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Phase diagram of congested traffic flow: An empirical study
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We analyze traffic data from a highway section containing one effective on-ramp. Based on two criteria,
local velocity variation patterns and expansionnonexpansionof congested regions, three distinct congested
traffic states are identified. These states appear at different levels of the upstream flux and the on-ramp flux,
thereby generating a phase digram of the congested traffic flow. Observed traffic states are compared with
recent theoretical analyses and both agreeing and disagreeing features are found.

PACS numbgs): 89.40+k, 05.70.Fh, 45.70.Vn, 47.55.Kf

In the last decade, there has been growing interest in théne road section with the lane divider, where the inner lanes
traffic flow, which is partly motivated by the fact that the are decoupled from the outer ones.
traffic flow is an easily perceivable realization of heavily = We investigate the traffic congestion in the inner lanes
studied driven nonequilibrium systerfs]. Another impor-  using the 30 s averaged traffic data from June to September,
tant motivation is the hope that complex traffic behaviors1999(a total of 107 days, a much larger data set compared to
may be understood with the help of physical approachesl4 days in Ref[13]). All quantities below are averaged over
Such understanding can be used to optimize traffic and evelf€ two inner lanes. For each realization of a particular con-
to forecast traffic situations. gested traffic state, which is stably maintained about 30 min
A reasonable first step along this line of thinking will be OF longer, the effective ramp fluk,, [defined as the differ-
the classification of distinct traffic states and separate inve£'Ce between two flux values measured at the detectors D10
tigation of their properties. Various traffic models are pro-and D7,q(D10)—q(D7)] and the upstream fluk,, [q(Dn)

posed[2] and compared with real traffic daf8]. With the is used when the congestion extends up toH1] are aver-
help of these models, free flow and so-called wide traffic

aged over the time interval of its duration and the resulting
jams are well understood. On the other hand, the nature cﬁ]

verage valuesf ), (f ) are marked in Fig. @). Note
congested traffic flovior synchronized floi which appears at three congested traffic states, which we call CT2, CT4,
near road inhomogeneities mostly, yet remains unclear d

and CT5 states, respectivelyee beloy, occupy distinct re-
spite various empiricdl4—6] and theoretical7—11] efforts.

E‘g'ions, providing a supporting evidence for the prediction
) e [9,10Q) thatf,, andf,,, are characteristic parameters of con-
A recent theoretical studi®] proposed an intriguing pos- gested traffic flow. Thus Fig. (8 becomes an empirical
sibility that the congested traffic flow may not be a singlephase diagram of the congested traffic flow. Figufe) 2
dynamic phase but rather a collection of multiple phasesshows an alternative phase diagram obtained from 10 min
each of which is realized under different conditions. A simi- averaging of the flux values instead. Two phase diagrams are
lar conclusion is also reported from the investigation of anualitatively the same.
other theoretical modglLQ]. In the empirical investigations, Three congested traffic states, CT2, CT4, and CT5, are
however, although qualitatively distinct congested trafficclassified according to the two criteria given below. It is
states are reportdd,12], no empirical evidence is found for
the existence of any characteristic parameters that distinguis® p;  p> D3 D4 D5 D6 D7 DSDIDIO DIl
their appearance conditiolfi§]. L | L L |
In this paper, we report empirical investigation of traffic ' ' bl oo '
congestion in a highway section containing one effective on-0 05 18 3137 58 6976 859297 109 x (km)
ramp. Details of the section are given in our preliminary
report[13], so we provide here only a brief descriptiffig.
1). All ramps are connected to the outermost ldlzme 9
and a stretch of lane dividéfrom x=3.5 to 8.3 km, dashed
line in Fig. D blocks lane change from the two outer lanes El  ONI E2  ON2E3ON3 E4 ON4
(lane 3 and #to the two inner onedlane 1 and 2and vice
versa. In a short road segment near the end of the lane d
vider (from x=8.3 km to the location of the detector D9
approximately, many vehicles in the outer lanes switch into  F|G. 1. Schematic diagram of a road section in the Olympic
the inner lanes, which is also enhanced by vehicle f|U)1—|ighway in Seoul. Locations of detectors 1) on-ramps (OM),
through the on-ramp ON3 at=8.6 km. As a result, this and off-ramps (E) are marked. The dashed line in the middle
segment works as agffectiveon-ramp region for the traffic denotes the lane divider and the arrow indicates the driving
flow of the inner lanes and traffic congestion often occurs indirection.
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FIG. 2. (@ Empirical phase diagram of the congested traffic
flow. (f,y and(f,, represent the average upstream and on-ram
flux values over the time interval during which a particular con-
gested traffic state is maintainéalso lane averagedThe dashed
line is an empirical estimation of the free flow phase boundar
below which the free flow can remain linearly stab(b) Same
diagram using 10 min averaged flux values.
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objective application of the criteriofii).

In all three states, the density-flow relations show fluctu-

ating behaviofsuch as Fig. @) in Ref.[4]] and the velocity
variations in the lane 1 and 2 are synchronigsach as Fig.
2 in Ref.[5]). Since these properties are already reported in
other publications, we do not present similar figures here.
Below we discuss other properties of the congested traffic
states.

Figure 3a) depicts the density profilp(x,t) of the CT2
state and its evolution with time, whepgx,t) is evaluated
by q(x,t)/u(x,t) andu(x,t) is the harmonic mean velocity
[14] over 30 s intervals. The spontaneous growth of the ve-
locity oscillation mentioned in the criteriofi) does not ap-
pear. The flux mismatctif o) + () — (faown is Negligible
and the congested region does not expand. Empirical data
also show that the length of the congested region increases
with (f ;) and its dependence dff,) is rather weaK15].

Figure 3b) shows the CT4 state. The spontaneous growth
of the velocity oscillation does not appear. Due to the large
flux mismatch (typical value of () +(fmp = (faoun IS
500-600 vehiclesjh the congested region expands with
time. The expansion rate ranges from 3 to 9 km/h and in-
creases with increasing flux mismatch. An interesting prop-
erty is that the outflow(f 4o, is practically independent of
(fup and(f,y, and remains almost universal. The average
of (fgown OVer the 28 realizations of the CT4 state in Fig.
2(a) is 2010 vehicles/h and its standard deviation is about 65
vehicles/h, which is much smaller than the spread fgf)
and(f,ny. To our knowledge, this is the first empirical in-
dication of the universal outflow from the congested flow
near an on-rample].

Figure 3c) portrays the CT5 state. An important feature
of the CT5 state is the spontaneous growth of the velocity
oscillation inside the congested region. Figure 4 shows the
temporal variation of the velocity at D5 and D6. The graph
for D6 is shifted to the right by 5 min for comparison. Note

Rhat the velocity evolutions at the two detectors are corre-

lated after the time shift for D6, and that the velocity oscil-

yIates with larger amplitude at D5. These features imply that

velocity wave propagates backwatdwards upstreajnand
its amplitude grows during its propagation.
Regarding the criteriofii), the congested region expands

previously reportedl6] that the congested region may consistas shown in Fig. &). The upstream front of the congested
of backward(towards upstreajntraveling clusters and the region initially locates between D5 and D6 and later between
size of the clusters grow spontaneously during their backb4 and D5. We mention that the flux at D4 remains quasi-
ward propagation. As a result, large amplitude oscillation ofstationary during the depicted time interval. Thus the expan-
velocity develops spontaneously. On the other hand, recemsion is not due to the increase 6f, but due to the flux
theories[9,10] predict that large velocity oscillation may or mismatch. Compared to the CT4 state, however, it turns out
may not develop. Thus our criteri@i is whether such spon- that the flux mismatclitypically 200—250 vehiclesjhis con-
taneous growth of velocity oscillation apped€sT5) or not  siderably smaller, which implies a slower expansion of the
(CT2, CT4. This criterion can be examined by comparing congested region. We estimate the expansion rate by the flux
temporal variation of velocity at different detectors. mismatch divided by the density difference at the upstream
In the same theoretical works, both expanding and nonexfront of the congested region, and find it ranges 2—4 km/h
panding traffic states are predicted, and our criteionis  [17]. The outflow of this state is not universal.
whether the congested region expands monotoni¢ally4, It is interesting to compare empirically identified states
CT5) or not(CT2). Mathematically the expansion rate of the with theoretically predicted stat¢g—10]. Application of the
congested region is proportional to the degree of flux mis<criteria (i,ii) to both empirical and theoretical states leads to
match f o+ frmp— faown, Where fgo,, measures the outflow the following pairing between empirical and theoretical
from the congested regidm(D10) is usedl Thus the com- states: the CT2 state with the theoretically predicted pinned
parison of(f ) +(fmp and(fg,y can be used as a more localized cluste(PLC) state, the CT4 state with the homo-
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FIG. 4. Spontaneous growth of the velocity oscillation inside the
congested region of the CT5 state. The velocity evolution at D6 is
shifted to the right by 5 min for clear comparison.

flow is universal for the OCT sta{@], it is not for the CT5
state. Thus properties of these two states are only in partial
agreement. And for the CT2-PLC pair, we find one quanti-
tative difference: the congested region of the CT2 state is
considerably wider than that of the PLC state in RE9$and
[10]. The resolution of this discrepancy may require im-
proved traffic theories.

We also compare the theoretical and empirical phase dia-
grams. It is predicted in Ref9] that when the upstream flux
and the ramp flux are maintained sdtictly constant values,
fup andf,,, respectively, the phase boundary between the
flux matching and flux mismatching states is practically
identical to the stability boundary of the free flow, below
which the free flow can remailmearly stable, and given by

the line fyp+ af mp=Qou, Wherea=1 andQ,, is a con-
stant whose value is almost identical to the universal outflow
of the HCT state § is predicted to be a little larger than 1 in
Ref.[10]).

Empirical determination of the free flow stability bound-
ary is not an easy task since the free flow near the boundary
is quite vulnerable to fluctuations. In the empirical phase

diagram[Fig. 2@)], the dashed line(f ) + a(fymp = Qouts

where a~1.3 andQ,,~2100 vehicles/h) is an empirical
estimationof the stability boundary. Here the values of

and Qout are reliable up to their first significant digits and
their second significant digits are rather uncertain. Within
this accuracyg is approximately one and the value ©f,,

is close to the universal outflow of the CT4 state. It is also
pleasing to note that this line dividdexcept for a small
number of data poinjsthe flux matching and mismatching
states, in agreement with the theoretical predicfi@h This
feature is robust and independent of details of the boundary

estimation method although the valuesiofndQ,,; depend

on the details. We also note that in a later, more refined
theory [12], it is predicted that the PLC and OCT states
overlap weakly in the phase diagram. Recalling the pairing
CT2-PLC and CT5-OCT, the weak overlap of the CT2 and
CT5 states in Fig. @) is in agreement with this prediction.

The pairing motivates further comparison between theAlso the locations of the empirical and theoretical overlap
paired states. For the CT4-HCT pair, we note that the uniregions in the phase diagram are similar.

versal outflow is predicted for the HCT staf@] and the

Regarding the phase boundary between the two expand-

same property is observed for the CT4 state, which stronglyng traffic states(CT4, CTH, while the recent theory9]
motivates the identification of the CT4 state with the HCT predicts the linef,,,=const as the phase boundary between
states. For the CT5-OCT pair, on other hand, while the outthe HCT and OCT states, Fig(é shows that the boundary
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that(f,,, and(f,y play the roles of the constant ramp flux
1800 . and upstream flux, respectively, assumed in the theories.

= CT2 ¥ . .
80| = L i} . Hence it appears that the neglect of the fluctuation effects
= AN can be justified at least posteriori
ol ..\7% I 1 | Its justification can be partly understood from two argu-

ments: first, while the fluctuation effects are usually crucial
near the phase boundary, traffic states far from the phase
] boundary are relatively insensitive to fluctuations. Thus
when a traffic state occupies a sufficiently wide region in the
phase diagram, the use of the time-averaged flux values for
the phase diagram can be justified. Second, dominant contri-
butions to flux fluctuations come from short-time scale of
s 0 12 order 1 min, and in the time scale of about 10 min or longer,
x (km) flux variation is almost quasistationary. Thus, provided that
FIG. 5. Time-averaged velocity profiles of two realizations of the relevant time scale of a traffic stdtet very close to the

the CT2 state with almost identicél ;) and(f ) but with differ- phase boundajyis longer than 1 min, the short-time scale

ent evolution historiegsolid line for the realization 1 and dashed fluctuations will be effectively averaged out by the traffic

line for the realization 2 Inset: While the realization 1 has devel- dynamics itself and can be neglected indeed.

oped from the CT5 state via a phase transition, the realization 2 has In support of these arguments, we find that our results are

evolved from the free flow. not sensitive to the length of the averaging time interval as
long as it is sufficiently longer than 1 min. When the same

between the CT4 and CT5 states is better described banaly5|s is repeated with 10 min averaging, Fig)as ob-

- ined. Note that this new phase diagram is qualitatively the
(fup) =const. Thus as for the phase boundary between thgame as the former or€ig. 2(a)] and all discussions above

e_xpanding states, empirical results and the theoretical predi?émain unchanged. Changes occur only in a quantitative
tion do not agree. level. With the 10 min averaging, the standard deviation of

We next discuss an implicit but important conceptual im- :
plication of the recent theorigg—10], where traffic phases E/Z?]i%llggmv (Taown from the CT4 state increases to about 85

are identified with resulting final states that traffic flow dy- We remark on a few details of the analysis. First, there

e e e ke dfists another onram(ON at 2.3 km downsiean fom
y ’ P N3. Sometimes vehicle flux through this on-ramp causes

?r:it;,aggzrilﬁ]is()ftr:;atf?gr fLOWivdeynniTtIgrsr;aIAr(]:olrrlTli[?tliI(C;nljtlc%nac;f traffic congestion and the resulting congestion extends to the
f f gnd ram eom%t) the resulting traffic state is region studied in this paper. All such events are excluded
. rmp: " up» Pd yne ing e from the present analysis to focus on one particular inhomo-
independent of details of the initial traffic state or its “evo- geneity[20]. Second, in the analyzed road section, there are
lution history” [19]. two spots(one between D5 and D6 and the other neaj,D7

This idea can be tested empirically, for example, by COMihere the lane divider is imperfect. All time intervals with

\?vziatrrgn%if:‘e?“rf?tlovnsl '\tllwtrrl1 :I]et f’iameF(iaxt(;:rnz;I Cor?]dltlfns tEuhon-negligible vehicle fluxes through those spots are not in-
erent evolution histories. Figure 5 compares the . '\qad in the analysis.

(time-average)jvelpcity profile of two realizations of the In summary, three congested traffic states are identified
CT.2 state, .both .W'th. almost the sanfikm and(f,,). But based on local velocity variation patterns and expangon
their evolution histories are different: one has evolved fromnonexpansiohof the congested region. It is found that the
t5r;e Eete fltcl)qwtatnd the (;_tlher f:om tthe CT|5 St@:ﬁet m: Ig'.[h appearance of these congested traffic states is strongly cor-
- Note that two profiles aimost overiap with €ach Other o0y with the time-averaged flux valugs,,) and(fyp),
despite qualitatively different evolution histories. This 'nsen'providing a strong supporting evidence to the prediction
Sllti'v'?i/ ':10 t?fhev:)lutlgptﬁlst?r%/i ccl)rw”:;(s the conceptual im- [9,10] that these flux values are characteristic parameters of
P (gb\c/)i OI teh ?C? fer?derr(;ant Iodifsf. rence between th the congested traffic flow. An empirical phase diagram is
oretic IO:r? dyen$ 'er'csala l: ataone' ah'le etheeocr%%—elo]eae €onstructed and compared with theoretical predictions. The
ca pirical situations. whi ' s 1;:_)rediction on the phase boundary between the flux matching

ngheesftlﬁig (f:I?J r::fltgt]é L;?Isttrqiag]mznqrﬁr:[i)nﬂg;(;esr’ ;2 rrﬁ::(ga and mismatching states is consistent with the empirical phase
' iagram and the prediction of the universal outflow are con-

rigorous comparison with theories, a good understanding irmed. However some deviations from theoretical predic-

fluctuation effects is necessary. However such an undeETons are also found. Finally we mention that there exist re-

e e Paber. e WCons i ) —(,) plan tatare ot probec T
y 19 . g possible that additional congested traffic states exist in
values (f,,,) and (f ) are instead used in the analysis. -
L p . Lo those regions.

Hence in a strict sense, the present investigation is only a
correlation analysis between the time-averaged flux values We thank Young-lhn Lee and Seung Jin Lee for provid-
and the traffic states that are maintained for a sufficienthing the traffic data, and Sung Yong Park for fruitful discus-
long time. In retrospect, however, it turns out that many emsions. This work was supported in part by the BK21 Project
pirical results can be explained by the theories if one acceptsf the Korean Ministry of Education.
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