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Memory effects in microscopic traffic models and wide scattering in flow-density data
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By means of microscopic simulations we show that noninstantaneous adaptation of the driving behavior to
the traffic situation together with the conventional method to measure flow-density data provides a possible
explanation for the observed inverseshape and the wide scattering of flow-density data in “synchronized”
congested traffic. We model a memory effect in the response of drivers to the traffic situation for a wide class
of car-following models by introducing an additional dynamical varialhe “subjective level of service)
describing the adaptation of drivers to the surrounding traffic situation during the past few minutes and couple
this internal state to parameters of the underlying model that are related to the driving style. For illustration, we
use the intelligent-driver mod€IDM) as the underlying model, characterize the level of service solely by the
velocity, and couple the internal variable to the IDM parameter “time gap” to model an increase of the time
gap in congested traffi¢‘frustration effect”), which is supported by single-vehicle data. We simulate open
systems with a bottleneck and obtain flow-density data by implementing “virtual detectors.” The shape,
relative size, and apparent “stochasticity” of the region of the scattered data points agree nearly quantitatively
with empirical data. Wide scattering is even observed for identical vehicles, although the proposed model is a
time-continuous, deterministic, single-lane car-following model with a unique fundamental diagram.
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I. INTRODUCTION [22]. Macroscopic simulations taking into account observed
variations in the truck percenta@9] or direct microsimu-
The nature of “synchronized” traffic flow is one of the lations with two types of vehicle23] could explain a great
most controversial subjects in traffic theddy2]. Itis a form  deal of the observed scattering, but the two-dimensional
of congested traffic with nonzero flows typically found up- (2D)-regions remained somewhat smaller than in the ob-
stream of inhomogeneitie®.g., freeway bottlenecksand  served data.
characterized by an erratic motion of time-dependent flow- Another factor possibly contributing to the wide scatter-
density data in a two-dimensional ar@aith a synchroniza- ing is traffic instabilities which often lead to nonstationary
tion of the time-dependent average vehicle velocities amongongested traffic such as “oscillating congested traffic.” In
neighboring lanes3-5]. fact, at least in Germany, this type of congestion is the most
The wide scattering of the data points for congested traffi¢.oymon form of congested traffie4]. If the sampling time

seems to fexclude explanations in te:lrms of traffic models asyeryal for data aggregation is not commensurable with the
suming a fundamentabteady-staterelation Q¢(p) between g0 ,6ncy of the oscillations o if the oscillations are nonpe-

the_ ﬂOWﬂQ andd thgtden|3|tt_3o. elg reslpoptsea_n:odels Wl'trt]_ nl;)n riodic, then the data points will display artificial “erratic
unique tlow-density refaliontor velocity-distance refations scattering.” In this case, the origin of scattering is the
have been proposed on a macroscopic l§éd) as car- o S .
. method of data aggregation in combination with the conven-
following models[7—10], and as cellular automafal]. The ) . : .
tional interpretation of flow-density dafd8].

empirical data scattering has also triggered a flood of publi- ) . .
cations in physics journals with various other suggestions In this paper we show by means of simulations that the

ranging from shock waves propagating forward or backwardﬁdaptation qf drivers t(?‘ the surroundin,g traffic on time.scales
[3], effects of lane changing, changes in the behavior off @ few minutes(the “memory effect) offers a possible
“frustrated” drivers [12—14, anticipation effect§15,16, or ~ duantitative explanation of the observed scattering in con-
a trapping of vehicle§17]. Another possible explanation of junction with traffic instabilities. Our model is based on the
the scattering lies in the heterogeneity of vehidlesch as observation that, after being stuck for some time in con-
cars and trucksand driving stylegsuch as defensive or ag- gested traffic, most drivers adapt their driving style, e.g., by
gressive on any real roafl18,19. In fact, statistical analyses increasing their preferreetto(bumper-to-bumpertime gap
of single-vehicle data show a particularly wide scattering ofT to the preceding vehiclg2,20—-23. Apart from congestion,
the time gaps between successive vehicles in congested trafther aspects of the traffic environment such as driving in the
fic [20—22. Furthermore, the average time gaps increase imark or in tunnels affect the driving behavior as web],
congested traffic suggesting that “frustration effects” are realbut will not be considered in this paper.
Models based on memory effects have been successfully
applied in several fields of statistical and interdisciplinary

*Electronic address: martin@mtreiber.de; physics such as liquid crystals and polymég6] or in
URL: http://www.mtreiber.de reaction-diffusion systeni®7]. Moreover, nonlinear Markov

"Electronic address: helbing@trafficforum.org; equations with memory kernel have been applied to
URL: http://www.helbing.org multiple-agent systems and financial markets and provide a
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statistical mechanism for the observed clustered volatilityT. The third term is only active in nonstationary traffic and
[28]. implements an accident-free “intelligent” driving behavior

In the following section, we formulate the adaptation of including a braking strategy that, in nearly all situations, lim-
the driving style to the surrounding traffic and incorporateits braking decelerations to the “comfortable deceleration”
memory effects into the intelligent-driver mod¢DM) [24] b.
resulting in the IDMM (“intelligent-driver model with
memory"). As the IDM, the IDMM is a deterministic time- B. Adaptation of the driving style and memory effect
continuous car-following model with a unique steady-state
flow-density relation.

In Sec. Ill, we present related simulations and comparé o . .
the measurements of “virtual detectors” with empirically SUbJeCt'V_e level O_f serwce_)’, which can take on values be-
measured traffic data. We find a semiquantitative agreement. een O(in standing t.raff|¢ and 1 (on a free roa).j and
While the scattering is even observed in the original IDM,W.hICh relaxes to Fhe mstanta}neous level of sendiggu)
the memory effect is necessary to obtain the invarshape with a relaxation timer according to
and the correct relative size of the two-dimensional region of dh,  Ao(v,)—\

. @ o\Va a
data scattering. —_—_ .
In Sec. IV we discuss under which circumstances can er- dt T

ratic scat‘gering b? obtained from de’gerministic sjngle-!anerhis means, for each driver the subjective level of service is
models with a unique fundamental diagram in simulations '

) . . given by the exponential moving averageMA) of the in-
without any element of stochasticity or heterogeneity. stantaneous level of service experienced in the past:

We assume that adaptations of the driving style are con-
rolled by a single internal dynamical variable,(t) (the

)

Il. MODEL EQUATIONS t ,
° )\a(t):<)\0a>EMA:f No(wo(t))e” " dt.  (4)
We will formulate the memory effect in human driver 0

behavior in a way that directly connects to existing car- . .
following models. In principle, any model can be used, the We have assumed the instantaneous level of sek(e)

parameters of which can be interpreted in terms of the driv:[0 be a function of the gctual _velociq_(t). ObViQUSIy’)‘O(U)
hould be a monotonically increasing function witg(0)

ing behavior. The model should allow to define some desire ) .

velocity v, and to influence the minimum netto time g&p .0 a"d Ao(vo)=1. In this paper, we specify the most

by varying one or more of its model parameters. The out—s.'mpl_e level-of-service function” satisfying these condi-

come, of course, will depend on the details of the modef'ons:

used. In this paper, we apply the IDN4] as the underlying v

model, wherev, and T are model parameters themselves. No(v)= oo (5)
0

A. The intelligent-driver model Notice that this equation reflects the level of service or effi-

In the IDM, the acceleration of each vehialeis assumed ~ciency of movement from the driver’s point of view, with
to be a continuous function of the velocity,, the netto Ao=1 meaning zero hindrance and,=0 meaning maxi-

distance gaps,, and the velocity differencéapproaching mum hindrance(A related parameter, by the way, deter-
rate Av,, to the leading vehicle: mines the impatience, nervousness, or degree of panic 1

—\, of pedestriansy, see Ref[1]). If one models hetero-
v |4 [S*(vy,Av,)\? geneous traffic, where different drivers have different desired
1- vl | s, || 1) velocities, there is no “objective” level of service, only an
individual and an average one.
This expression is an interpolation of the tendency to accel- Having defined how the traffic environment influences the

erate witha;(v):=a[1—(v/vo)*] on a free road and the degree of adaptation, of each driver, we now specify how
tendency to brake with deceleration-b;,(s,v,Av) this internal variable influences the driving behavior. A be-

:=—a(s*/s)2, when vehiclea comes too close to the ve- havioral variable that is both measurable and strongly influ-

hicle in front. The deceleration term depends on the raticncing the traffic dynamics is the netto time gapFigure
between the effective “desired minimum gag* and the 1(a) shows that, in congested traffic, the whole distribution

v,=a

a

actual gaps, , where the desired gap of time gaps is shifted to the right compared to data of free
traffic [22]. Notice that an increase of the time headway for
vAv jammed traffic has been also observed if “jammed traffic” is

s*(v,Av)=sp+tvT+ 2 defined by a density threshol@¥ 30 veh./km/lane) instead

2+/ab of a velocity threshold20,29. We model this increase by

varying the corresponding IDM parameter in the range be-

is dynamically varying with the velocity. The first tersg on tweenT, (free traffig and Tjom= BT, (traffic jam) accord-
the right-hand side denotes the small minimum distance kephg to

in standing traffic. The second term corresponds to following
the preceding vehicle with a constant “safety” netto time gap TN =ATo+(1=N)Tjam=To[ Br+N(1—B7)]. (6)
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MEMORY EFFECTS IN MICROSCOPIC TRAFHE . ..
TABLE |. Model parameters of the IDMM with the values used

throughout this paper. All eight model parameters have a clear

0.1 . T . Vv
(a) "R —
008 | vehicle- or driver-related meaning and can be determined from em-
' pirical traffic data.
g 0.08 Parameter Typical value
(]
% Desired velocityy 120 km/h
i 0.04 Netto time gapT, 0.85s
Maximum acceleratiom 0.8 m/g
0.02 Comfortable deceleration 1.8 m/g
Minimum distances, 1.6m
0 i i ; ; Effective vehicle length = 1/p 4 6 m
0 1 2 3 4 5 6 Adaptation factorBr=Tjm/To 1.8
Netto Time Gap T (s) Adaptation timer 600 s
@ 1.8 (b) 1 - .
- 16| | verts to the original IDM. The special case-0 corresponds
E 14l | to a slightly modified IDM, where the paramefEin Eq. (2)
242t | is replaced byT(v)=T0[,8T+v/vo(1—,8T)]. Table | gives
> 4 | the values that we will use throughout the rest of this paper
‘1§ 08 | | unless stated otherwise.
S 06l Notice that the IDMM belongs to the class of models with
5 2 55 =5 85 195 180 a unique stationarity relation. It§ st.ead_y-state following dis-
tance as a function of the velocity is given by
V (km/h)
Rottepolderplein S 17 (©) Badhoevedorp v
é § 5 58 § £85¢%8 ¢ aill SotvTo BT+(1—BT)U—O
g § § 8 @ 5 28 9 dam Se(v) = (8)
4
S I A ) R e -4- v
—/\ N\ Ve \N\7/ Vo
D1 D3 D4 D5 D6 D7 DY . . . .
D2 D3a D8 Figure 2 shows the resulting fundamental diagram for iden-
FIG. 1. (a) Distribution of netto time headways on the left lane t:gal vehicles for the IDMM in comparison with that of the
of cross section D2 of the Dutch A9 from Haarlem to Amsterdam
for free traffic p >v.=60 km/h) and congested traffio €v).
Ill. SIMULATIONS

The evaluated dataset contains 15 workdays with several jéns.
Th? modal Va.‘lue(mOSt pmbable. valyeof the netto time gap .for We have simulated a 20-km-long road section with a
various velocity ranges. The width of the velocity classeg\is . L . .
—20 km/h, the resolution of the time headways in each class igottleneck and open boundaries, assuming identical vehicles
' of effective lengthl=6 m whose drivers behave according
to the IDMM with the parameters given in Table |. The simu-

AT=0.1 s.(c) Sketch of the freeway.

Herein, theadaptation factorB; is a model parametgcf.
Table ). Notice that probably other parameters of the driving 3000 —— - , YTV
style are influenced as well, such as the accelerajahe IDM -~
comfortable deceleratioh, or the desired velocity,. This 2500 r P
could be implemented by analogous equationsafdn, and N
vo, respectively. For simplicityand in order to have anem- £ 20001/
pirically testable modg] we will only consider the influence 2 *,
onT. o 1500 f
In summary, the IDMM is defined by the IDM equations 2 000 | 5
(1) and(2), by Eq.(6) describing how the subjective level of -
service A influences the time gap, and by the dynamical 500
equation for the internal state itself, which can be written as
dh\a _valvo—A,a @ ®0 20 40 60 80 100 120 140
' Density p (veh/km)

dt T
The IDMM parameters are intuitive and can be determined FIG. 2. Comparison of the theoretical fundamental diagrams of
the IDM and the IDMM.

from traffic data. In the special cagg=1, the IDMM re-
046119-3
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lations have been started with very light traffic correspond- 2500
ing to a homogeneous density of 2 veh/km and an initial
velocity of 100 km/h. During the simulated time interval of 3
h, we have simulated idealized rush-hour conditions by in- 2000
creasing the inflow at the upstream boundary linearly from <
200 veh/h att=0 to 2400 veh/h at=25min. Afterwards, T 1500
the flow has been decreased linearly to 100 veh/lt at o
=180min. All vehicles have been initialized with,(0) 2 41000
. . . . o
=1, i.e., with an assumed “memory” of free traffic. As in i
macroscopic traffic simulations of open systef@§], the
velocity of the inflowing traffic turned out to be irrelevant, 500
since it quickly approached the value corresponding to the
“free” branch of the velocity-flow relationv¢(Q) with a 04
flow Q(t) equal to that imposed at the boundary.
We have implemented a flow-conserving bottleneck by Density p (veh/km)
locally increasing the IDM parametéy,
D20 —=—
T 120s, 17 km=x<18 km . 2500
o= lo X)= .
0.85s, otherwise. 5 2000
©
This corresponds to lowering the road capacity and is repre- =
sentative for any bottleneck which is not an on- or off-ramp § 1500
[32]. Notice that, at the bottleneck, this means that the actual o
time headwayT, as specified by Eq6) with (9), depends = 1000
both directly onx and on the subjective level of service of =
the driver resulting in another indirect dependencexon 500
The simulation has been performed using Euler integra-
tion for the velocity and second-order time stépsing the
average of the old and new velocitiger the update of the 0
positions[31]. Output is produced by implementing “virtual
detectors” atx=9 km andx=12 km, with data aggregation
periods of T,gq—=60 s. In each aggregation interval the
traffic flow 12 35 § 8 28550
2 F ¥ X T I IR

Qi=n; /Taggr (10

is determined by counting the numbey of crossing ve-
hicles. As in many practical cases, the average velogitg
calculated as the arithmetic average

13
Vi=— 2 va, (11)
ni a=1
and the density as
pi=QilV;. (12

::::::{%*ﬁ::::::::

o)
25 ok
(©) Nordwestkreﬁz Westkreuz
Frankfurt Frankfurt

0

FIG. 3. (a) Simulated flow-density data of two virtual detectors
compared withb) flow-density data from the German freeway A5-
South near Frankfurt. The density has been determined by the rela-
tion p=Q/V with Q being the lane average of the flows avidhe
lane average of the velocities, weighted with the flow on each lane.
Aggregation intervals with zero-vehicle counts have been omitted.
(c) Location of the detectors measuring empirical data. Here, the
freeway intersection “Nordwestkreuz” plays the role of a bottle-
neck.

Figure 3 displays the resulting flow-density data of the two
virtual detectors, compared with empirical data from real

traffic. Both diagrams showi) the characteristic wide and

A. Interpretation of macroscopic traffic data

erratic scattering of the data points which is a signature of The question arises what causes the obvious stochasticity

“synchronized traffic,”(ii) the characteristic inverseshape
with a maximum traffic flowQ . in free traffic (immedi-
ately prior to the breakdownwhich is significantly higher
than the typical flowsQct in the congested traffic after
breakdown.

in the data of the virtual detectors although everything in the
simulation is deterministi¢including the upstream boundary
condition and the implementation of the bottlengckl-
though all drivers and vehicles are treated identically, and not
even lane changes may serve as possible source for fluctua-
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g 1000
20" a9 90 t (min)
160 500
140
120 0
éE‘ 100 ¢ 0 20 40 60 80 100 120 140
= B Density p (veh/km)
> 60
40 FIG. 5. Flow-density plot as in Fig. 3, but using no data aggre-
20 ) gation and the actual local density determined via fornfi&.
0 .

40 60 80 100 120 140 160

£ (min) dex « is given by the conditiorx,<x<X,_,. Furthermore,

we have defined the instantaneous flow §(x,t)

FIG. 4. (a) Spatiotemporal dynamics of the traffic density and = p(X,t)V(x,t) with V being the average velocity of the
(b) time series of the velocity at the two virtual detectors of thevehicles « and (@—1). In the data forx=9 km, one
simulation shown in Fig. 3. clearly sees the signatures of the fully developed jam in
tions. The only possible source of the fluctuations is trafﬁcform of a_stralght jam lineJ, connecting  the points
. . . - : : ; (Pjam»Qjam) = (130 veh/km,0) and Aouts Qou
instabilities which we will analyze in the following. Figure '} ! . . .
4(a) shows that at about=40 min, a traffic breakdown oc- =(18 veh/km, 1750 veh/h). NOt'CPT that, in Iaccorldan'ce. with
curs near the bottleneck at 17 km, triggering one isolated qbservat|on$33], the outflow from isolated jams is d'Stl.nC'
wide jam with zero flow and a re’gion of congested traffictlvely lower thaanaX._Moreover, the data at both locations
with nonzero flow upstream of the bottleneck. In the con—ShOW. more than one Instance of Z€ero or nearly Z€ero flow at
gested region, initially small oscillations behind the bottle-dens"t.IeS near the maximum density, W.h'Ch can ne.|ther be

’ seen in the time series of the flow-density data nor in those

Puedcg\(/\(/)r?if;”frl gcgnﬁor:%?tﬁ:?utrzggé[g%; ?ﬁfg;ee Ige?irgspg-f of the velocity, when they are obtained by virtual detectors

Y P by means of conventional aggregation of single-vehicle data,
. @% Figs. 3 and 4. The reason is that the virtual detectors
. display finite velocities and flows whenever at least one car
of the OCT state are the only possible sources of ﬂucwacrosses the detector during the sampling time interval. Thus,

tions, the scattering in the data of the virtual detectors obvi-_ - : X L
ously can be traced back to longitudinal instabilities in con-perIOdS of standing traffic of up to the double sampling time,

nection with the interpretation of the macroscopic data l.e., up to 2 min, may not be observed in the detector output,
Based on theoretic[:)al investigatiof@, one mi pht ex éct If we assume that the simulation captures some essential
2 “iam line” in the flow-densit dgia ram’ of Ei 39 stem?nin aspects of real traffic we conclude thigta jam line probably
froJm the wide jam crossing }[/he vgi]rtual detegc.tor’s Howev%reXiStS in real traffic but cannot be found in flow-density data
the jam line is missingas in most empirical dataMoreover, of stationary detectorsii) when looking only at aggregated

the highest “measured” density is only about 50 veh/km,]Eir?fg;ni?;?ésone might get & wrong picture of the actual tra-
although the model parametdi&ble ) imply a jam density '
of at leastpjam= 1/(1 +sp) = 130 veh/km.
To check whether this is an artifact of the data interpreta- B. Analysis of the adaptation effect
tion, in Fig. 5 we have plotted the flow-density diagram of

the same simulation at the same locations. However, instea‘ﬂ)l\\jl\/'\?I now pr?ceeciNto hlnvestl_gat? tthg tﬁﬁeCtS of thef{ nve
of determining the macroscopic density via EG2), this . pafamﬁ‘ ers. e ?Ve s;m;:az e_saTe SysS gm 0
time we have used the formula equations with various values of the adaptation fagtpan

the adaptation time. It turned out that both the outflo®@,
from congested traffidi.e., the downstream flowand the
p(X,t)= X (O =x.(0) (13  flow Qcr inside of the congested region decrease vith
a-1 “ while the maximum flowQ,,.« essentially remains un-
for the actual local density, which one would obtain aschanged. This is plausible, sincg3{—1) describes the
“snapshots” at fixed times. Here, the respective vehicle in-strength of the “frustration effect” after driving in congested
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2500 i x=16000M —
2000 / \ ] 2500
£ 1500 / v[\"vv\ 2000
[) NN — A, -
é’ 1000 \\ §
)
500 2 1500
N
o (a), | <
20 40 60 80 100 120 140 160 180 S 1000
t (min) K
. . . 500
120 A x=16000m ——
1450 /
O 1 1 1
— 14
g 0 U\ y 0 20 40 60
o 1350 N .
2 [ Density p (veh/km)
O 1300 t » — 1
FIG. 7. Flow-density plot as in Fig. 3, simulated with the IDM
1250 X without memory effects. To obtain the same degree of capacity and
1200 O stability, the parameter§ anda have been changed to 1.05 s and
60 80 100 120 140 160 180 1 m/2, respectively.

t (min)
t=170min. The average flow is the highest in the beginning
(Qcong=1450 veh/h at=60min) and decreases to a mini-
mum of below 1300 veh/h at aboti 120 min. At this time,
responds to the developing isolated jam while the peak of 1756he length of the congested region reaches its maximum
veh/h att~50 min is related to the outflow from this jarf) Detail ~ v&lue of about 10 km. Afterwards, when the congested area
of the period of extended congested traffic betwee0 min and ~ Shrinks, the congested flow remains constant for some time
t=170 min. before it increases by about 100 veh/h during the last 15 min
of congestion (155 migt<<170 min).

FIG. 6. Time series of traffic flow for the simulation of Fig. 4,
measured by a virtual detectorat 16 000 m near the bottleneck
using 3-min sampling interval$a) The dip at about=45 min cor-

traffic for some time, while the value @, is related to _ _
free traffic where frustration effects play a minor role. Fur- C. Comparison with the IDM

thermore,Qcr decreases withr. Since the time spent in  The question arises to which extéitthe wide scattering,
congestion behind bottlenecks is typically of the order of the(ii) the distinct hysteresis effects indicated by the ratios
adaptation time or longer, drivers are more adapted to CONY e/ Qe and Qpan/Qam, and (iii) the low values of the
gested traffic conditions when they get closer to the down«measured” densities in congested and jammed traffic are
stream front of the congestion area near the bottlen@he  now features of the IDMM or occur in the original IDM
could also say, they are more frustrated, which may originatgithout memory effects as well. Figure 7 shows a simulation
from reduced attention due to an exhaustion effé€anse- it the original IDM, which is a special case of the IDMM
quently, it takes some time to revert to the more “aggreStor g, —1. The virtual detectors display scattering as well.
sive” driving style in free traffic, explaining the decrease of However, the hysteresis effects are much smaller and the

Qout With 7. density of congested traffic is shifted to higher values, which

One might argue that the drivers should adapt instantaare in particular, higher than the values usually observed in
neously to the traffic situation. There is empirical evidence empjrical data.

however, that the characteristic time scale for adaptation is
not negligible[2]: In data of congested traffic measured near
the bottleneck causing the breakdown, one often observes
that, after the initial drop of the traffic flow, the flow de- We have modeled a memory effect in the behavior of
creases further during the first 10-20 min after the breakdrivers by coupling existing car-following models to dy-
down, cf., e.g., Fig. 12 if24]. Assuming that, after the namical equations for some model parameters such as the
breakdown, the length of the congested area behind theninimum (safe time gapT, the desired velocity,, or the
bottleneck and thus the waiting time of each driver increasegypical acceleratiora. In this paper, we have used the IDM
gradual adaptation can naturally account for the observaas the underlying model resulting in the IDMM, the “IDM
tions. Figure 6 shows this effect in the simulated measurewith memory.” The Gipps mod€l35] seems to be a suitable
ment of a virtual detector near the downstream congestiosandidate as well. It should be straightforward to apply the
front. To average over fluctuations, we have chosen 3-misame concept to macroscopic models such as the gas-kinetic-
instead of one-minute sampling intervals for this figure. Ex-based traffid GKT) model[14,36] and to cellular automata.
tended congested traffic is simulated betwee®0 min and  In fact, the slow-to-start rul€37] can be interpreted as the

IV. DISCUSSION
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special case of an instantaneous adaptatienQ)), which is  from a bottlenecKtypically, an on-rampand displayed stop-
only effective for standing traffic, i.e., the correspondingand-go waves, many of them with growing amplitudes in
“level-of-service function,” Eq. (5), would be given by time. Another factor obscuring the instability of real con-
Ao(v)=1 for v>0 andAy(v)=0 for v=0. gested traffic is the often observednvectivestability, which

The concept could be also generalized to include the trafimplies perturbations that can only propagate upstream, re-
fic density or the velocity variance in determining the level-Sulting in_homogeneous congested traffic of high density
of-service function. This would allow to model different N€ar the downstream front of congesti@f. the “pinch ef-
kinds of adaptation behavior to different types of congested€Ct’) [1,14,33. It should be pointed out that empirical stud-
traffic such as homogeneous congested traffic and oscillating> of traffic data on Canad|an_freeways came t.o the conclu-
congested traffi€OCT) [34]. ion that upstream propagating oscillations in congested

As is the case for the IDM, the IDMM is a deterministic raffic exist, but do not grow in amplitud@9]. Possibly this
car-following model with a unique fundamental diagram. It'S related to different parameters characterizing driver-
has two new parameters, the adaptation fagterand the vehicle behavior on American freeways compared to Euro-
adaptation timer, which can be estimated from single- P€a" ONnes.

vehicle data. Simulations with the IDMM suggest that the In our S|mula_t|0ns, we have excludgd most sources that
would not surprise to produce scattering: We have not as-

adaptation of drivers to the surrounding traffic occurs on . ) .
time scales of a few minutes and plays an important role irpumed heterogeneous multilane traffic exposed to fluctuation

explaining the inversa- shape and the wide scattering of e_ffects. '”Ste‘?‘d’ we have asgumed identical \_/e_h|gles on a
flow-density data in the congested regime measured by sté—'ngle Iaqe with a dynamics given by a determ|n|st.|c model
tionary detectors. Despite its simplicity, the model seems td‘”th at;]m;qlue fl_Jtn(cjjgmleptalt dt')‘?}?t’.ram' V\éet?]o not claim, f;fow;
be accurate enough to enable a direct analysis of the conveﬁyerl’d ba thongl Iu ina msla :j'. |est a?h t? merr&ory ?t ec
tional interpretation of macroscopic flow-density data with\gzu. ? he ?ny causes eta f:c.ng ? €o slerve Scﬁ ?:rlng.
surprising results both for the theoretician and the practitio- Viously, neterogeneous tralfic plays a roie as well. Fur-
ner. th_ermort_a, the role of lane cha_nges remains to be _|nvest_|gated.
For the theoretician, probably the most interesting resul{:'na"y’ it should be emphasized that we have investigated

is the direct demonstration of a simple mechanism that cafflacroscopic |m_pl|cat|pn_s of a microscopic model. To ex-
explain the much-discussed wide scattering of congestealam microscopic statistical properties such as the observed

traffic by longitudinal traffic instabilities. Important for the scaling law for the fluctuations of sample-average time head-

practitioner, the results suggest that the real traffic situation’ &S [22], one probably needs to simulate both heteroge-

in terms of the traffic density, is often worse than the mac_ﬁeous and multilane traffic. Microscopic statistical properties

roscopic density data suggest. The resulting oscillations an\ﬁ”” be investigated in a forthcoming paper.
even short periods of standing traffic are hidden in the “scat-
tering” of the data. In contrast to previous results guided by
theoretical considerationg], the simulations suggest that ~ The authors would like to acknowledge financial support
congested traffic is nearly always unstable. This is supportedy the DFG(Grant No. He 278Pand thank Arne Kesting for
by our analysis of more than 300 empirical examples of conproviding Fig. 1. We are also grateful to the Dutch Ministry
gestion from various freeways with a new visualization toolof Transport, Public Works and Water Management for pro-
[38]. The majority of all congested traffic patterns originatedviding the single-vehicle induction-loop-detector data.
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