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ABSTRACT

Bottlenecks are key features of any freeway systathrepresent the emerging location for
recurrent and non-recurrent traffic congestionOlegon, a freeway data archive known as
PORTAL records volume, occupancy, and speed measmts from over 600 freeway
locations every 20 seconds. This archive has edalilvelopment of online freeway
performance and reliability analysis tools. Thip@adescribes a comparison of an automated
tool for identifying recurrent freeway bottlenecksing historical data within the framework
of the data archive, with the ASDA/FOTO models basa Kerner's three-phase traffic
theory as an approach for traffic data processBwh approaches use graphical tools to
illustrate the occurrence of bottlenecks with catge patterns. Ultimately the results of this
joint research will improve the prioritization omprovements and implementation of
operational strategies on the freeway network,@afpg in cases of congested bottlenecks.
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INTRODUCTION

Freeway traffic management continues to be thesf@unany ITS applications. Many cities
have integrated freeway management systems thatumefreeway speeds and flows at a
high resolution for both operations and traveldorimation applications. The objective of
this paper is to describe a comparative synergsstidy involving two automated bottleneck
identification and congestion tracking systems,amhimproving the accuracy and versatility
of the systems for management and information egiptins. Using a freeway corridor in
Portland, Oregon (USA) as a case study, first t@EI®& and ASDA models based on
Kerner’'s three-phase traffic theory [8] are appliedeconstruct and track the synchronized
flow and wide moving jams. This application is themmpared to a bottleneck detection
method developed by Chen et al. [1] and enhanaedsi® in Portland. Improving bottleneck
detection is important for real time operations aodting via navigation systems, incident
response, and overall freeway performance manageandrplanning.

The state-of-the-art in this field of bottleneclemdification is very heterogeneous depending
on different freeway infrastructures in differerduntries which have implemented several
bottleneck identification methods (like incidentel#ion and methods in traffic engineering
(e.g., [3],[17] ,[18] )). Therefore, a generalizatiand comparison of different approaches is



of high interest as well as the capabilities andtrigtions for automatic detection of
bottlenecks in the road network. The comparativedystfor the same freeway detector
network in Portland, Oregon (Interstate I5-Northiyeg opportunities to evaluate the
drawbacks of both approaches. Scientifically, tineia to prove or to falsify the capability of
methods ASDA and FOTO based on Kerner's three phadgc theory and to identify
bottlenecks in Oregon, which has never done beforeaddition, the features of the
bottleneck identification tool already establistiadre are analyzed. A systematic approach
within ASDA/FOTO to calculate travel time losseséd on raw detector data will complete
the novelty of the approach in Portland, Oregon.

BACKGROUND: THREE-PHASE TRAFFIC THEORY BY KERNER

Comprehensive traffic data analysis of several s/deave led to Kerner's proposal and

invention of two different traffic phases in “corgged” traffic: “synchronized flow” and

“wide moving jams” ([4],[6]-[8],[11]-[13]). Featue of traffic on highways have been

understood in the late 1990ies ([6],[11]-[13] arderences in [8]). Objective criteria for the

congested traffic phase definition are of spatiqgteral kind and as follows (see Kerner’'s

book [8] for detail):

(i) A “wide moving jam“ keeps his downstream propagatielocity even if the jam
propagates through other traffic phases and bettlen

(i) In contrast “synchronized flow” does not show th®pgagation feature of “wide
moving jam”. Instead the downstream front is offi@ed at the bottleneck location.

As a conclusion, the correct spatiotemporal trapii@se recognition is a basic element for

description and prediction of the whole trafficusition. Both congested traffic phases have

predictable and recurring features which are use®SDA and FOTO application.

(a) Kerner’s three-phase traffic theory
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Figure 1: Kerner’s three-phase traffic theory:dbase definition in traffic data of speed (left)
and flow rate (right), (b) two-dimensional planghlvsynchronized flow [8].

Figure 1 (a) illustrates a measured speed and rfédev profile over space and time with all
three traffic phases. A wide moving jam can be seefideep valley” as well in speed and
flow rate profile. A second valley is visible onily the speed profile: this congested traffic
phase belongs to synchronized flow.



A fundamental hypothesis of Kerner’s three-phasa#itrtheory [8] is as follows: stationary
states of synchronized flow cover a two-dimensiaaglon in the flow-density plane (Figure
1(b)). The red line (“Kerner’s line J”) shows thelacity of the wide moving jam’s
downstream front from standstill up to free flowirgaffic (Figure 1(b)). A typical
propagating velocity of approximateh, =-15km/h is often measured in real traffic data.
The movement from the (nearly) standstill in a wideving jam starts at the jam’s density of
I max = 140veh/ km for passenger cars. Kerner’s line J has anothgoitant meaning: Line J
divides the synchronized flow region into two paAbove “Line J” S® J phase transitions
to the wide moving jam can occur, while below Liheno wide moving jams can emerge
(because they will dissolve immediately). In adiiti in case of free flow after the
downstream front of a wide moving jam, the flowerat,; is much lower than the maximum

flow rate O possible in free traffic flow. In traffic data agaes relations of

g'r? /q,, » 15 have been measured [13]. If there is no free figwiraffic after a wide
moving jam, the Line J ends in the synchronized ftegion.

One of the central online application of Kernelisee-phase traffic theory are the ASDA and
FOTO models proposed by Kerner and further develdpeRehborn, Haug and Aleksic for
recognition, tracking and prediction of congestedffic patterns at bottlenecks
([51.[8].[10],[14]-[16]).

ASDA/FOTO FOR TRAFFIC PATTERN RECOGNITION IN BRIEF

For recognition, tracking and prediction of thetsgdaemporal congested traffic patterns the
models ASDA (Automatische Staudynamikanalyse; aat@mcongestion analysis) and
FOTO (Forecasting of Traffic Objects) ([5],[8],[1[]4]-[16]) have been proposed by Kerner
based on his Three-Phase traffic theory.

The model FOTO allows the recognition of the curreaffic phase at a certain position in
space and time as well as the detection of thadrand the extensions of regions of traffic
phaseS. In model ASDA the fronts of the regions of traffphasel are recognized and
tracked in their movement. Both models work witaffic measurements containing values
such as flow rate of traffic, speed of vehicles anabortion of trucks and passenger cars. In
addition, the traffic phase recognition based ohiale measurements (FCD: Floating Car
Data) is intended.

The model FOTO determines the position of the &ogtrt),x2 ) as functions of time t.

The model ASDA updates the fronts" X O of the respective regions of phakever

time t (Figure 2).

The models ASDA and FOTO determine the positionghef fronts of congested traffic
phases also between local detectors. The frontiposiare determined and updated based on
stationary measured traffic data. Thus ASDA and ©Callow a continuous identification
and update of congested traffic patterns evenefdistances between individual measuring
points become wider, i.e., no complete monitorifgraffic is possible with local detectors.
This was proven in extensive investigations withffic data information of different
completeness with an estimation of possible modsllity, i.e., the input for the models
ASDA and FOTO is reduced during simultaneous evanaf model results. Both models
work without any calibration of the respective miogarameters in different environmental
and traffic conditions. The quality of traffic pleagecognition and prediction could be further



improved by data fusion with additional detectigstems, e.g., FCD.
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Figure 2: Overview ASDA and FOTO ([5],[8],[10],[1416],[19]

Within the FOTO model, traffic phase identificatiam performed first. Secondly, FOTO
performs the recognition of the locations of thestogam and downstream fronts
e 1), xgn ) of synchronized flow. While the downstream frogt 1) of synchronized flow

own

is fixed at the bottleneck, the upstream fraab () is calculated by a “cumulative flow”
approach with the inflowing vehicle$® [veh./h] and the vehicles escaping downstream
from the synchronized flo® [veh./h]:

t
X" (©) = m (,(1) - Go(O)dt, 21 1)
to
with 10 <m< 40 [m/veh.] as parameter.
Then, the ASDA model recognizes the upstream aminsiveam frontsﬁéam(t),xégawmn)(t) of

wide moving jams. The positions of these fronts @akeulated through the classic Stokes
shockwave formula as follows:
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t
with %®-%® as the upstream (downstream) flow rat¥s? V+() as the upstream
(downstream) vehicle speedby as the flow rate in the wide moving jam (normalét o
zero) and the parametér= as the density inside the wide moving jam. Thesds "~ and
Tmin =%V in case when free flow is formed downstream ofjtime are the two distinct

characteristic densities that determine the velamiithe downstream front of a wide moving
jam. Both the “cumulative flow” approach and Stokes $tvemve formula are well-known in

traffic science. The main feature of FOTO and ASBWdels is that the models identify
firstly two different traffic phases in congestedftic (synchronized flow and wide moving




jam), and then synchronized flow is tracked witk tbumulative flow” approach, while in
contrast wide moving jams are tracked with the 8sashockwave formula.
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Figure 3. Congested traffic pattern reconstructgd=®@TO and ASDA models: space-time
diagram with vehicle trajectories 1-4 and relatediag times from freeway A5-North in
Hessen, 14 June, 2006 [19] .

Figure 3 shows as an example for ASDA and FOTOiegin the space-time diagram for
very large traffic congestion at the A5-North indden reconstructed from detector data. On
the 14" June, 2006, for about 18 km and nearly seven fmemngested pattern exists on the
freeway. The delay times of more than one hourcatsed by the reduced vehicle speeds in
both the “synchronized flow” and “wide moving jarmaffic phases, respectively.

DESCRIPTION OF BOTTLENECK IDENTIFICATION TOOL

Chen,et al. [1] developed an algorithm that identifies botdek locations, as well as their
activation and deactivation times. They used th&imam speed measured by the upstream
detector and the speed gradient between each paipstream-downstream consecutive
detectors as signals for identifying a bottlene&ksimilar system was developed by Zhang
and Levinson using occupancy differentials [20f contrast to Kerner’s three-phase model
of traffic theory, the Chen et al. [1] algorithm Ipndistinguishes two states: free flow
(uncongested, no active bottleneck) vs. queuedyesiad, active bottleneck).

Bertini et al. [20] have extended Chen’s detection method for us@mbaation with the
Portland, Oregon regional ADUS. This new automapproach allows for detection of the
locations and durations of active bottlenecks al$ ageof the bottleneck-related congestion
upstream. The computational output is a matrixdating the locations and times during
which congestion was found. The boundaries of tbegested regime can be outlined
visually by taking the usual surface plot of speedsr space and time, and overlaying it with
darker-colored highlighting where congestion watecded. An example is shown in Figure
5, using the outlined portion of the data from Fegu4. This automatic bottleneck
identification allows the interpretation of raw detor measurements and gives an overview
of the merging congested pattern.

The algorithm reviews each highway segment (betwesrh two detectors) at each time
period (depending on data aggregation level). Tdwdtion at that time is said to contain a
bottleneck if it meets two criteria:

The speed at the upstream detector is below thémiax speed thresholtl;ax



The difference between speeds at the upstream @ndstteam detectors is greater

than the speed differential threshold,
For the downstream-most detector in a corridory ¢timé maximum speed criterion is applied
since there is no information available about teetmetector downstream.
This method was implemented and tested this appreachived data from the Portland
Oregon Regional Transportation Archive Listing (PR). Parameters were selected
through an optimization process, resulting in theice of 3-minute speed datg.x = 35
mph maximum upstream speed, and= 15 mph speed differential. Thus, for exampléhé
average speed over a 5-minute period at a deteeisr 33 mph and the next detector
downstream had an average speed of 54 mph duratgdéime period, the algorithm would
claim that there is an active bottleneck betweenwo detectors in that time period.
Another useful step in this method is to filter aoise in the output, leaving only “sustained”
bottlenecks. Once it has found the bottlenecks givan dataset, it re-scans each detector’s
data and checks whether, in any set of 7 consextitive periods, at least 5 of those times
were classified as bottlenecks. If so, it “fills the gaps” (any free-flow time period
surrounded by enough congested time periods ibekdal as congested). If not, it “removes
the noise” (a congested time period without enooidler congested neighbors is deemed to
be due to noisy data and relabelled as free-flow).
For the parameter optimization mentioned above,bibitieneck detection and “sustained
bottleneck” filtering were performed on five repeasative mid-week days of speed data
from PORTAL, using the northbound I-5 corridor. Baweekday was analyzed 53=125
times: at five data aggregation levels between&®rsds and 15 minutes; at five values of
Vmax from 30 to 50 mph; and at five values of from 10 to 30 mph. The output (bottleneck
locations and activation/deactivation times) wamspared against the ground truth for each
day, which was found by the Bertini-Cassidy methjadl]. This is a manual technique,
involving looking at oblique plots of cumulativeoflr vs. time and cumulative speed vs. time
to find the true activation and deactivation tinatgach detector on the test days.
Comparing the Chen-based algorithm’s results togtioeind truth produced two measures:
success rate (how much of the true congestion maged to find), and false alarm rate (how
much of the alleged congestion was actually noliyre@ngested). Several different loss
functions agreed that the optimal parameter choi@minute dataymax= 35 mph, andv =
15 mph was the best way to maximize successes mimignizing false alarms.
Obviously this technique on its own can only detdw downstream-most extent of the
bottleneck itself. If the bottleneck is causing geieg and congestion upstream, the speed
differential criterion will not be met because ceastive detectors experiencing active
congestion will all have similar (low) speeds. Téfere, after the analysis described above,
Bertini et al. [20] perform a second round of analysis. Every poiat thas not labelled
congested is re-tested using a different set téraai

The speed at the upstream detector is b&lgw(same as before).

The downstream detector was classified as congested
This second criterion allows the algorithm to finattleneck-related congestion upstream of a
bottleneck and ignore temporary low speeds unkaidottlenecks (often just noisy data).

BOTTLENECK IDENTIFICATION TOOL ANALYSIS

The Portland Oregon Regional Transportation Archiiging (PORTAL) has been storing
20-second inductive loop detector data from ne@d§ sensors on Portland’s freeways since
2004. For this study a 22-mile segment of northidointerstate -5 was chosen, with 20

-6-



detector stations (after several faulty detectoesewemoved from consideration). A time-
space speed plot from the corridor on August 8628@&hown in Figure 4.

Timeseries speed surface plot for I-5 NORTH on Tuesday August 08, 2006 (Units in mph)
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Figure 4 — Northbound I-5 speed measurements. B&atlangle marks investigated part of
profile.

Bottlenecks for August §, 2006 (3-minute data)
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Figure 5 — Bottleneck identification using Chen hoet modified for Portland. Colors refer to
speeds in miles per hour. Brightness indicatesffoe (bright) or congestion (dark).

The Bertini-Cassidy [21] method was used to find ground truth congestion times and
locations for several weekdays on northbound [H%e @aily detection success rates ranged
from 60% to 94%, and false alarm rates ranged fd8mto 20%. This shows acceptable
performance but with room for improvement. Currembrk is underway to improve
performance by incorporating flow data into the lodnd by using historical data about
commonly reoccurring bottlenecks.

One additional use of this tool is the possibilitly estimating queue propagation speeds,
comparable to the propagating velocity of Kernexle-moving jams. Each continuous
block of congestion detections can be analyzedhtbthe top-left and bottom-left corners of
the congestion, and the slope of a line betweetvtbeoints is a rough estimate of the queue
propagation speed. Figure 6 compares these shoeksp@eds against propagation speeds for
the same bottlenecks calculated similarly fromghmund truth times. It is clear that many of
the true speeds are somewhat lower than, but ndtatofrom, the typical wide moving jam
speed of -15 km/hr -9.4 mph. The algorithm’s calculated speeds atenotlose to the
ground truth speeds (perfect matches would fah@lie blue diagonal line), but sometimes



overestimate the true speed considerably. Agairthdu work to improve accuracy is
ongoing.
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Figure 6 — Comparison of shockwave propagationdgp&em algorithm and ground truth

ASDA/FOTO IN OREGON

The practical extensions of three-phase traffiothdor the recognition and tracking of
congested traffic patterns at freeway bottleneckstze models FOTO and ASDA ([15],[19]

). These models reconstruct, track and predict¢syomized flow” and “wide moving jams”
traffic phases in congested traffi€he tracking of spatiotemporal congested pattetns a
freeway bottlenecks is currently done for the fragwetwork in the state Hessen (Germany)
through the use of the FOTO and ASDA models in alime application at a traffic control
center [15].

The implementation offers a time-space plot of iflated traffic phases, wide moving jams
colored in red and synchronized flow regions caldreyellow.
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Figure 7 — FOTOwin application: Congested traffattprn recognition and tracking through
the use of the FOTO and ASDA models. This picteqgesents the black marked rectangle
for the 25-km-stretch of the I-5 (14:00-16:00h igu¥es 4 and 5).

Figure 7 illustrates the traffic phase interpretatof the speed contour plot in Figure 4. Based
on ASDA/FOTO it is possible to distinguish betwdew speed regions which propagates
upstream (i.e., wide moving jams normally) and igigt fixed low speed regions (i.e.,
synchronized flow).
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Figure 8 — Northbound 1-5 measurements from 1300¢h (a) 18 January, 2009 and (b)
20" February, 2009. Speed measurements (left anedeflaty rates (right). Black rectangles
mark areas shown in ASDA/FOTO results.

As an additional example, Figure 8 illustratesréne data measurements for".&anuary and
20" February 2009, respectively. On both days the hezatonditions have been fine (no
rainfall, normal temperatures) and the detectowask has worked with 100% fidelity.

For both days, the ASDA/FOTO results are illusdlaite Fig. 9: within the speed and flow
values of Fig. 8 (a), there are several wide moyjamgs analyzed by the ASDA/FOTO
models. The velocity of the jam’s downstream frost®n an average about -15km/h (blue
line in Fig. 9 (a)), which is in good correlatiamthe values of other countries [8].

The traffic situation on the 30February (Fig. 8 (b), Fig. 9 (b)) shows in ASDA/FO the
emergence and evolution of more propagating wideimggams in comparison to Fig. 9 (a).
Again the downstream front’s velocities are abddskm/h.

An additional model result is the travel time lasgomatically calculated by ASDA/FOTO:
For both days the ASDA/FOTO system gives travektiosses during the congested traffic
pattern up to 40min. The travel time loss is calted based on the average vehicle speed in
the synchronized flow regions as well as of theuced vehicle speeds in the wide moving
jams, respectively (Fig. 10).
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Figure 9 - Congested traffic pattern recognitionl &racking through the use of the FOTO
and ASDA models I-5 (15:00-17:00h and 15:30-17:8®tFigure 8) from both days 16
January and 28 February, 2009. Average downstream front velatigyked by blue line.
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Compare Figure 9 with Figure 11, which shows thtlémeck identification tool's analysis

of the same time/space period. The plots indicat#las performance of both approaches.
However, ground truth comparisons of ASDA/FOTO wibbklp evaluate its performance
compared to the bottleneck identification tool.

Figure 11 — Bottleneck identification of the sanegipds as in Figure 9.
DISCUSSION AND CONCLUSION

This paper compares two methods for diagnosingteauking congested traffic at freeway
bottlenecks. Ongoing research is the investigatiosimilarities and differences compared to
ground truth, as well as recommendations for pakrapplications. One ground truth
evaluation parameter should be the calculatiomanfel time losses (delay) to make different
approaches comparable.

A combination of both approaches would possiblyease the reliability of the system: if a
bottleneck has been identified by the automatitidnotck tool, the models ASDA/FOTO are
able to show the emergence and evolution of a ctederaffic pattern in more detalil.

It has been shown by the examples that via ASDABQIhe raw measured detector data
from the Portland freeways can be analyzed, edpediagarding wide moving jam
propagation. For the investigated days an averagmstream front speed of the propagating
jams of about -15 km/h have been evaluated. Thesel@se to the queue propagation speeds
estimated by the automatic bottleneck detectioh &dthough it is not surprising to see some
differences since the overall bottleneck propagainot quite the same occurrence as a
wide-moving jam. Further discussion of traffic jgatt emergence and evolution is necessary
based on more empirical traffic data.

Both methods give an opportunity to automaticattgrpret raw detector data and to evaluate
changes in traffic state throughout the day. ASOAID presents the information in a more
detailed view, though its performance has not yegnbevaluated against ground truth for
Portland data. The ground truth estimation for IBod data is done via a detector data
analysis and, therefore, in itself restricted te tlreeway infrastructure and the reliability of
the measurements: the possible quality of the gtduumth data is a key issue in further
comparison of bottleneck applications.
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