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Gas-Kinetic-Based Traffic Model Explaining Observed Hysteretic Phase Transition
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Recently, hysteretic transitions to “synchronized traffic” with high values of both density and traffic
flow were observed on German freeways [B.S. Kerner and H. Rehborn, Phys. RevV.9.et030
(1997)]. We propose a macroscopic traffic model based on a gas-kinetic approach that can explain
this phase transition. The results suggest a general mechanism for the formation of probably the most
common form of congested traffic. [S0031-9007(98)07202-0]

PACS numbers: 89.40.+k, 05.60.+w, 05.70.Fh, 47.55.—t

To physicists, nonequilibrium phase transitions are very Property (i) is related to lane changing and requires a
fascinating phenomena. Prominent examples are pattermultilane model for its description, e.g., [11]. In order to
forming transitions in hydrodynamic systems driven farexplain the other characteristic properties of ST, we will
from equilibrium, like thermal convection of a fluid heated propose a macroscopic, effective one-lane model that was
from below or transitions to a state of spatiotemporal chaoderived from a gas-kinetic level of description and treats all
[1]. Recently, physicists have become interested in théanes in an overall manner. The modelis also in agreement
spatiotemporal, collective patterns of motion formed inwith other empirical findings [9,12] like the existence
social or biological systems of so-called “motorized” or of metastable states, the typical propagation velocity of
“self-driven” particles [2]. A particularly strong physical upstream jam fronts (betweenl10 and —20 km/h), and
activity has developed in the rapidly growing field of traffic the characteristic outflo@,,, from traffic jams of 1600 up
dynamics [3—16], not only because of the large potentiato 2100 vehicles per hour and lane (depending on the road
for industrial applications. and weather conditions, but not on the initial conditions or

On a macroscopic scale, many aspects of traffic flowthe surrounding traffic density) [13].
are similar to those of aggregated physical systems. Our model is based on a kinetic equation for the phase-
In particular, if one abstracts from the motion of the space density (x, v, t), which corresponds to the spatial
single vehicles, traffic can be modeled as a continuunvehicle densityp(x, r) times the distributiorP (v; x, r) of
compressible fluid [4,5] (see Ref. [6] for an overview). vehicle velocitiew at positionx and timer [5]. (For anin-
Existing macroscopic traffic models have been able tdroduction to gas-kinetic traffic models see Ref. [14].) The
explain various empirically observed properties of traffickinetic equation has some similarities to the gas-kinetic
dynamics, including the transition of slightly disturbed Boltzmann equation for one-dimensional dense gases with
traffic to traffic jams (“local cluster effect”) [7]. the vehicles playing the role of molecules. However, there

Recently, Kerner and Rehborn presented experimentare also some features specific to traffic. Drivers want to
data indicating a first-order transition to “synchronized” accelerate to their respective desired velocities giving rise
traffic (ST) [8]. Traffic data from several freeways in to a relaxation term that violates conservation of momen-
Germany [8,9] and the Netherlands [6,10] indicate thatum and kinetic energy. Moreover, when approaching a
ST is the most common form of congested traffic. STslower car that cannot be immediately overtaken, one has
typically occurs at on-ramps when vehicles are added tto decelerate while the car in front remains unaffected.
already busy “freeways” and has the following properties:This leads to an anisotropic interaction. Finally, the re-
(i) The dynamics of the average velocities on all lanes isaction of the drivers depends on the traffic situation ahead
highly correlated (synchronized). (ii) ST is characterizedof them, making the interaction nonlocal.
by a low average velocity, but, in contrast to traffic The model equations for the lane-averaged vehicle den-
jams, the associated traffic flow is rather high. (iii) Thesity p(x,7) = [ dv p(x,v,t) and the average velocity
transition to ST is usually caused by a localized and shorV(x,7) = p~!' [ dvvp(x,v, 1) are
perturbation of traffic flow that starts downstream of the p . apV) _ Ormp

on-ramp and propagates upstream with a velocity of about , (1)
—10 km/h. (iv) As soon as the perturbation passes the ot 9x nL

on-ramp, it triggers ST which spreads upstream in the(i i)v _ 1 a(po) n Vo -V

course of time. (v) Downstream, ST eventually relaxes\ 9¢ dx p  0x T

to free traffic. (vi) ST often persists over several hours. )

(vii) The transition from ST to free traffic occurs at a _ VoA(p) (paTV) B(5y)
lower density and higher average velocity than the inverse TA(Pmax) (1 = pa/pmax)? ’
transition fysteresis effekt (2)

3042 0031-900798/81(14)/3042(4)$15.00 © 1998 The American Physical Society



VOLUME 81, NUMBER 14 PHYSICAL REVIEW LETTERS 5 @TOBER 1998

where we use the notatiofi,(x,t) = f(xa,t) with f €  “Boltzmann factor” [13]

{p,V, 6} and an advanced “interaction point; specified 812 s L

later. Without on- or off-ramps, the density equation (1) B(5y) =2 5V€ S a + 52)f ' dy e’

is just a one-dimensional continuity equation reflecting NoX L - 27 |

the conservation of the number of vehicles. Thus, the (4)
temporal changep /dr of the vehicles density is just given

by the negative gradientoQ/dx of the lane-averaged where 6y = (V — V,)//0 + 0, is the dimensionless
traffic flow Q = pV. Along on-ramps (or off-ramps), the velocity difference between the actual locatiorand the
source termQ;m,/(nL) is given by the actually observed interaction pointx,. In homogeneous traffic, we have
inflow Qrmp > 0 from (or outflowQ,,, < 0to) theramp, B(0) = 1. If the preceding cars are much slower (i.e.,
divided by the merging length and by the number of &y > 0), it follows that B(5y) = 28%. In the opposite
lanes. The inflow has an upper limit that depends on thease (i.e.6y < 0), we haveB(8y) = 0. That is, since

downstream flow on the main road [15]. the distance is increasing, then the vehicle will not brake,
The velocity equation (2) contains the velocity varianceeven if its headway is smaller than the safe distance.
O(x,t) =p ' [dv[v — V(x,t)Pp(x,v,1). Instead of In contrast to previous approaches, the above macro-

deriving a dynamic equation fo® from the kinetic scopic traffic model explicitly contains an anisotropic,
equations, we use the constitutive relatién= A(p)V?> nonlocal interaction ternB(Sy). This is not only essential
with [13] for a realistic treatment of situations with large gradients
of p(x,r) or V(x,t), but also for an efficient and robust
_ P — Pc numerical integration. Moreover, the prefactor Bthas
Alp) = Ao + A4 tanf( Ap ) 3) now been obtained from the plausible assumption that, at
high densities, the time headway between successive ve-
where Ay = 0.008, AA = 0.015, p. = 0.28pmax, @and hicles isT. Finally, all model parameters are meaningful,
Ap = 0.1pmax.  These coefficients can be obtained frommeasurable, and have the correct order of magnitude.
single-vehicle data. Unfortunately, no such data were Our simulations have been carried out with an
available for the motorway considered in [8], but similar explicit finite-difference integration scheme and the
values were obtained for another motorway [16]. following parameter values¥V, = 128 km/h, pmax =
The first term on the right-hand side (rhs) of Eq. (2)160 vehiclegkm, T = 1.6 s, 7+ = 31s, and y = 1.0.
is the gradient of the “traffic pressurg'd. It describes The response of equilibrium traffic to localized distur-
the kinematic dispersion of the macroscopic velocity inbances is similar to the Kerner-Konhauser model [7]. For
inhomogeneous traffic as a consequence of the finitdensitiesp < p.; and p > pq4, homogeneous traffic is
velocity variance. For example, the macroscopic velocitystable, and for a rangp., < p < p.3 of intermediate
in front of a small vehicle cluster will increaseven if densities, it is linearly unstable, giving rise to cascades of
no individual vehicle acceleratebecause the faster cars traffic jams (“stop-and-go traffic”). For the two density
will leave the cluster behind. The second term denotesegimesp.; = p = p.; andp.s = p = p.4 between the
the acceleration towards the (traffic-independent) averaggtable and the linearly unstable regions, it is metastable;
desired velocityV, of the drivers with a relaxation time i.e., it behaves nonlinearly unstable with respect to per-
7 €10 5,50 s]. Individual variations of the desired turbations exceeding a certain critical amplitude, but oth-
velocity are accounted for by a finite velocity variance.erwise stable. For the self-organized dengify, inside
The third term of the rhs of Eq. (2) models braking in traffic jams we find a typical valugjsm > pcs [13].
response to the traffic situation at the advanced interaction Now, we will discuss synchronized flow. Figure 1
pointx, = x + y(1/pmax + TV). In dense traffic, where shows the simulation of freeway traffic near an on-ramp
most drivers maintain the safety distari¥, this pointis during a “rush hour,” where we assumed that the flow
abouty vehicle positions in front of the actual vehicle downstream of the on-ramp almost reaches the maximum
position x. The average safe time headwayis of the equilibrium flow (“capacity limit") Omax. The upstream
order of one second. For the “anticipation factey;  boundary condition at positiony = —6 km was speci-
we assume values between one and two. The brakinfied in accordance with the equilibrium flow-density rela-
deceleration increases coulomblike with decreasing gapon for free traffic (dotted lines in Fig. 3, shown below,
(1/pa — 1/pmay) to the car in front [/p, being the before the maximum of the curve) with flows according to
average distance between successive vehicle positionsig. 1(c). We started with a high main flow that is mono-
1/ pmax the average vehicle length, apgax the maximum  tonically decreasing in the course of time. At= 0 km,
density). In homogeneous dense traffic, the acceleratioan on-ramp with merging length = 300 m injects an
and braking terms compensate for each other at abowaidditional time-dependent inflo@,,, into the freeway.
the safe distance. In general, the deceleration tendendyhis on-ramp flow was assumed to have a short and
depends also on the velocity difference to the traffic at théiny peak atr = 10 min [Fig. 1(c)]. As a result, a wave
interaction point. A gas-kinetic derivation leads to theof denser traffic propagated downstream, thereby gaining
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FIG. 1. Spatiotemporal evolution of the lane-averaged density Time t (min)

after a small peak of inflow from the on-ramp. The on- ) )

ramp merges with the main road at= 0 km with a merging FIG. 2. Temporal evolution of (a) the average velocity and
length of 300 m. Traffic flows from left to right. In (a), the (b) the traffic flow per lane at four cross sections of the
parabolically shaped region of high density corresponds to STifeeway near the on-ramp. In front of the on-rarfip< 0),
Plot (b) shows the formation of this state in more detail. TheST exists for a certain time interval. Downstream> 0), the

time-dependent inflow),.;, at the upstream boundary and traffic situation recovers towards a freely flowing state. The
Qwmp/n at the on-ramp are displayed in (c). simulated overshooting at the beginning of the breakdown of

average velocity is in agreement with empirical observations
[cf. Fig. 1(b) in Ref. [8]].

a larger amplitude, and eventually propagated upstream
again with about—11 km/h. Once the perturbation
reached the ramp, dense traffic (of about 48 vehjkien
with relatively high flows (1600 vehiclgd) correspond-
ing to V = 33 km/h built up in the upstream direction.
Although the flow from the main road was gradually de-

by only 20%. Moreover, after the transition to free flow,
the velocity is higher and the flow is lower than imme-
diately before the transition to synchronized flow, both in
the measurements and the simulation. Finally, in Fig. 3
creased for > 30 min. it took more than 100 additional V€ depict the relaxation to free traffic downstream of the
minutes, until the region of congested traffic vanished. ramp by flow-densny dlagrams_[_see alsq Fig. 1(b)]. The
All these features agree with the experimental ObserVar_esqlts agree well with the empirical traffic data presented
tions of ST described in Ref. [8]. There, a peak on the Fig. 3(c) of Ref. [8]. . . .
on-ramp flow was observed at about 7:15 a.m. The tran- Our results suggest the following interpretation of

sition to ST was first detected at 7:16 a.m. as a short diﬁ)he phase transition to ST. Initially, the homogeneous
of the velocity 700 m downstream from the on-ramp (de-
tector D3 in [8]). At about 7:22 a.m., the front reached a

3000 3000 3000

detector (D2) 200 m upstream of the ramp (corresponding= x=-0.2km —— x=0.7km —- X=1.5km

to a mean propagation speed ofll km/h), and propa- E 2500 E(,q'glllbr. ----| 2500 Equil\lbnum—m 2500 EqU|Ijbr|um

gated slower to the next detector D1 (700 m upstream)% iggg r'><&\ iggg: ﬁ\ iggg ﬁ

While the perturbation at detector D3 lasted only a few = 10001} 1000”,/ 1000 M

minutes, it was followed by nearly two hours of congested 3 00 1 (a; 00 b (b)‘ 500 f (C)‘

traffic (V = 30 km/h, @ = 1500 vehiclegh) at the de- / N3 NE

tectors D2 and D1. 0 255075100 0 2550 75100 O 25 50 75100
It turned out that, apart from fluctuations, the simulated Density (vehicles/km) Density (vehicles/km) Density (vehicles/km)

velocities and flows obtained at the detector pOSItIX)ﬁS FIG. 3. Traffic dynamics in the f|0W_density p|ane (a) 0.2 km
—0.7 km (D1), x = —0.2 km (D2), x = 0.7 km (D3), upstream of the on-ramp and (b), (c) at two downstream cross
and x = 1.5 km (D4) (cf. Fig. 2) are in almost quanti- Sr?CtiO_ﬂS-l The SOlidl |ine]§ ;\{ith fhes)llmr?d@) correspond to

; ; ; : the simulation results of Fig. 1. the trajectories start at
tqtlve agreement with all features of ST as dlsplayed |ﬁp _ "7 vehicleskm and © — 1770 vehiclesh. The dashed
Figs. 2(c), 2(b), 2(a), and 2(d) of Ref. [8]. In particular, jine represents the equilibrium relatioB.(p) of the model.
the model reproduces the drop of the velocity to aboutrhe vertical dotted lines indicate the stability limits;, pea,
30 km/h for almost two hours, while the flow is reduced p.;, andp., (determined numerically).
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flow Omain Upstream of an on-ramp is stable, while determining bottlenecks of the existing road infrastructure

the higher downstream floWgown = Omain + Qrmp/n as well as for planning efficient freeway networks.

is metastabldn = number of lanes A perturbation of The authors thank the BMBF (research project

the ramp flowQ,, triggers a stop-and-go wave, which SANDY, Grant No. 13N7092) and the DFG (Heisenberg

travels downstream as long as it is small and upstream asholarship He 2784.-1) for financial support.

it becomes larger, as is known from “localized clusters”

[7]. Now, assume the downstream front of the cluster

would pass the on-ramp. Then, sin@g.in [Fig. 1(c)]
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