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Microstructure and microdynamics of uninterrupted traffic flow
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~Received 21 November 1996; revised manuscript received 12 May 1997!

In this paper, ‘‘uninterrupted homogeneous traffic flow’’ is viewed as a dynamic system of spontaneously
aggregating and breaking clusters of cars. This approach gives qualitative and quantitative descriptions of
density fluctuations and dynamics of free traffic flow in terms of car clusters, and their distributions with
respect to the number of cars in a cluster. The distributions have a nontrivial shape and a nonlinear dependence
on the density of cars on the expressway. Their shape and evolution as a function of car density are described
adequately by a model proposed here. This one-parameter model based on a modified Smoluchowski equation
predicts a critical density at which a phase transition occurs from free to synchronized traffic flow for a
multilane expressway:rcr51663 vehicles km21 ~lane!21, and that below this critical density traffic flow can
be treated as a one-dimensional system. The model may also find application in the study of the low density
pneumatic transport of granular and powdered materials.@S1063-651X~97!11009-1#

PACS number~s!: 05.40.1j, 89.40.1k
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INTRODUCTION

Traffic flow has been extensively studied because of
teresting physical properties and practical importance for
design of transportation infrastructure@1#. When the number
of cars is large, traffic flows can be modeled phenomenolo
cally in terms of a one-dimensional compressible gas. Su
hydrodynamic approach predicts the appearance of tra
shock waves and traffic jams@2#. However, the hydrody-
namic approach does not naturally describe the behavio
traffic flows in the low-density limit, where there are larg
heterogeneities in traffic density@3#. In addition, a very small
dissipation in the microscopic dynamics can make the hyd
dynamic approach incorrect@4#. For this situation, a micro-
scopic model@3,5# will provide a more appropriate descrip
tion, requiring, however, more studies of traffic flow at lo
and moderate car densities. Here I report results of such s
ies, and suggest and analyze a microscopic model descr
the field data. This combination of experiment and the
provides an insight into a phase transition from free to s
chronized traffic flow@6#.

EXPERIMENTAL PROPERTIES
OF FREE TRAFFIC FLOW

The uninterrupted traffic flow on a four-lane express s
tion of the Dan Ryan Expressway in Chicago, Illinois h
been studied~Fig. 1!. Smoothly moving traffic flow is not
perfectly uniform. Observations revealed the following stru
tural features of the traffic flow.

~s1! Small clusters of several cars can be distinguished
the typical distance between cars, of the order of a car s
This distance is several times smaller then that between c
ters. A cluster can consist of cars moving closely in the ne
est lanes, or moving closely one after another in the sa
lane, or both, and not necessarily with the same speed.

~s2! Larger clusters, with number of carsi>8, are not
uniform and have an internal structure: they appear to
composed of closely packed smaller clusters of sizei<4.
Though very rare at studied densities~,0.5% of the total
561063-651X/97/56~4!/4860~4!/$10.00
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number of clusters!, these clusters are of interest as can
dates to play a role of seed fluctuations for the developm
of even larger stable clusters and, ultimately, traffic jams@2#.
It is interesting to note that cluster structure is present e
in heavily congested traffic, but in this case the car clust
are considerably larger and consist of tens of cars each.

Besides these interesting structural features, the obse
tions revealed a number of dynamic properties of tra
flow.

~d1! Due to differences in speed, car clusters typica
break-up into clusters of smaller size;

~d2! Two car clusters, also, can constructively intera
yielding a larger cluster.

~d3! Clusters, composed ofi>4 cars, can be large enoug
to block all the lanes of the expressway~‘‘blocking’’ cluster!
and to have a net synchronizing effect on cars speeds: a
car can not pass the ‘‘blocking’’ cluster, slows, and ends
embedded within the cluster.

The described qualitative picture raises quantitative qu
tions about the structure and dynamics of the traffic flo
What is the shape of a cluster distribution? How does
cluster distribution evolve as the density of cars on the
pressway changes? With these questions in mind, a num
of measurements have been carried out.

The measurements have been done by visual counting

FIG. 1. The layout of the Freeway 90,94 segment used for m
surements. The measurements were performed under daylight
ditions, a temperature of about 20 °C, and a wind speed of abou
km/h. The point on a bridge above the freeway, from which d
were collected, is indicated with a star. Bold lines indicate concr
separations of express and local lines and exits.
4860 © 1997 The American Physical Society
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56 4861BRIEF REPORTS
recording the number and sizes of car clusters, traversing
the same direction a fixed cross section of the expressw
~Fig. 1!. To quantify the rate of the traffic flow, the traffic
data were recorded for a sequence of time intervals, varyi
in length from 10 to 70 s. The time of the measuremen
varies typically from 20 to 50 min. The traffic data were
initially recorded with a voice recorder, and later transferre
into a computer for processing.

The distributions of clusters,ni , with respect to the num-
ber, i , of cars in a cluster were measured for different flow
rates~Fig. 2!. The distributions demonstrate two regimes o
behavior: a weaker dependence oni for the clusters of small
size, and a steeper exponential dependence oni for the clus-
ters of larger size. The distributions evolve nonlinearly as
function of car density: when the car density increases, t
number of small-size (i ,4) clusters increases for less then
50%, while the number of large-size clusters (i .4) can in-
crease by two orders of magnitude.

When the car density grows, one can expect the proce
~d3! to become more important, and to cause depletion in t
number of fast small (i ,4) clusters through their embodi-
ment into large (i>4) ‘‘blocking’’ clusters. The number of
clusters with i>8 will grow correspondingly. This effect,
first a hypothesis based on~s2! and ~d3!, indeed has been
observed: a cluster distribution at the densityr
514.5 vehicles km21 ~lane!21 demonstrates a qualitative
change of its behavior with respect to the cluster distributio
at r511.9 vehicles km~lane!21 ~Fig. 3!. Instead of an antici-
pated increment in the number of all clusters the distributio
for r514.5 shows;30% depletion fori 51, no change for
i 52, and a fourfold growth fori>8. This observation, to-
gether with a recent observation@6# of phase transition from
free to synchronized traffic flow at r517.5
63 vehicles km21 ~lane!21 suggest that the nonlinear pre-

FIG. 2. Distribution of car clustersni , vs cluster sizei , on a
four-lane freeway for three car densities in vehicles km21 ~lane!21

~a log-log scale!: d, 3.160.3; s, (7.260.8); ., (11.961.1). To
reflect the density of clusters per one kilometer, the distributions a
normalized with coefficientK5t totvav, wheret tot is a total time of
data acquisition for a distribution, andvav is an average cars speed
measured by driving along with the traffic.
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ferred growth of the number of large clusters and the pha
transition might be closely connected. This suggestion is di
cussed further in the text.

The observed complex structure of free uninterrupte
flow raises a question about the completeness of the form
lated set,~d1!–~d3!, of dynamic properties: Is this set suffi-
cient to describe the complexity? To answer this questio
Monte Carlo simulations of traffic flow have been per-
formed.

MODEL OF FREE TRAFFIC FLOW

Traffic flow was supposed to consist of car clusters. Th
properties of interaction between clusters,~d1! and~d2!, can
be described in generalized form by means of the followin
reactions:

ci1cj→ci 1 j for the aggregation of the clusters,
~1a!

ci→cj1ci 2 j for the breakup of the clusters,~1b!

whereci and cj stand for a cluster of sizei and j , respec-
tively. The process~d3!, which is essential for a three-cluster
interaction;A3ninjnk , was not included because the rate o
this interaction estimated for (i 1 j 1k<6) from experimen-
tal data is more than 20 times smaller than the rate of two
cluster interaction. However, for large ‘‘blocking’’ clusters
the three-cluster interaction becomes important and, as it w
be discussed below, sets an upper limit of car densities
which the following model is applicable.

Then, an equation for the concentration of the clusters ca
be written by recourse to the Smoluchowski equation@7#,
modified to include two terms describing cluster breakin
@8#:

re

FIG. 3. Cluster distribution atr'14.5 vehicles km21 ~lane!21,
,, demonstrates qualitative change of behavior with respect to t
distribution atr'11.9,.: the depletion of the number of clusters
for i 51, and an increment fori>8. The normalization procedure is
the same as for Fig. 2.
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dni

dt
5

]ni

]t
1

1

2 (
j 51

i 21

A~ j ,i 2 j !njni 2 j1 (
j 5 i 11

i max

B~ i , j 2 i !nj

2ni (
j 51

i max

A~ i , j !nj2~12d1i !ni (
j 51

i 21

B~ j ,i 2 j !, ~2!

for ; i>1, whered1i is kroneker’s index. HereA( i , j ) and
B( j ,i 2 j ) are constants of reactions~1a! and ~1b!, respec-
tively.

Stationary solutions:dni /dt50, ]ni /]t50, ; i>1, of the
above equation have been studied with several assumpt
about the constants of the reactions:~a1! A( i , j )5A0 , ; i , j
>1 ~equal probability of association!; ~a2! B( i , j )
5b0p( i , j ), whereb0 is the constant for decay of a cluster o
sizei , andp( i , j )51/(i 21) is a probability of decay into the
(cj1ci 2 j ) channel. These assumptions about the consta
make of Eq.~2! a one-parameter (A0 /b0) model. This model
has been used to fit the distributions of clusters with resp
to their size ~Fig. 4!. The fit yields the valueA0 /b0
50.006460.0016 km, the same, within error, for all studie
car densities: 3 – 16 vehicles km21 ~lane!21. This value of
A0 /b0 is in agreement with a theoretical estimate given by
formula, which I derived assuming reaction constants bei
reciprocal of characteristic times for Eqs.~1a! and ~1b!:

A0 /b0'~1/Ntottass!/~1/tbr!5 l cl , ~3!

where Ntot is the density of the clusters per mile,tbr
' l cl /Dv is a characteristic time for cluster breaking,tass
51/(DvNtot) is a characteristic time for clusters associatio
andDv and l cl are an average speed dispersion and an av
age cluster length in traffic flow. ThusA0 /b0 depends only
on average cluster length, which was found to bel cl

'621
14 m, and expression ~3! yields A0 /b0

'0.006120.001
10.004 km, in close agreement with the above fi

value. To test the predictive power of this model further,

FIG. 4. Results of Monte Carlo simulations based on on
parameter Smoluchowski equation:—, experimental data for the
car density 7.2 (veh km21 lane21); ----, Monte Carlo simulations
with A0 /b050.0048 km; —, A0 /b050.0064 km; –-–-, A0 /b0

50.0080 km.
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have used it to describe earlier obtained traffic data for d
ferent road conditions: a no-passing zone in one-lane tun
@9#. The fit parameter for the data,A0 /b050.0048
60.0016 km, is in a good agreement with its estimate abo
Thus the set of dynamic properties deduced from the o
served data is sufficient to describe the complex structu
and evolution of free traffic flow, and allows one to formu
late a model for the prediction of density fluctuations in th
traffic flow.

The Monte Carlo simulations of Eq.~2! predict thatn1
reaches its maximum value;40 at r;0.8(A0 /b0)21

530 vehicles km21 ~lane!21 and remains approximately con
stant for the density range 30– 50 vehicles km21 ~lane!21.
This results, along with the observed decrement inn1 ~Fig.
3! and a possible connection of the decrement with the tra
sition to synchronized flow, motivated a use of this model
determine a critical density for the transition: assuming th
such transition is caused by ‘‘blocking’’ clusters, one ca
expect that the synchronizing effect becomes important wh
the total number of ‘‘blocking’’ clusters,nbloc, exceeds 1.
Calculation of this total numbernbloc ~Fig. 5! gives the criti-
cal density value 1662 vehicles km21 ~lane!21, which
agrees with its experimental value for a five-lane expressw
@6#: 17.563 vehicles km21 ~lane!21. These results taken to-
gether allow one to conclude that an external geometri
factor, the expressway width, determines the change in
namics from free to synchronized flow. From this, a formu
for the critical density on a multilane expressway can b
deduced: rcr51663 vehicles km21 ~lane!21. Below the
critical density traffic flow can be treated as a one
dimensional system. Thus the phase transition from free
synchronized flow indeed can be linked to the evolution
cluster distribution as a function of car density.

The similarity between traffic and granular flows sugges
that the model may be relevant to study transport of granu
and powdered materials highly utilized in industry@10#. De-
veloping of solid plugs during pneumatic conveying, ‘‘chok

- FIG. 5. Total number of ‘‘blocking’’ clusters,nbloc, on a four-
lane freeway as a function of car density,r. The uncertainty ofnbloc

~indicated by two lines! is due to an uncertainty in the probability o
a ‘‘blocking’’ configuration for clusters of sizes 4< i<7.
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56 4863BRIEF REPORTS
ing’’ and ‘‘saltation,’’ is analogous to the development
traffic jams. Then Eq.~2! may describe a stationary materi
state at densities below the ‘‘choking’’ limit. In this cas
energy for the clusters’ breakup would be provided by the
flow. It would be also interesting to study if the cluster stru
ture of the flowing material remains preserved during
material densification. Recent experimental@11# and theoret-
ical @12# results support such direction of questioning.

CONCLUSIONS

The results presented here suggest the following.
~1! ‘‘Uninterrupted homogeneous traffic flow’’ can b

viewed as a dynamic system of spontaneously aggrega
and breaking clusters of cars. This approach allows on
give qualitative and quantitative descriptions of the struct
and dynamics of the traffic flow in terms of car clusters a
their distributions with respect to the number of cars in
cluster.

~2! The distributions of car clusters,ni , with respect to
the numberi of cars in a cluster have a nontrivial shape a
demonstrate a complex nonlinear dependence on the de
of cars on the expressway. When the density of cars
creases, the slope of the distributions for smalli decreases
and the exponential ‘‘cutoff’’ shifts to larger values ofi . The
dependence ofni on the density of cars described abo
brakes down around the density 14.560.8 vehicles km21

~lane!21: the number of clusters, large enough to block t
expressway, increases considerably, and the number of s
clusters decreases. This density value corresponds to a p
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transition from the free to synchronized traffic flow on
multilane expressway.

~3! The evolution of the cluster distribution and, henc
density fluctuations, measured in the regime of free tra
flow at car densities 3 – 16 vehicles km21 ~lane!21 can be
qualitatively and quantitatively described by the on
parameter model proposed here, based on a modified Sm
chowski equation. The model parameter has a value
0.006460.0016 km for the studied densities of free traffi
flow.

The results also suggest that the transition to synchron
regime on a k-lane expressway occurs at:rcr516
63 vehicles km21 ~lane!21, below which traffic flow, even
on a multilane expressway, can be treated as a o
dimensional system of car clusters. A correct microsco
description of traffic flow at synchronized regime may r
quire the inclusion of a many-cluster interaction.
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