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Keywords: Traffic control automation, decentralized sys- The paper is organized as follows: In section 2 highway data
tems, control of complex systems, stabilization of non-linear are analyzed with respect to the influence of locally con-
systems, transportation systems. trolled speed limits on the traffic state. In section 3 it is
shown that the measured traffic states, in particular standing
waves, can be reproduced by a locally controlled traffic
Traffic dependent speed limits have improved the security ofmodel. In section 4 an anticipative control law is proposed
highway traffic considerably. However, on highway sections which is able to damp out even standing waves. In section 5
controlled by variable speed limits large oscillations in speedconcluding remarks are given.

can still be observed. On the basis of traffic data and a macro-

scopic traffic model, the influence of decentrally controlled 2 Analysis of highway data

speed limits on the states of highway traffic is analyzed. It is Traditionally, free and congested flow are distinguished

ShOV.V“ that local control of _speed I|m|t_s - which is typ|c:_:1II_y within traffic theory. In free flow the vehicle-density along a
applied - can lead to standing waves in speed. The anticipa-

i . : road is small and interactions between vehicle-driver-ele-
tive control law proposed is able to prevent standing waves . .

ments rarely occur. Congested flow is characterized by strong
and can even damp out stop-and-go waves, such that a homao- ; : . .

! . . interactions between the vehicle-driver-elements and nonlin-

geneous traffic flow is gained. . o

ear dynamic phenomena like jams and stop-and-go waves
[3]. In jams the flow breaks down almost completely, the
density increases and the speed approaches zero. In contrast,
Highway traffic control by variable speed limits has reduced while stop-and-go waves pass a measurement site, the flow,
the number of accidents by a large amount - reports talk ofthe density, and the speed vary considerably [3]. Another
about 35% for the highway A9 in the North of Munich [1]. type of congested traffic is given by standing waves. Here,
Also the number of traffic jams and - due to a more homoge-the flow along a highway section is (almost) constant, but
neous traffic - air pollution are reduced. This seems to indi- still the speed and the density changes considerably.
cate that there is no room for improvement. And indeed, evenAlthough a constant flow might be desirable for flow optimi-
a perfect control system cannot prevent jams completely:zation, changes in the speed and in the density - correspond-
once the traffic flow exceeds the capacity of a highway, traf-ing to acceleration and deceleration actions - are
fic jams will occur. disadvantageous with respect to the drivers’ safety.

Abstract

1 Introduction

However, even below this maximum flow congested traffic An analysis of traffic data from the German highway A9
occurs due to the metastability of highway traffic (for an from Nirnberg to Munich on November 27th 1995 reveals
exact definition of stability and metastability see [3]). The that a standing wave can be maintained for more than one
border between stability and metastability is set by the flow hour. However, for the highway considered here, a standing
out of a traffic jam. Below this characteristic flow, which is wave exists, although speed limitg,(;, ) are switched based
about 25%-30% below the maximum flow, any perturbation on a control lak. The possible control actions are given by
will disappear [3]. Above this characteristic flow, small per-

turbations are still damped out, but large perturbations will Viimit O { @ @ @@} , (1)
grow. At maximum flow even the smallest perturbations lead
to congestion. It is precisely within this regime of metastabil-
ity where control systems may improve the performance of
highway traffic. We argue that two aspects are important for a
successful control: A control law which is designed to reduce
the amplitude of solitary waves and anticipation.

where@ means that there is no speed limit at all. The sche-
matic configuration of the observed highway section is given

1. Local measurements are used to determine the speed limitation
in the corresponding highway segment [9].

From: ECC 2001, APCA


rue
Textfeld
From: ECC 2001, APCA


in fig. 1. The distance between two gantrie&é )isgivenby A A A A
almost constant 2km. X X X X X
]

A closer look on the traffic data is given in figs. 2 and 3, | | | | ]
thereby revealing some of the states of highway traffic. Free 515%16 1 517.5 5185%9'3520 5821'2
flow is characterized by an almost constant velocity (here ' . T _
about 110 km/h) and densities below some critical threshoﬁéﬂ?hre (13 SChe”;]"?‘t'ﬁ CO”‘:'A%UV_?_EO” de tk;_e ch?sfclan S.EC]E'O” of
(here about 12 gar_s/km). In the fpndamental diagram in fig. 2, Ief? toerirg;\&tl.nM é%sv&l?gm ent sitgs ;rricgli?/gr?byow, ISarrl?rin(]es
where the density is plotted against the flow (aggregated over gigplaying speed limits by

1 minute), free flow is represented by the straight line through

the origin with the slope 110 km/h. Besides this line one
observes a second cluster on a line corresponding to a velocity 2000
of about 80 km/h, a third cluster with velocities of about 20
km/h, and a scattered cloud of data at higher densities, repre-
senting congested traffic. Fully established jams would be rep- 1600-
resented by data with zero flow and high density. These data
are lacking because the induction loops cannot detect zero
velocities. Therefore, data at high densities and low flow, i.e. Z1200f
low velocities are not very reliable. The downstream frontofa 2,4,
jam, where vehicles start accelerating again, usually moves2
with a velocity of about 15 km/h in upstream direction. This 890 : S
corresponds to data on a straight line with negative slope inthe  gool- § S _
fundamental diagram. In fig. 2 this dashed line roughly corre- _ SR NN
sponds to the lower border of the cloud at higher densities. 400 ' : i
Fig. 3 shows that this data cloud is due to stop-and-go waves, 200}
i.e. large oscillations in velocity and density. A comparison of 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
the two time series in fig. 3 shows that these stop-and-go 0 10 20 30 40 50 60 70 80
waves move upstream. p [carskm]

-
space [km]
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1400

. . i 2. M in the flux- ity-pl fi
In addition, one observes a period from about 9:30 to 10:3,39Llilrgvember ezasstﬁrviggeglt(sdoltg). thtwe%xndggsgtgﬁdagg:30021

where the velocity at each of the two measurement sites is standing wave (squares at km 519.33, circles at km
almost constant. This corresponds to the downstream front of 518.66) appears, wheme=1000cars/ h  (thick horizontal
the congested region, where the vehicles start acceleratingline). The diagonal lines correspond to the indicated,
again. Here this front doesn’t move, i.e. a standing wave %’?ﬁéadr‘év?/ﬂgggé{ﬁ??ﬁrﬁt'gfg’;[;?f?c(jj:;hed line corresponds
appears and one observes locally almost the same state for

about one hour. In fig. 2 this is indicated by squares for the

measurements taken at km 519.33 and by circles for the mea- 15 ‘ ‘ R
surements taken at km 518.66. While the flow remains almost  figs| P sendngave T
constant around 1000 cars/h, the difference in the speed - fron _100};
about 20km/h at km 518.66 to 80km/h at km 519.33 - is signif-
icant. During the acceleration phase at km 518.66 and betweers 50
10:20 and 10:30, when the speed increases from about 20km/t

km/h

to 80km/h, the flow is still almost constant, i.e. the standing Vim0 [[100,80,60] | Gam,60] | L jam] . |60 (120,100
wave is conserved (in fig. 2 this is indicated by triangles, the v 75 8 8 9 95 10 105 11
time evolution is from right to left). From 10:30 on there exists
free flow, again. Offree stop-and-go-waves standing wave | free

flow flow
Fig. (3) shows the speed measurements and the correspondin 100
speed limits. Despite the control law, large speed oscillations € W

are maintained for several hours, i.e. stop-and-go waves and ¢> |
standing wave exist. During this time, the control actions take

q 2 Ei i Vit ° [ 180,60] [am,60] | ‘ ‘ 160 120

the vaIue an@ . Finally, the standing wave changes to . 7!5 il |10 L
Time [h]

2. Speed limits smaller th should be avoided. These limits Figure 3. Speed at km 518.66 (top) and at km 519.33
might lead to repeated switchings between different limits. Instead, (bottom) on November 25th 1995. The traffic phase and
when the sig is displayed, the positive effect of speed limits, i.e. the speed limits at km 517.53 (top) and at km 519.35
the creation of @ homogeneous flow is extended to higher traffic den- (POttom) are indicated. A standing wave exists from 9:25
sities [7, 8]. to 10:30.




free flow. However, it can be assumed that this step depends

km . cars
merely on the traffic flow, i.e. at the end of the morning rush %Lzo_h- i P18
hours at 10:30 the flow into the considered highway section O wm . cars cars
decreases and free flow is observed. SIOOF it 14 <P=1750 4
Viimit = O
Ogokm cars cars
3 Model based analysis 580 ho T 1S <ps23
In the following, the analysis of the influence of speed limits Eso%m if p> 23%rS
m

with respect to traffic states will be continued on the basis of a
macroscopic spatio-temporal continuum model [3]. The moda&fter the traffic model has been initialized by stop-and-go
has been chosen since it shows the characteristic propertiewafes and when the local control law is applied, a standing
traffic flow, i.e. free flow and congested flow [3]. When thevave with about 1000 cars/h - as in the traffic data - is gener-
model is initialized by a medium density being superimposeded (cf. figs. 2 and 6). While there are stop-and-go waves in
by a small disturbance a stop-and-go-wave develops [3]. Time uncontrolled model, the local control law causes a standing
model consists of the static, empirically determined relatiamave - due to the large distance of ab@uiim between gan-
V(p,u) between the mean speed , the dengity , and thies (cf. figs. 1 and 7). Acceptable results, i.e. small differ-
normalized control actiom [2, 7]. Roughly speaking, regences in the speed and in the density would only be possible, if
resents the scaling influence of speed limits on ¥{g,u) the distance between succeeding gantries is chosen smaller
relationship. For arange af  see [2, 7]. In general, the metiran about 100 meters (see fig. 7). However, besides being
speedv and the density  vary with respect to space  agwht intensive, such a high density of gantries would distract
time t . This is accounted for by a continuity equation [3]  drivers’ attention.

d dq_9_ .0 _
ap"'&—ap"'&[pv] =0, () ” | | | |
which holds for a circular road with periodic boundary condi- 201 /\(\ Speed limitreduction

tions and without on- and off-ramps, and an equation for the
acceleration of a volume element moving with the traffic flow  *°

from to |

[3] 10
dv_a. . ov _1 Coop  Nod g °
av_o.,,.9% -1 _y] - 200p , 1od v T
at "ot ax T Ve u-vl pax ' p P (3) = 0

<

The equation of continuity describes the (local) conservation
of cars. The equation of acceleration describes the dynamics ~10f
out of the equilibrium given by th&(p,u) -relationship. The —15-
flow q is defined byq = pv . The parameters c, ang ol
are required to adapt the model to measurements [3]. v

According to the work in [6, 7], the traffic flow defined by egs. o 20 40 60 80 100
(2) and (3) can be stabilized by a nonlinear continuous control p [earstken]

law such that a homogeneous flow is formed, regardless of ffigure 4. Control actions by the continuous control
initial conditions. In essence, the control law opposes the pro- [2W and when the speed limit is reduced.

cess of the formation of stop-and-go waves by a two-point

control law, i.e. for low densities the mean speed is reduced,

whereas for high densities the mean speed increases due to the measurement site measurement site

control law. An analysis of traffic data from the German high- and gantnyi and gantryi+1
way A9 from Nurnberg to Munich for the time-span between
November 1995 to January 1996 reveals that mandatory speeql Seg. 1| T Seg.i [Seg. i+1 T | Seg. P|

limits can be applied such that the nonlinear, continuous con-
trol law is approximated (see fig. 4), where
Av = V(p,u)-V(p,0) [7]. This leads to the discrete control
law in eq. (4) and given by [7].

i
al

distance between 2 succeeding gantries

Figure 5. Dividing a highway-section into equidistant
In general, on a highway only space-discrete measurementsS€gments.

are available. Applying the density measured in segnient

(see fig. 5) to the threshold-operation defined by eq. (4), a

local (discrete) control law is obtained.
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tries. When a local control law is applied (see upper part of fig.
7), an acceptable control performance in the density and in the
speed is achieved only for very small distances between suc-
ceeding gantries in the range of less than 100 meter. However,
besides being cost intensive, such a close distribution of gan-
tries would distract drivers’ attention. The control perfor-
mance of the anticipative control law is shown in the lower
part of fig. 7. For distances between succeeding gantries
smaller than about 750 meters, the control performance of the
anticipative control law is clearly superior to the control per-
formance of the local control law. Disturbances in the density,
the speed and the flow disappear completely as a result of the
anticipative control actions producing appropriate speed limi-
tations. For distances between succeeding gantries larger than
about 750 meters both control laws lead to equal results with
respect to the asymptotic disturbances in the density and in the
speed. For the anticipative control law asymptotic perturba-
tions in the flow stay for distances between succeeding gan-

Figure 6. A standing wave (solid line) and the controlledries larger than about 750 meters. For these distances the local
V(p, u) -relationship (dashed line).

4 Anticipation

control law leads to vanishing perturbations in the flow,
thereby producing the standing waves described before.

Instead, a different approach is followed to overcome the

problems of local control laws: making use of the fact that the
direction of flow and the direction of a stop-and-go-wave are
of opposite sign, an anticipative control law can be designed
is determined an 0

Therefore a mean density
used within eq. (4).

for segmént

P=(p*+p+1)/2

Hereby, the stabilizing effect of drivers observing more than 0
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one vehicle ahead is imitated [5]. In addition, losses due to thr 2000

discretization of the originally space-continuous control law %1500* Max(q)
(see [6]) are partially compensated. Besides, the weighting c<=;000/ o

the two densities in eq. (5) could be set up more general by th
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menti (see fig. 5). On the other hand, a distance of about 75 0
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fic density (see fig. 7). The anticipatively controlled flow is 0
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Axy<750m holds (fig. 7).

Figure 7. Asymptotic disturbances for the locally (top) and
anticipatively (bottom) controlled traffic flow, after

In detail, fig. 7 shows the performance of the controlled traffic jpitialization by stop-and-go waves.
flow in terms of the remaining disturbances in density, speed
and flow as a function of the distance between succeeding gan-



For a practical implementation the main conclusion from fig.In essence, due to the time gain and the continuous flow of
is the demand to apply anticipative control laws to speed limirformation a stabilizing effect is achieved, similar to the one
tations on highways. Besides, the distances between succekm to drivers observing more than one car ahead (see [5]).
ing gantries should be regularly spaced and smaller than thence, when the anticipative control law is operating, pertur-
critical width of stop-and-go-waves. The critical width of @ations are damped and a homogeneous traffic flow is gained.
stop-and-go-wave is given by the smallest width of the stop-

phase of a stop-and-go-wave, which asymptotically persistsiRaferences

a highway. In the simulations performed, this width is abo

750 meters, which is consistent with traffic data (e.g. see [4 ] Bavarian Ministry of the Interior, *Vacation time 2000 in

avaria: control of traffic flow by telematic systems has
The advantage of the anticipative control law is created by theoven to be beneficial", Press Release from 14. September
gain in the reaction time of drivers and by the coupling of tw®000 (in German), (http://www.innenministerium.bayern.de/
measurement sites leading to a continuous flow of informpresse/daten/2d/47000.htm)

tion. When there are perturbations on the highway secti C

considered, the speed limits displayed based on the antici%’—1
tive control law are changed earlier or at least at the same time
compared to displays based on a local control law. Condé} Kerner, B.S. and Konhauser, P., “Structure and parameters
quently, the drivers are informed earlier about perturbatiof§clusters in traffic flow,” Phys. Rev. E 50(1), 54-83, 1994.

existing in their direction of flow. The time gained is boundefa] Kerner, B.S. and Rehborn, H., “Experimental features and
by characteristics of traffic jams,” Phys. Rev E 53(2), R1297-
R1300, 1996.

[5] Lenz, H., Wagner, C. K. and Sollacher, R., “Multi-anticipa-

wherevg is the speed of the disturbance relative to the highye car-following model,” European Physical Journal B 7,
way. Itis important to note that the time gain is independent §51_335 1999

any modelling assumptions and typically is in the range of ten . )
seconds up to a minute (see table 1). As a consequence, &h-enz, H., Sollacher, R. and Lang, M., “Nonlinear Speed-

eral ten drivers are warned due to the anticipative control lafg@ntrol for a Continuum Theory of Traffic Flow,” IFAC WC,
_ _ N China, July 5-9, Vol. Q, 67-72, 1999.
Other simulations, where additional measurement siteg . . .
between two gantries have been applied, show that the amEZi- Len;, H., "Design of nonl_lnear, dlscretg contr_ol laws to
pative control law is advantageous in a second respect: I‘?éten inhomogeneous flow in macroscopic traffic models,

speed limits displayed at succeeding gantries are coupled Hy D.-thesis (in German), Munich University of Technology,

common measurement site such that the flow of information gaker—VerIag, Aachen, 1999.

smooth and continuous. [8] Smulders, S., “Control by Variable Speed Signs - the
Dutch Experiment,” 6th IEE Conf. on Traffic monitoring and
Control, 99-103, 1992.

remer, M., “Traffic Flow on Highways. Models, Observa-
and Control (in German). Springer, Berlin, 1979.

TysAXy/(V=Vg), (6)

maximum time gain | additionallywarned

speedv | Ty ax = AXg/ (V=Vg) cars on 2 lanes [9] Zackor, H., Kiihne, R., and Balz, W., “Investigations of
(3 lanes) traffic flow at the maximum capcacity and when the flow is
105 km/h 22 5 sec. 18.8 (28.1) instable,” (in German), Forschung Strallenbau und Strafl3en-
verkehrstechnik, 524, 1988.
80 km/h 28.4 sec. 23.7 (35.5)
60 km/h 36.0 sec. 30.0 (45.0)

Table 1. Time gain foAxg = 750m, vg = -15knmv h and
g = 1500cars/ h.

5 Concluding Remarks

The investigations performed have shown that while a local
control law is operating stop-and-go waves can be formed and
they might turn into standing waves. In contrast, an anticipa-
tive control law prevents the formation of stop-and-go waves
and flattens already existing stop-and-go waves such that a
homogeneous traffic flow with respect to both flow as well as
speed is reached. Clearly, the anticipative control law flattens
the fluctuations with respect to speed and density in standing
waves, too.
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