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ABSTRACT

Traffic volume and queue length are two importartables to identify traffic states in urban areamp detectors
are often used for monitoring traffic. A promineveakness of loop detector data is the limited bditg due to
equipment malfunctions and communication faultss Paper presents a method to identify the validitipop
detector measurements by analyzing the ratio ofitsoan adjacent lanes.

GPS data from probe vehicles are an alternativenfmitoring traffic states. They include instantaure speed,
acceleration and position; individual vehicle tcaggies can be grossly estimated in real time. €guently, the
gueue length can be measured approximately. Thibeaised to estimate traffic volumes and the p¢age of
probe vehicles. By combining loop detector and @Bta, more information regarding traffic status ban
extracted from both data sources.

This paper discusses two methods to check the wbtgunts and to fill in missing or invalid dataeamethod
uses the ratio of loop detector counts on adjdo#, the other one uses data from probe vehtdestimate the
traffic volumes from the dynamics of the queue tara signalized intersections. Real data frontttyeChangsha
in China are used to validate these two methods dElveloped methods provide a way for the onlineitnong of
detectors’ performance and level of service ataiged intersections.

Keywords: Signalized intersection; Loop detectoafdcorrection; GPS data; Queues
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INTRODUCTION

The inductive single loop detector is one of thestqmopular instruments for collecting traffic dateer an
extended period in large areas. Traffic volumejaletspeed and occupancy can be obtained from thetsetors.
Especially data related to volumes are widely usettaffic management practice, including real-titnaffic
information and traffic control.

The accuracy and reliability of the data obtaineaif loop detectors are critical for the quality toke
applications. However, a prominent drawback of la@bector data is the reliability failures due tpigment
malfunctions and communication faults. Especiallyiban areas road works often affect the loopatiete. Loop
data diagnostics have been extensively studieddoades. In the literature, data errors were maftiytified by
using threshold checks on speed, volume, or ocaypaither individually or combined with adjaceattions
and with historical data, the so-called Temporakttagh Method ¢, 2). Still limited attention has been given to the
application of data from Probe Vehicles with GloBakitioning System (GPS) as an additional traffita source.
Currently, most research about GPS data applicatidransportation is related to travel time araffic state
estimation 8, 5, 9.

Besides traffic volume, speed and occupancy, teaglength is another important characteristihefttaffic
state in urban areas. Until now, little effort Hesen given to the estimation of queue lengihsl( 1Q. Probe
vehicles are a good instrument to obtain infornmagibout queue lengths, but less usable for thetdistimation of
traffic volumes. Peng Hao et aB)(showed that traffic volumes and the percentagprobe vehicles can be
estimated from the position of probe vehiclesguaue. Even though this method is not very aceyitas possible
to obtain additional information for traffic volumend to verify uncertain loop detector data. Ageestimation
method is developed in this paper.

This study focuses first on the development of gpreach for validating the traffic volume data eotied by
single loop detectors at signalized intersecti@@escause GPS data include instantaneous speed eatibig
individual trajectories can be grossly estimatedeal time. Consequently, queue lengths can beatd as a
time-dependent variable. This can be used for aasaopic quality check for the traffic counts. Byntbining
loop detector and GPS data, one can improve thévelquality of both data sources.

Section 2 first analyzes the quality of loop detedata in the center of a Chinese city Changsha.tb several
causes the validity of these data appears to hieeimA method is introduced to check the validifytraffic
volumes by comparing the counts on adjacent |&Besion 3 discusses a methodology to identifyrfgitietectors.
Section 4 describes a method to estimate the dgsashigueues from trajectories of probe vehiclabtaruse this
for the estimation of volumes. Real data from thig €hangsha in China are used in section 5 todaédi the
methodology. In Changsha detailed traffic count®pl detector occupancy and GPS data were avaifable
research purposes.

LOOP DETECTOR ANALYSIS IN CHANGSHA

The loop detector data used in this study weresctdtl in 2010 in Changsha city, China. At that t9f8e
intersections were controlled by a SCATS traffimaigement system. The SCATS system monitors tHectiag
network and controls the signals — based on volumdsoccupancy — and imposes coordination cortiiates)y
between neighboring intersections based on cectégria. Traffic volumes and occupancies, esseimjaits to
the SCATS system, are measured by loop detectoasdd on a short distance before the stop lines.

In order to verify the quality of loop detectofse traffic counts from the SCATS detectors were garad with
visual observations of the traffic flow in this dju The SCATS detectors are short loops (4.0 m,l@ng wide)
installed in each lane on 1.50 m from the stop. \fideo observations were the source for visuahtaur hirteen
intersections in the center of Changsha with 268d4n total were chosen for this survey; 168 efltmes have
loop detectors. The survey was done on May 14, 20hthat day only 142 detectors (69%) were opanati

The error rates were statistically analyzed, asvatia Table 1 and Figure 1. It shows that 25% @€Bstigated
detectors, excluding fully failed ones, show ermafrsnore than 20%.

The character of the detector data errors isla tiifferent on different lanes and the comparisetween lanes
with only through going traffic and lanes that gsoth going through and turning traffic (mixedffig are shown
in the following FIGURE 1. We also found differesda detector errors between larger intersectioregé than 3
lanes on all approaches) and smaller ones, as sinoiBLE 1.
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TABLE 1 Error distributions for the loop detectors on different lanes and different intersections.

< 5% error 5to 10% errors 10 to 20% errors > 208dre

All intersections 28 % 26 % 21 % 25%
Exclusive straight on traffic Lanes 34 % 28 % 17 % 21%
Mixed straight on and lefts turning lanes 20 % 22 % 27 % 31%
Lanes on large intersections 28 % 23 % 21 % 28 %
Lanes on minor intersections 31% 25% 19% 15%
0.05F .
0.0451 —TH_Lane data 7
— TH_Lane Distribution
0.041 — Mix_Lane data /\ ]
0.035- — Mix_Lane Distribution i
0.031 W B
> i/ n
£ 0.025- .
[}
)
0.02- — f
0.015F B
0.011 7[ [ | , 4
0.005+ f
l
Jm ol _ ﬂzﬂ =

150 -100 -50 0 50
Difference (%)
FIGURE 1 Distribution of the errors (observed errors and matching analytical distribution) for exclusive
straight-on lanes and mixed traffic lane).

THE IDENTIFICATION OF INVALID LOOP DETECTOR DATA

Errors in the automatically collected loop detectata are not always easy to be identified. Theeme failures
from malfunctioning detectors are clear when thieg gero or very unlikely counts. It is more difficto identify
wrong counts when the difference between the @ahves and the detector counts are relatively sriathat case
such detector failures can be detected if diffelmmes for the same directions have an illogict raf volumes.

Two parallel straight-on lanes

percentage flow on the right lane of two parallel straight on lanes
70% .
1
. ° 60% - =2 -l 5 til
H ® = - . percentile
L[ 2 s P

" .y ! ,'II ] N il . 95 percentile

1! o 40% . -

RN ——lane 1| |q 0% ’L,f’: + 50percentile
= 40 M L --=- Lane 2 G 30% peacyl ====5percentile
e v R 20% st ' .
5 30 Il‘ = = : = = 95 percentile

S
2 20 ® 10% ] — 50 percentile
< 10 = 9 !
= 0%
0 + + + 0 200 400 600 800 1000 veh/h
2
200 400 600 800 1000 total flow over both lanes
Flow (veh/h)
(a) (b)

FIGURE 2 Observed distribution of traffic over two parallel straight-on lanes for different total volumes
(lane 1 is the right lane, lane 2 the left one). fefigure (a) gives the observed distribution, theight figure
(b) the 5, 95 and 50 percentiles for the left lan@ane 1)
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Figure 2 (a) gives the empirical distribution dfffic volumes between parallel straight-on lanes specific
intersection. As can be seen, the distribution ¢ivedifferent parallel lanes becomes uniform fighbr volumes.
At lower volumes the distribution may become unbedal but no systematic difference exists betweetvtb
lanes. For left turning lanes a similar pattern barseen in Figure 3 (b).

Two left turning lanes

Percentage using right lane ff double left turning lanes

o
8
5
S

1 ) !
70 H § . 60%
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- w T j g . i
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FIGURE 3a Observed distribution of traffic over two parallel left turning lanes; FIGURE 3b shows the
5, 95 and 50 percentiles for the left lane (lane 1)

As shown in Figure 3b, the left lane is generafigdimore often than the right one at lower floesabut at
higher flow rates the distribution becomes unifawer the lanes. From this kind of analysis it isgible to derive
rules for the range of the distribution betweeretaand recognize detector failure. Then the rataden the flow
on a left lane and an inner lane can be presenthdavunction of the total flow with lower and igr limits (5 and
95 percentiles), as shown in Figure 2b and Figbré-8rthermore, the range of the volume distributian be used
to identify the loop detector errors. For instarfoe two parallel lanes with total through goingffic 600 veh./h,
the percentagp; on the right lane should satisfy 32%=56%, while for two left turning lanes the range tioe
percentag®; on the right lane should satisfy 42 %< 56%

The boundary values of the volume distribution aheben the total volumes. Taking the left straighttane
(Lane 1) as an example, the relationship betweamedistribution and total volume can be expressed

7.6 + 0.04q < p; < 60.0-0.0074,

whereq is the total flow in veh./h over two lanes.

For left turning traffic, the boundaries for datlidity are given by
0.2067+0.0004; < p; < 0.54 + 0.00008.

With such rules, which have to be calibrated ferdifferent types of intersections, an error dédecalgorithm
can be developed to identify whether the loop deteare likely to be correct. For instance, foo parallel
straight-on lanes, 240 veh./h and 360 veh./h anated on the right lane (lane 1) and on the inaee kespectively.
Then the percentage of total flow rate on righel&40%. That is within the boundaries as showFigure 2b.
However, if the same flow rates were counted onléftdurning lanes, Figure 3b shows that it ighkthat one or
both detectors are not working well.

This method has been applied on the detector datathe SCATS loop detectors on 24 pairs of pdrklles
(both trough going or both left turning), where tteund truth traffic counts were obtained by visuzservations.
When the difference between the detector countstenudisual observations was larger than 20%, éteator
counts were assumed to be incorrect. The numbesroéct approvals was 12, while in 2 cases theavap was
incorrect. The number of correct rejections waari] no incorrect rejection was made. Thus, onB2nof the
cases the criterion did not give the correct intitica

If all of the lanes with the same flow directioril ta work, or the lane doesn’t have any paraleld, the total
flow rate cannot be directly obtained from the d&es. The next section explains a method to estitiee total
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flow rate from probe vehicles. This method doesamdy provide an estimated flow rate, but also lbarused for
more purposes, such as the monitoring of queueHsramd the estimation of the percentage of preibécies.

In Changsha, the city where we did the detectdabigity survey, more than 6000 taxis drive arowvith GPS.
The speed, driving direction and position of thizsés are recorded every 30 seconds. This givessilglity to
estimate traffic flow rates from the queuing oflpeosehicles at signalized intersections.

USING GPS DATA TO CHECK AND ENHANCE LOOP DETECTOR C OUNTS

Some attempts have been made to derive traffic fides from probe vehicle data. Comert and C&)in (
developed a model to estimate the queue lengtteatrid of the red-phase from probe vehicle dasanaisg
Poisson arrivals. They ignored the effect of thmeasing queue during the red phase. In princijiderhethod can
be used to calculate the traffic flow rates from tfueue length. Kuwahara et dl1) developed a method to
estimate vehicle trajectories from a few probe elehilata. They assume that the traffic flow is aditg to a
fundamental diagram, while no overtaking occuns{in-first-out). Peng Hao et ab)(derived a method to
estimate the position of a probe vehicle among afsgaiting or driving vehicles. Under certain ditions their
method can estimate the flow rate between two prebéles. Rahmazani and Geroliminl®) developed a
classification method for stopping and acceleratigigicles on the assumption that drivers are atmifjroup and
drive according to the LWR traffic model. As wikkshown in this section, the assumption of no ekary and a
uniformly behaving driver population is not reatisbut such a simplified driving model still prolgs a good
framework for the development of the method to dedsome traffic characteristics.

FIGURE 4 Theoretical trajectories of vehicles appraching a signalized intersection. The thick trajeatries
are from probe vehicles.

Figure 5 shows that several vehicles including imabe vehicles with theoretical trajectories argrapching a
signalized intersectiorlR). The points where the vehicles join the backefqueue (i.e. the transition to zero
speed) give the transition between the free flagime (1) and the queue (region Il). The back ofdheue —
counted as the number of vehicles- propagatesansibeed equal to the arrival rate.

Since the back of the queue moves backwards aghasriving direction, the arrival rate at the ba€ the
gueue is slightly higher than the arrival rate atadionary point. This leads to the following etipia for the
dynamics of the number of vehicles in the qulue

N (t+At) =N (t) +Atqg(t) + Atq).l .d,(t) (1)

Where
q(t) : the arrival flow rate at timg
| : the average stand still distance between twsetutively queued vehicles, including vehicle tarand gap,
di(t): the density of the arriving flow at time

Forl we canfill inl = 1/d, , withd, the vehicle density of a queimeone single lane (i.e. the inverse of the length

of the road occupied by a single queued vehicle).
The number of lanes close to the intersectiontandfigher than the number of lanes further upstrigam the
stop line. The expression fb(N), the length of the queue pfvehicles can be expressed as:
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N qr
L(N)=—. for N< " /
nld I D,

(N—nldl“ D) : @
L(N)=D,+— forN>n-ld%)
n, 1

Where
D, : the length of the road before the stop line \aitlditional lanes;
n;: the number of the lanes on the approach;
n,: the number of the lanes on the upstream section.

Equation (2) simply expresses the fact that thesighylength of the queue grows relatively slowlyhe wide
road section with additional lanes. When the an¢taadditional lanes is filled, the arriving vetéslqueue up in the
narrower road section with fewer lanes and the g@gawth rate becomes larger.

Equation (2) gives the transformation from quemgile to number of queued vehicles. Combined witra&ign
(1), itis possible to calculate the arrivals betwéwvo moments andt, on which the queue length has been
measured. If the length of the queue at both masrisness thad,, i.e. if the queue builds up in the road section
with many lanes, the number of arrivals betwgeandt, is

t

N(t,t,) = j q(t ){1+d, (t')/ nd', }dt' Loty <Diandly (t) <D, 3)
t

L(t2) - L(t2) = N(ty,tz) / ned’y 4)

A similar expression is applicable when the quemgth at; andt, is both larger tha®;. In the case that the
transition occurs in the time interval that the wpigrows from the wide road section with many laoahe
narrower section with fewer lanes, the equatioh®i8l (4) become slightly more complicated.

The simplest case is a uniform arrival rate sottaidensity and flow rates are constants in the tind thad,
can be approximately estimated by:

d =q(t)/v (t) = glv

with v is the average speed derived from a fundamerdgtain, as shown in FIGURE 4.

FIGURE 5 shows the stopped probe vehicles alongd in a time — distance diagram on a macroscapie s
The data were extracted from taxis GPS data sehamgsha. The traffic control cycles are clearsjble in the
periodicity of the queue, the propagating wavethefback, and the front of the queues. The paisdoast visible
on a macroscopic scale, like in FIGURE 5. If tlifie is analyzed in more detail, the boundary atdba queued
vehicles appears to be fuzzier than as it appeatiseomacroscopic figure.
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North bound queues
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FIGURE 5 Time — distance diagram of slowly driving,stopped probe vehicles and vehicles that make the
transition between driving and being stopped

One reason is that the probe vehicles don't behavhe idealized model as shown in FIGURE 4. INR& 6
we see the trajectories of probe vehicles of adraliour on the same road section in more detadking more
closely to the trajectories, we can observe thatttivers don't all behave in the same way: someeds stop
abruptly, others decelerate slowly at the appradi¢he back of the queue. These vehicles join theugq at a later
moment than the abruptly stopping vehicles. Seveapdctories show that some drivers just decedandhout
stopping. For these vehicles the queue lengthrizahshould be estimated through redrawing thgttaries:
replacing them by pieces of full speed and zeredpe

Trajectories of probe vehicles

20000

Distance

19900

19800

19700

19600
08:00:00 08:05:00 08:10:00 08:15:00 08:20:00 08:25:00 08:30:00

Time

FIGURE 6 Trajectories of probe vehicles with a polhg time interval of 30 seconds. The accuracy of ¢h
position is about 6 m on average.

FIGURE 7 is a subsection of FIGURE 6. It shows thatfuzzy boundary between driving vehicles become
much sharper when the trajectories are replacetraight lines corresponding to two states: fulespmoving and
fully standing still. This means that the ‘backloé queue’ is only a theoretical concept, not ¢yeasible in reality.
Trajectories can be replaced with ‘ideal’ ones witly going and stopping phases. Of course, sueldaptation of



1 the trajectories can be done with a smart comprtgram, but it is also possible to estimate thstrtikely back

2  of the queue visually.

3

4 . . - . . . .

5 FIGURE 7 Observed trajectories (solid lines) armbrestructed trajectorie (dashed lines)

6

7 5. Empirical test

8

9 For the empirical test of the method, we seleatsather road (Laodong road) in Changsha. A videceca
10  was used to record the traffic around the inteigestfor one hour from a high building. The numbglanes of the
11  relevant road section on one direction was two. fféffic volumes were counted manually from theedd
12  observation, as shown in TABLE 2. The GPS data welected by map matching and a sample of theaavatPS
13  trajectories is presented in Figure 9.
14

o 77 - e rocpfioss | T

15
16  FIGURE 8 Trajectories of taxis along the Laodong Rad in Changsha eastwards between Furong Road (in
17  the West) and Shaoshan Road (in the East).
18
19 Given the fact that the back of the queue cannmettly be determined by checking the stopped vegiohly,
20 we used the visual method to estimate the dynawiiahe back of the queue. From FIGURE 8, several
21  irregularities in driving can be observed: vehidlethe same traffic conditions travel at differepteds, overtake
22  each other and travel on different lanes, evermnemarallel road (dedicated for bicycles but alkmaed for motor
23  vehicles that turn right are the next intersectiéiiythermore, the driving speed of vehicles isiicantly lower in
24  the time period 8:00 to 8:30 (visible in the slogfethe trajectories) when spill back of the queweured.
25  Trajectories are redrawn by extending the freeimlgiyparts and by interpolating the stationary pdan$IGURE 9
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the extrapolated points of stopped taxis are cdedewith dotted lines. The slope of this line sliobk an
indication of the flow rate, as estimated in TABREEven though the percentage of taxi probe vehistes rather
low, we could still identify at least two taxiséach red phase and we could use the time anddaaaftthe stopping
taxis to estimate the traffic flow between these moments.

e along Loadong Road

Distancs

Intersection Furorg Road

08:45:00 08:46:00 08:47:00 08:48:00 08:49:00 08:50:00 08:51:00 08:52:00 08:53:00 08:54:00 08:55:00 08:56:00 08:57:00 08:58:00 08:59:00 09:00:00

Time

FIGURE 9 Trajectories of taxis and estimated lengttof the queue for a period of 45 minutes.

For the purpose of estimating the traffic volunenirGPS data we assume that equation (4) can bexapwted
by:

L(t,) - L(t,) O, —t){a/ nd", +(a/ nd", ) */ v} (5)

From equation (5) the flow ratgcan directly be solved.
The comparison of traffic volume between video ualy counted and GPS estimated is shown in Table 2

TABLE 2 Counted volumes and volumes derived from ta queues

Time of the day 8:00-8:15 8:15-8:30 8:30-8:45 8:45-9:00
Counted flow in veh/s 0.485 0.522 0.5033 0.4622

Observed growth in (N(t) /s (£ standard

deviation) 1.542 (+0.3)m/s 1.375 (x0.3) 1.5417 (+0.2)  1.0333(x0.14)
Flow derived from queues 0.555 (+0.102) 0.495(x0.099)  0.555 (+0.075)  0.372 (20.052)
Error 16% 5% 10% -19%

In the conversion between number of vehicles irgieue and queue length, the jam derthityf 360 veh/km was
assumed (2 lanes). It is obvious that the traffiltime derived from GPS data does not give veryrateuesults
with errors between 5 and 19%. There are two reafwrthis:

- The volumes are not so regular and constant oedirtte due to stochastic effects in the arrivatpes and
the influence of platooning of arriving traffid,(3; this is visible in the fact that the flows dexd/from
the queue have a rather large standard deviation,

- The position of the back of the queue cannot berdehed accurately because of the driving styée the
early deceleration from a long distance to the lcke queue.

Furthermore, some turning lanes might have a diffequeue length than straight-on lanes. GPS déttie cannot
give sufficiently accurate positions to distinguifferent lanes. On section 4 we assume thataakd fill up
simultaneously, which is a kind of simplificatiof the real traffic and can result in some errorgstimation.
Notwithstanding the limitations of the method, toerelation between manually counted flows and @stimated
from the GPS queue length is still not too biad0.59.

CONCLUSIONS
As an indication for the traffic state, traffic wohes are very important in most traffic controlteyss. Traffic
volumes are both essential parameters for the atiatuof the traffic and for simulations. Througtraffic survey



O©CoO~NO U, WNPE

Li Jie, Henk J. van Zuylen, Wei Guorong 11

made in Changsha, we found that volumes recordelddyy detectors are uncertain due to detectorrislor
irregular driving paths of vehicles. The regulastiin the distribution of volumes over paralleldarmake it
possible to detect detector failures if the rafic@unts between two lanes is not logical. Erras be found and
repaired.

An innovative method was developed to derive tcaffblumes from probe vehicles. Even though theadctu
traffic did not behave like the simple fundamendiagram, we could derive a simple method to es#rtraffic flow
rates from the dynamics of the queue. Further eefients of this method, especially the reconstrnctd
trajectories to eliminate the irregularity of thevers, can lead to a traffic flow estimation tiall enrich the loop
detector data and can be used as an independenniasure. The method of the trajectories anadysisqueue
length estimation can provide relevant addition&iimation for traffic monitoring and control.
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