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Abstract

In urban transportation networks, the concept of Macroscopic Fundamental Diagram
receives attention since it provides a weidfined relation between spacean flow, densit
and speed at a network level under some conditions. Recent researchéisesbgistence ¢
MFDs in homogeneous network and investigate the effects of traffic heterogeneity on <
MFDs. In this papemnwe analysdarge scale traffic data in heterogeneous network of Sydne
partition the network to observe MFDs in homogeisgoarts. Firstly, different traffic states ¢
extracted from fundamental diagrams of diop detectors which provide measurement:
degree of saturation (DS). Based on information of different states and DS va
transformation method is proposedl lbetter estimate link densities. Secondly, a mod
version of Normalize Cut (NCut) algorithm is proposed to enhance the performance of N
adding two additional steps for fitening. The results shows that these two steps
significantly importat (i) to make application of NCut feasible and accurate for networ
which information for some links is missing and, (ii) to further decrease the heteroger
different clusters. Finally, we could see that MFDs of different regions show diffeattatns
that emphasize the importance of applying appropriate clustering algorithm. Hysteres
are also observed for the congested regions of the network. Based on thesheglés;ontrol
strategiescould be usedo alleviate the congestion ime network of Sydney. This pape
presents preliminary results and more details will be given in an extended version of the
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1. I ntroducti on

There is a strong understanding and vast literature of congestion dynamics and spreading in
onedimensional traffic systems with a single mode of traffic, e.g. a highway section with
cars. Besides traffic scientists, mathematicians and phigibhave also contributed to the

field of traffic flow. Because of the numerous publicas, we refer the reader to][fbr an
overview. Briefly speaking, the main modeling approaches can be classifiea¥imllowing

models (e.g.) [2], [3], cellular aotnata, e.g. [4]; gakinetic models e.g. [5first-order and

higher order flow models such as [6], [7],]{&iterature in network level dynamics and
congestion propagation is limited.

With respect to network level, it was recently observed from eoapidata in downtown
Yokohama [9 that by spatially aggregating the highly scattered plots of flow vs. density from
individual detectors (e.g. 1 min data), the scatter almost disappeared anelafinediMFD

exists between spaeeean flow and density. Thedeéa of an MFD with an optimum
acawmulation belongs to Godfrey [LOThe empirical verification of its existence twi
dynamic features is recent][9rhis work showed that the MFD shape is a property of the
network infrastructure and control and nety sensitive to the demand. This is important for
modeling purposes, as details in individual links are not needed to describe the congestion
level of cities. It can also be utilized to introduce simple control strategies to improve mobility
in homogeneous citgenters building on #hconcept of an MFD, like in [11], [12The main

logic of the strategies is that they try to decrease the inflow in regions with points in the
decreased part of an MFDNetworks with an uneven and inconsistent distribution of
congesion may exhibit traffic states that are much too scattered to line along an MFD. Recent
findings fromempirical and simulated data [13], [14ave identified the spatial distribution

of vehicle density in the network as one of the key componentsmthatncethe shapeof an

MFD. These findings are of great importance because the concept of an MFD can be applied
for heterogeneously loaded cities with multiple centers of congestion, if these cities can be
partitioned in a small number of homogeneous ciasfEhe objectives of partitioning are to
obtain (i) small variance of link densities within a cluster, which increases the network flow
for the same average density and (ii) spatial compactness of each cluster which makes feasible
the application operimeter control strategies [IL5

Despite these findings significant effort is required to further investigate and understand how
different network topologies, control applications and distribution of congestion influences

the shape and existence of MFDr feeterogeneous networks. Defily, reatlife data can

shed more light in this direction than computer simulations that try to approximate with a

| arge number of par ameters, i ndividual sdé <co
observe MFDs in heteregeous network of Sydney by utilizing real traffic data by the
Sydney Coordinative Adaptive Traffic System (SCATS) with high numbers of detectors. This
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data set provides direct measurementsdegree of SaturatiorDS) and the volume during

the green timgVOPT) using stogine detectors. In order to obtain homogeneous regions
with well-defined MFDs, static partitioning of network is performed based on the spatial
features of congestions. Data fr&#00lane detectors for a network with abdi@00 links

are utilized (about 30% of the rda are monitored).

The main objectives and critical issues that we try to answer in this work are (1) challenges to
deal with the stofine detector data that do not provide a good proxy for the density of cars in
the whole link and experiencesignificant errors, (2) SCATS detectors provide direct
measurements for th®S and the volumeonly during the green time (VOPT) and a
transformation is needed, (4) information for some links is missing and the existing clustering
algoithms have to be enhanced, and (5) the clustering algorithm might put more weight on
connectivity of the network topology than the similarity of densities in networks that are not
of grid structure.

The rest of the paper is organized as follows. Sectimwestigates fundamental diagrams of
stopline detectors and corresponding traffic stafsction 3estimates a transformed value

for DS as an approximation of density of the liSlection4 presents clustering method and
extends it to have a better performance in networks which have low connectivity in some
parts and missing information in some links. Section 5 shows the MFDs of different regions,
and finally, paper concludes in section 6.

2. Fundamedntaglh ams -loifnestaoet ector s

In this section, we investigate fundamental diagram of-kt@pdetectors and define different

traffic states corresponding to each part of the diagiidra.location of a detector in a link
(stopline, mid-block or upstream) does not influence the measurement of flows (if the time
interval is comparable to a traffic cycle), but significantly influences the density estimation.
While the SCATS control logic utilizes stdime detectors in a very efficient way usiag
combination of smart algorithms and engineering judgment, the DS value might
underestimate the link density in some cases, given that this detector cannot really measure
conditions in the whole linkDS isdefined as aatio of effectively utilized greetime to the

total available gren time:

o~ COAGE AOT | AAOBEBA AGT ENAMMOBEAA @)
COAGET A
Q QhH 0 @i b Ghg b0
Q QN

whered denotesunoccupied time measutdy detectard) Ois the time detector is occupied
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by each vehicle when moving with free flow speed@ maximum flow @ U @ number of
vehicles exit the intersection during green timed gap israount of time allocated in the last
cycle but was unusedJnavoidable unoccupieddenotes thetime in which detector is
unoccupied when vehicles discharge at capacity with free flow speed.

By observing different VOPT vs. DS graphs for different detectors we identify consistent
patterns that not significantly vary from odetector to another (Fifj. Details about five
different traffic stats in Figl are described in tablé in terms of different movements
(Arrival (A)-Capacity (C)Decreasing Capacity (DC), Jam (More details will be included

in the journal version.

Figurel Stopline fundamental diagrams of all detectors (VOPT units: vehicles/seclI
DS units: dimensionless)
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Table1 Different states in stoepne fundamentatliagram

DS << 100 There is no spill back and queue discharges and we
1 ) both A and C states. In this case, DS is a good prox
flow << saturation flow the link density as conditions are undaturated.G+A)

There is no spill back. No conclusion about vehicles ir

DS 100,g Oifl— queue but at least equal to the volume. ditug detectol
2 gives a lower bound in the estimation of density for
flow saturation flow whole link. So in this case, queue is at least enough s

all vehicles discharge at capacity rate) (

There is spill back in the following link and green time
low for discharging queue. Also in this case vehi
DS >>100 moved with speed less than free flow speed. So que
flow << saturation flow discharging at flow lower than saturation flow. T
decreasing capacity makes DS values more than
(J+DC+Q

There is a spill back in the following link. Spiblack in
this link means that quelength in the downstream link

X equal to the length of the link for a fraction of the gr
4 bS 100.g Ol phase of the reference link. Thus, the density of
flow << saturation flow downstream link is probably underestimated by its |
detector. After vehicles start moving, they can disgh
with maximum capacity (Saturation FlowJ:+HO

There is a spill back in the following link but there are
DSL 100,g OT7i— few vehlcles in t_he queue. Queue dlschargeg before.e
5 green time and in the rest thie green time vehicles exit
flow << saturation flow lower flow. Case 5 also can occur when conflict
movemers are served in the same phddeC+A)

3. Newroxy for density

Due to SCATS formulation, in most cases related to congestion DS is not a perfect proxy for
density,which is underestimate A new methodology is proposed to estimate a better proxy
DSew In order to estimate R, it is important to first understand why points in regions 4

and 5 have VOPT less than points in regions 1 and 2, while they have the Saraki€s. In

the second step, a density estimator metric is defined, which can differentiate between these
points, which have the same DS values. To achieve this we need some information about
different states Jam (J), Capacity (C), Decreased Capacity @@)al (A) and duration of

each of them. This information could be estimated using the DS formula and some
fundamental knowledge of traffic flow theory. The third step is to define which points need to
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be changed in the VOPDS stopline fundamental dgram. Mainly we need to identify the
size of the triangle for region 5. The fourth and final step is to find points with the same
characteristics and try to select the most appropriate value f@fDS

31 Firssep

Note that inFig. 1 some points have the same value of DS but with a wide range in the values
of VOPT (Regions & 471 Regions 1 & % The similarity between these points is that when
vehicles start moving the queue dischargethatsame ratd.e. in regions 2 & 4yvehides
discharge at capaciggnd for regions 1 & 5, exit flow is lower than capacity (time headway
between two successive vehicles is moBej, the significant difference among these points

is the fraction of green time in which vehicles stops due to dogarst spilback. For
instancethe main difference between points in region 2 and 4 is that vehicles in region 2
discharge at capacity rate during the whole green time, while in region 4 vehicles have to stop
(or move slowly) part of green times due tollspacks.In this casejn the DS formula
(equationl), unoccupied time (t) measured by the detector, is equal to the unavoidable
unoccupied time, since all the vehicles in the queue discharge at capacifihteeit is
straightforward that if the timef spill-back is added as occupied time in the estimation,
points in region & 5 have more occupied times compared to points in reg&mn 2

32 Secondi&gséepmati o-haok dprir ati on

The idea for D& estimation is to consider the effect of siifick time and add this to the
occupied time. Wéirst estimate the spibback time for points in region 4 and 5 and then enter
these values in the equati@mo find percentage of occupied time.

Y MO 60 wldLD
oAOAA|EAg®aEA% o )

C

Whereo is spilkback timeg is the green timd,is the unoccupied green timdote that time
t is not directly reported in the SCATS data, but when conditions are highly congested the
value of gap is expected to be close tmzeihich allows an approximate estimation of t.

33 Thigstdédpdenti fication of points in

In DS formula (equation)l there isa parameter called gap, which is not knownpoints

with different DS and green time, the effect of gap values is different. In fact when DS is
calculated without gap, the value is smaller compared to the case DS is calculated when gap
time is not equal to zero. As it is not correct to assumevidae of gap is zero during all



cases, we need to take it in to consideration and properly define regions 4 and 5 in which
points need to be moved. Thus, we choose a conservative approach and we only intervene in
the DS value of points that even if agarvalue of gap is assumed, the position of these points
cannot be explained without considering the effect of spillback. In points with DS greater than
100, spiltbacks and stepndgo effects are guaranteed and values of gap are small.

34 Fourth step

Pointsin region 3 show the most congested cases with-lspiks and stepndgo traffic,

where queue discharges at lower rate. Once compared to regions 4 and 5, the main difference
of region 3 is that because of strong stmplgo phenomena and multiple spdltks, vehicles
cannot discharge at the maximum capacity and move with free flow speed. A smaller value of
free flow speed (which also results in smaller value of capacity) is utilized in this case. By
estimating spilback time and moving speed in whichege discharges, we can estimate
percentage of occupied time in equation (2) by considering changes in KP values. Details
about this estimatiowill be included injournal version We can find different points with
different spiltback times and different ®@PTs, which have the same percentage of occupied
time. To this end, we cannot assume that DS is always equal to the rightest pointop-the s
line fundamental diagraor the same VOPT because we would overestimate link density. So
we choose the case inhigh we model capacity and spilacks in region 4 with DC
(Decreasing Capacity). In fact effect of spill back time and capacity rate are merged into DC.

4. Clustering method

There are several criteria that the clustering algorithms to be developed need to satisfy: (1)
small variance of density (or DS) values within each cluster, which is meant to guarantee a
well-defined MFD; (2) a small number of clusters, which can belgesign simple control
strategies without a need for detailed origin destination tables and route choice information;
and (3) spatially near compact shapes of clusters, which can ease the design and deployment
of effective controls.

In this work a partitiomg mechanism, which consists of three consecutive algorithms, is used

to minimize the variance of the link densities while maintaining the spatial compactness.
Firstly, transportation network is over segmented into several homogeneous regions. This step
is achieved by usingGut algorithm which can efficiently extract the major components from

the network and guarantee spatially compact shapes. In this step, more than desired number of
clusters may be produced by over segmenting a homogeneous regiomvetal parts.
Secondly, a pair of most similar clusters is merged based on the mean values of their DS until
a desired number of clusters is reached. This step fixes the proble@ubicditing large






