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Abstract: The macroscopic fundamental diagram ( MFD) is
studied to obtain the aggregate behavior of traffic in cities.
This paper investigates the existence and the characteristics of
different types of daily MFD for the Shanghai urban
expressway network. The existence of MFD in the Shanghai
urban expressway network is proved based on two weeks’
data. Moreover, the hysteresis phenomena is present in most
days and the network exhibits different hysteresis loops under
different traffic situations. The relationship between the
hysteresis phenomena and the inhomogeneity of traffic
distribution is verified. The MFDs in the years of 2009 and
2012 are compared. The hysteresis loop still exists in 2012,
which further verifies the existence of the hysteresis
phenomenon. The direct relationship between the length of
the hysteresis loop (AO) and the congestion is proved based
on sufficient data. The width of the hysteresis loop, i. e.,
the drop in network flow (AQ) has no relationship with the
congestion, and it varies from day to day under different
traffic situations.
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researchers focused their attention on the network-level
traffic flow relations in the last century '"”'. Daganzo'
proposed the macroscopic fundamental diagram ( MFD)
that describes the aggregate behavior of traffic in cities. By
aggregating the scattered plots of flow vs. density from in-
dividual loop detectors in a homogeneous network, the
flow occupancy relations exhibit a figure which is similar
to the fundamental diagram. Hence, the model is called
the macroscopic fundamental diagram, which can be used
to simplify urban network modeling and describe traffic
operations at a network-wide level.

ith the rapid development of urbanization, conges-
tion in many cities is increasingly severe. Many
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The idea is proved by the field experiment in the city of
Yokohama, Japan, which reveals that the MFD exists in
! stated that
the MFD exists in the homogeneously congested regions

o s 9
a large urban area. Geroliminis and Daganzo'

of cities. However, many large-scale areas are not homo-

U0 stated that there were

geneous. Geroliminis and Sun
hysteresis phenomena on MFD based on empirical data in
the Minneapolis area freeway network. The hysteresis
phenomena means that higher network flows are observed
for the same average network density in the onset and
lower in the offset of congestion. They stated that the in-
homogeneity of traffic distribution is the important cause
of the hysteresis phenomena. Cassidy et al. "' concluded
that when traffic is in a stable regime, the MFD exhibits a
well-defined diagram on freeways.

Buisson and Ladier'"”

also observed a MFD with a hys-
teresis loop in the Toulouse freeway network in France
and they stated that the heterogeneity can impact the
shape of the MFD. Gayah and Daganzo'' stated that
congestion tends to be greater during recovery by use of a
two-bin model. They identified four types of pattern: sin-
gle, clockwise hysteresis loops, counter-clockwise hyster-
esis loops, and the figure-eight. In the study of Mazlou-
mian et al. "', the spatial distribution of vehicle density
in the network affects the MFD. Saberi and Mahmassa-
ni"""" discussed the impact of the distribution of conges-
tion on the shape of hysteresis loops. They concluded that
generally, the hysteresis loops become larger when the
spatial heterogeneity of the network increases.

To sum up, many existing studies mainly focus on MFD
on urban arterials or freeways, and the MFD for urban ex-
pressways has not been considered. This paper aims to in-
vestigate the existence and the characteristics of different
types of days’ MFD for the Shanghai urban expressway
network, such as weekdays, weekends and holidays. The
relationship between hysteresis phenomena and the inho-
mogeneity of traffic distribution are also verified. This pa-
per compares the MFD within three years (2009 to 2012)
before illustrating the direct relationship between the length
of the hysteresis loop (AO) and the congestion with data.

1 Data Description and MFD
1.1 Data description

In this paper, approximately two weeks’ data ( Sept. 26
to Oct. 1, 2009 and Sept. 23 to Oct. 1, 2012) are chosen
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to analyze the MFD. The data records the traffic situation
of the former week before the National Day ( Oct. 1),
which is one of the biggest holidays in China. The reason
why these days are chosen is that this week consists of a
typical weekday, unusual weekday (the former day be-
fore holiday), weekend, and the holiday. Hence, the
MEFED over different types of days can be obtained. By
comparing the traffic in the same period from different
years, the variation of MFD in three years is obtained.

The urban expressway network is located in the central
area in Shanghai. The capacity and speed on the urban
expressway network in the city-central have an obvious
advantage over urban arterials. Hence, it plays an impor-
tant role in relieving increasing traffic congestion in
Shanghai. The raw data consists of the flow, occupancy
and speed from the detectors every 20 s. The data comes
from the Shanghai urban expressway monitoring center,
and there are 2 071 loop detectors in the mainline of the
network. The distance between adjacent detectors is 300
to 600 m. Most of the urban expressway network has four
lanes per direction, but in some parts there are only two
lanes per direction.

The data is aggregated over 5-min intervals. The un-
weighted mean values are also used in this paper. If i is
the index of each loop detector and N is the total number
of the loop detectors, the flow and occupancy rate for the
i-th loop detector at time ¢ are g, and o,, respectively,
and the mean flow Q,(veh/(5 min - lane) ) and the mean
occupancy O,( % ) are

N
z 0y

N
zl,qz'r s
== 0O = t=

Qt N ’ t N

Some missing and inaccurate data which account for
3% in the original data has been deleted.

1.2 Macroscopic fundamental diagram ( MFD)

The MFDs for the Shanghai urban expressway network
on different days in 2009 are shown in Fig. 1. Clearly,
the existence of the macroscopic fundamental diagram in
the Shanghai urban expressway network can be demon-
strated. However, a well-defined MFD does not appear
due to the hysteresis phenomena in most days, and the
shape and size of loops varying across different days. On
a usual weekday (e. g. ,2009-09-28) , there are two clear
clockwise hysteresis loops during the peak time. A much
longer hysteresis loop was observed in the afternoon of
the day before the National Day (2009-09-30). That
day, most commuters went home early in the afternoon
and it was raining slightly. Hence, there was a heavy
congestion on the urban expressway network. On Satur-
day (2009-09-26), the MFD differed significant and
there was only one irregular hysteresis loop. Free flow
was present during the whole morning, and a slight con-
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Fig.1 Macroscopic fundamental diagrams of urban express-

ways in Shanghai. (a) 2009-09-26 ( Saturday ); (b) 2009-09-28
(Monday) ; (¢) 2009-09-30( Wednesday ) ; (d) 2009-10-01 ( holiday )
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gestion occurred in the afternoon which coincided with the
real situation. Many people rose late and started the activ-
ities in the afternoon on Saturday. No hysteresis phenom-
ena was observed on National Day (2009-10-01). There
was no hysteresis because the traffic was free flowing and
the MFD merely exhibited an almost linear relationship.
It is worthwhile noting that even on weekends, the traffic
in the Shanghai urban expressway network was still heavy
and this implies that the network is being fully utilized. It
is clear that the MFD describes the aggregate behavior of
traffic in cities. The loop appears when the heavy conges-
tion occurs in a network.

2 Hysteresis Loop and Its Characteristics

The hysteresis loops of MFD on September 28, 2009
are shown in Fig. 2. There are two hysteresis loops during
morning and evening peaks (7:00 to 9:30, 17.:00 to
19:00). The morning hysteresis loop rises from 7:00 to
7:25 where the average flow is the maximum flow rate.
Then there is a slow decline in traffic flow, but the occu-
pancy has been increasing up to 8:00. The maximum oc-
cupancy is 20.43% at 8.00. After this, the two variables
decline until 9.30. Hence, Q-O forms a clockwise hys-
teresis loop during 7:00 to 9:30. The hysteresis loops of
MEFEDs are all clockwise, though their shape differs.
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Fig.2 Schematic illustration of the hysteresis loops

The MFD on weekdays consists of two consecutive
hysteresis loops of the morning and evening loading-re-
covery cycles. There are two flows for two different
time intervals with the same average network occupancy
which reflects a network flow drop in the hysteresis
loop. For example, the average network occupancy is
18% at both 7.25 and 8.40, but the average network
flows are different ( namely, at 7. 25 Q, is
13 veh/(5 min - lane) higher than that at 8. 40 ).
Geroliminis et al. '’ concluded that the cause of the hys-
teresis phenomena is the inhomogeneity of traffic distri-
bution which can be characterized by occupancy vari-
ance. The similar method to verify this statement is to
use the standard deviation ( Std) of the detectors’ occu-
pancy. The standard deviation of the detectors’ occupan-
cy expresses the network heterogeneity, and the higher

the standard deviation, the larger the inhomogeneity.
The standard deviation is defined as

Std(0,) =

Fig. 3 plots Q-0 and Std( O,)-O in the same graph.
Clearly, there is a clockwise loop for Q-O and an anti-
clockwise one for Std( O,)-0. The standard deviation in-
deed is different between the loading (7:00 to 8:00) and
recovery period (8:00 to 9:30), which means that the
heterogeneity during the two periods is also different.
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Fig.3 Q-0 and the standard deviation of O,-O during the

morning peak on September 28, 2009

It is clear that higher standard deviation is associated
with lower average network flow during the recovery
process. The features of the two periods are analyzed in
the following to explain this. In the loading process, the
flows of many detectors rapidly increase. Meanwhile, oc-
cupancies of detectors also increase. So, the standard de-
viation of occupancy is relatively low. Also, the average
speed is relatively high at that time, so the average flow
is relatively high. When the congestion dissipates, many
detectors’ occupancies which increase rapidly in the onset
of congestion have already decreased. However, some
high occupancy detectors which are congested are still
present. This means that there are more high and low oc-
cupancy detectors in the offset of congestion which leads
to the high standard deviation.

3 Comparison of the MFD

The days in the same period in 2012 are chosen to
compare the difference in MFD. Fig. 4 shows the MFD in
2012. As can be seen, the hysteresis loop still exists after
three years under different traffic situations which further
verifies the existence of the hysteresis phenomenon. The
shape and size of loops in 2012 are a little different from
those in 2009.

The difference is that there are many scatters on the
flow-occupancy relation figure during 14 .00 and 15.50,
and there are no rules to follow among the scatters ( see
Fig.5(a)).

It is important to note that the mean occupancy rela-
tively does not change (17% to 18.5% ). Meanwhile, the
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Fig.4 Macroscopic fundamental diagrams of urban express-
ways in Shanghai. (a) 2012-09-23 (Sunday) ; (b) 2012-09-24 ( Mon-
day) ; (c) 2012-10-01 ( holiday )

flow fluctuates between 88 and 94 veh/(5 min - lane) ,
and this situation lasts a long time of about 2 h. By com-
paring the same time in 2009 ( see Fig.5(b) ), the mean
occupancy is not so high and changeable. It indicates that
congestion still exists in the afternoon ( average occupan-
cy over 15% ). However, there is no sharp loading and
recovery process like during a clear peak in the morning
(occupancy of 14. 9% at 7.00—20. 13% at 7.45—
14.11% at 9:20). The occupancy remains in the after-
noon which implies that the traffic situation does not
change. Fig. 6 shows that the standard deviation of the
occupancy in 2012 also does not change during the two

hours. Hence, the flow also changes a little, which leads
to scatters. The high mean occupancy in the afternoon
shows that traffic situation is more severe in 2012 than
that in 2009. Similar scatters are observed for other days.
As a result, when the traffic situation persists for some
time, the scatters may occur on the MFD.
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Fig.5 The analysis of the differences. (a) Mean flow vs. mean
occupancy during 14:00 and 15:50 (2012-09-25) ; (b) The time series
of mean occupancy (2009-09-28 and 2012-09-25).
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4 Discussion on the Shape of Hysteresis Loop

It is clear that MFD varies across days. Saberi and
Mahmassani'"*’
loops become larger when the spatial heterogeneity of the
network increases. However, there is no clear correlation
between the spatial heterogeneity of the network and the
shape of the loops. Hence, in this paper, the length and

concluded that generally the hysteresis
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the width of the loops are used for analysis. The length of
hysteresis loop and the drop of network flow are used to
describe the shape of the loop. The length of the hystere-
sis loop (AO) indicates the difference between the maxi-
mum and minimum average network occupancies (O, ,
0,..) , and the drop of network flow (AQ) is the differ-
ence between the two network flows whose occupancies
are the same. One flow is the maximum flow Q, ., the
other is the minimum flow Q The formulae are in the
following and the schematic illustration is shown in Fig.7.
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Fig.7 Schematic illustration of AQ and AO in the hysteresis loop

It is clear that the two parameters differ much across
days, as shown in Tab. 1. To verify the relationship be-
tween the two parameters with the traffic situation, the in-
dex of congestion «,, is used to express the severity of the
congestion;a,, refers to the mean value of «, during the
time interval from a to b; «, is the proportion of the con-
gested points at time ¢. If the average speed of links on the

urban expressway network in Shanghai is below 40 km/h,

Tab.1 The shape of hysteresis loops

Date AQ/(veh -5 min~! - lane™') AO/%
2009-09-27 ( morning) 8.98 4.19
2009-09-27 (evening) 13.93 4.86
2009-09-28 ( morning) 13.33 6.51
2009-09-28 ( evening) 13.37 2.82
2009-09-29 ( morning) 8.31 5.74
2009-09-29 (evening) 18.06 2.67
2009-09-30 ( morning) 13.02 5.24
2009-09-30 ( afternoon ) 13.02 10.77
2012-09-24 ( morning) 12.23 11.42
2012-09-24 (evening) 11.27 2.88
2012-09-25 ( morning) 9.52 6.80
2012-09-25 (evening) 7.90 2.93
2012-09-26 ( morning) 13.72 6.12
2012-09-26 (evening) 6.04 3.65
2012-09-27 ( morning) 10.25 7.59
2012-09-27 (evening) 6.90 3.28
2012-09-28 ( morning) 13.75 6.80
2012-09-28 (evening) 3.98 4.06
2012-09-29 ( morning) 12.69 4.05
2012-09-29 (afternoon) 5.76 10. 84

drivers will be told that the road is congested. Hence,
congestion detectors are defined as those with a speed be-
low 40 km/h. n, is the number of the congested detec-
tors.

b
2
n — t=a

- —
GEN Y Tt

N
The correlation between the length of the loop and the
congestion situation are shown in Fig. 8 (a). The direct
correlation between the length of a hysteresis loop and the
index of congestion proves that longer loops form when
the congestion is heavier. However, the network flow
drops and the congestion has no correlation ( see Fig. 8
(b)). Factors that affect the flow drop need to be ana-
lyzed further.
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Fig.8 The correlation between the shape of loop and index of

congestion. (a) Index of congestion vs. AO; (b) Index of congestion
vs. AQ

5 Conclusion

This paper aims to characterize and compare different
types of days’ MFD for the Shanghai urban expressway
network. The main contributions of this paper are sum-
marized as follows. First, the existence of MFD in the
Shanghai urban expressway network can be proved on dif-
ferent types of days. The hysteresis loops exist on most
days and loops coincide with the real traffic situation. On
weekdays, there are two loops coinciding with the morn-
ing and evening peaks. There is only one irregular loop
on weekends. On holidays, there is no loop due to the
free-flowing traffic situation. Secondly, the standard de-
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viation of occupancy is used to confirm the statement of
, that the inhomogeneity of traffic
distribution leads to the hysteresis phenomena. The hys-
teresis loop still existed in 2012 which further verifies the
existence of the hysteresis phenomenon. The shape and
size of loops in 2012 were a little different from those in

e e ri
Geroliminis and Sun'"

2009. There are more scatters in the afternoon (1400
and 15.:45). Finally, the positive correlation between the
length of a hysteresis loop and the congestion severity is
proved. The network flow drop is variable and has no
correlation with congestion. Factors that affect the flow
drop need to be further analyzed in the future.
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