velocity vs time for vehicles in lane 1 passing the

X {m) upstream end of the merge region. The squares correspond to all
manual vehicles and the solid line is for 50% of the vehicles in lane
FIG. 11. Velocity vs position at=500 s for initial conditions 1 randomly taken to be ACC. Vehicles in langtBe onrampwere
h=25 m with»=15.34 m/s and 0, 10, and 50% ACC vehicles en-all manual. The headway time wdg=1.1085 s. The delay for
countering a lead vehicle traveling at 13 m/s. The headway time fomanually driven vehicles wag=0.75 s. The initial conditions were
the ACC vehicles waby=1.1735 s. h=40 m with v=29.77 m/sp,;=0.8 andp,=0.2.
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t=500s ACC vehicles is insufficient to prevent jams at high veloci-
ties (~30 m/9. However, jams are suppressed by 20%
. . e ACC. The formation of jams was found to be sensitive to the
= Ro%0 sequence of vehicle typg&CC or manual in random and
% 9 20 Py periodic sequences. At moderate velocitiesl5 m/9, the
E | 15 | s0% ACC] effect of increasing ACC concentration is different. In this
g 10— case increased concentration does not prevent jamming, but
5 instead increases the average velocity in the pseudojam re-
7 o gion. Multilane simulations with a random 50% concentra-
-8000 6000 -4000 2000 0 tion of ACC vehicles in lane 1 and all manual vehicles on the
x (m) onramp demonstrated only modest improvement over having

all manually driven vehicles. The average velocity in lane 1

FIG. 14. Velocity vs pqsition at=500 s for the initial condi- gt entry to the merge region was slightly less for the 50%
tions and parameters of Fig. 13. case, although the average distance traveled for a given time

was bigger. The throughput was somewhat larger for the
which made the initial headways identical for ACC and mixed flow, especially for short ACC headway times.
manual vehicles. The lead vehicle traveled at 33 m/s. Figure No unusual nonequilibrium or chaotic flows were found
13 shows the velocity of vehicles in lane 1 passing the upfalthough the simulations presented here were not exhaustive
stream end of the merge regionxa—500 m. The average of all possible situatior)s One potential problem with merg-
velocity for 100<t<500s was determined to beda) ing was identified, however. Since ACC vehicles closely
19.1 m/s for all manual an) 16.5 m/s for the 50% ACC maintain the equilibrium or desired headways for the ve-
case. However, the average distance traveled by the first 40{icles’ velocities, the ability of manually driven vehicles to
vehicles in the first 400 s was larger fdm) by approximately merge might be hindered by the lack of suitable safe gaps.
1 km. Also, vehicles operating in an ACC mode do not “give way”

As shown in Fig. 14, the introduction of 50% ACC ve- like some human drivers do when a vehicle enters from an
hicles in lane 1 suppressed the formation of a jam upstrearanramp.
of the merge region. For all manually driven vehicles the jam
extended for more than 0.5 km at 500 s. So, in qagd¢he
average velocity of vehicles in lane 1 at entry was less than
in (a), but no jam was formed. The average rate of flow in | thank Professor Huei Peng for a useful discussion.
lane 1 was somewhat higher in cabg (approximately 0.55
compared to 0.45 vehiclegl At x=25 m, the outgoing rate
was(a) 0.604 andb) 0.666/s.

If hy=0.8 s and the initial headway to the preceding ve- The dynamical equations for theh vehicle in the Mo-
hicle adjusted accordingly for ACC vehiclgthey follow  dOV model are
more closely, the average velocity increased slightly from
16.5 to 17.1m/s. Flow at the exit improved to
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APPENDIX

0.712 vehicles/s, mostly because the initial density in lane 1 Tdvn(t) + (1) = Vyesirea (A1)
was larger. d
where
VI. CONCLUSIONS
Two questions were addressed in this paper. The first con- Vyesires= Vov,  Vov < 74(1), (A2a)

cerned traffic phases that exist in a scenario with all ACC

vehicles. Simulations done with a dynamical model where

the desired velocity is proportional to the effective headway =min{Voy, Vo1t =tg)},  Vou > va(t), (A2b)

Ax+7Av showed that jams do not form. Multilane simula-

tions where one lane is an onramp showed that free flow igq

maintained in both lanes if the total incoming flow does not

exceed the capacity of the single outgoing lane. When in-

coming flow is larger, a phase similar to the synchronized Vov = V(AXy(t — tg) + tsAvn(t — tg)), (A3)

flow phase of the three-phase model is observed. However, it

should not be considered congested because the flow is avhere

the fundamental diagram of rate versus density. That is, the

gz\:}vsﬁyfhe maximum valugat equilibriun) for the observed V(AX,) = VoftanH Cy(Ax, — Ax9)] + C,},
The second question dealt with traffic in which ACC ve- (A4)

hicles are randomly mixed in with manually driven vehicles.

Single-lane simulations showed that a concentration of 10%\t large headway,

AX = X1 = Xp-
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Viesired= @ Vn-1(t = tg) + (1 = @)Voy, (A5)

where
a=expl-A/L),

A>L (AB)

and

PHYSICAL REVIEW E 69, 066110(2004)

A= AXn(t - td) + tdA Vn(t - td)! (A?)

providedVgy> v,(t). | takeL=100 m. Other parameters are
C,=0.86/m,C,=0.913,Ax°=25 m, andV,=16.8 m/s. See
Ref. [2].
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