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1 ABSTRACT

Accurate real-time traffic sensing is of key importe, especially in the urban environment to be &bl
optimise traffic flow by intelligent traffic systes(ITS). Often the high density of traffic sensarseded to
achieve an accurate real-time monitoring of impdrtarterial roads, is difficult to implement due to
technical contraints or because of high instalfatost. Furthermore, existing traffic sensing tetbgy uses
sensors that are only able to measure traffic ftowa cross-section of the road where they arelliedta
(typically on a junction), giving no information otme situation in between. An alternative "searless
measuring technology, is to use floating car datth Google Maps being the most prominant exanipés
technology allows to derive traffic information oweide road sections, however it is unable to delreal-
time information, and it relies on the “cooperatiai the data providers (the fleet owner or the ite®b
phone users). Fiber optic acoustic sensing (FOA3) mew alternative technology that allows a sessnle
real-time monitoring of the road traffic situatiamver large distances of up to 50 km using the iexgjst
telecom fiber optic cable infrastructure.

In our previous work we presented an algorithm eesiilts for traffic flow and average speed comporat
from FOAS raw data at a specific location alongghway and compared it to reference traffic dajdZlL
In this paper we demonstrate the potential of #ardess nature of the technique by evaluatingrtféct
density over a length of 25 km of the monitorechiaigy for different days and times of the day.
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2 INTRODUCTION

Even with an upcoming transition to electric mdiikhnd a modal shift from individual to public tsgort in
the future, roads will stay the backbone of tramstion in the urban environment for years to come.
Therefore, permanent traffic monitoring is crud@lensure optimal traffic flow. The data providedrial-
time road traffic monitoring provides informatioegarding traffic jams or accidents. With such infation,
traffic management centres are enabled and suppddereact quickly to incidents and intelligent
transportation system (ITS) measures, such asdiare of a lane or temporary usage of the hardldbg
can automatically be imposed. Accurate real-tinadfitr situation sensing is especially importanttre
urban environment to allow optimizing the trafflo with intelligent traffic systems (ITS). Oftehe large
number of traffic sensors, needed to achieve auratereal-time monitoring of important arteriadds, is
difficult to implement due to technical constraintsbecause of installation cost.

Different technologies are currently used for fafhonitoring systems where sensors are eithealladt
overhead, under, or next to the road to detectidrébw [3]. Such sensors could be laser scaniié}s
infrared [5], radar [6], [7], ultrasonic [8], [9fnagnetic [10], [11], acoustic [12] or video camef3k [6].
Passing vehicles can cause changes in the madisdtichat are then processed to measure the flow o
vehicles [10], [11]. Acoustic-based monitoring m&asl by a microphone array were also proposed [12].
Another method for traffic monitoring is throughoardsourcing of smartphone connection data [13f@nf
fleets of vehicles equipped with GPS systems (tiihgacar”) [14]. Google Maps is the most prominant
example of the crowd sourcing approach. Howeveés, iinable to deliver true real-time informatiarnélies

on traffic models and needs the "cooperation" efdhta providers, i.e. the mobile phone users.

Sensors installed under the road surface come thétldisadvantage of high cost due to constant fared
repair and maintenance while sensors placed overhreaext to the road such as cameras are susesiatib
adverse weather conditions [3].
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Fiber optic acoustic sensing (FOAS), also oftemeat distributed acoustic sensing (DAS), is a teldgyo
that allows a seamless, real-time monitoring ofislehtrajectories on a road over large distancaegafo 50
km without additional roadside installations. leasone unused optical fiber (“dark” fiber) of aefiboptic
cable already installed in the ground for data- andmunication-networks (telephone, internet), as a
distributed sensor. The advantage is that the @hble infrastructure typically installed at higendity in the
urban environment can be reused, as it is, foffidrafensing by connecting an optical "interrogator"
instrument to one end of an unused fiber. The figcienallows the detection of very small disturbanoé
the optical fiber cable, such as the mechanicalrstaused by microscopic deformations from viloraiof
the cars running nearby. Probing the fiber witlagel pulse of high repetition frequency (2 kHzpwaH to
analyse the vibration spectrum produced by neasdyicles, distinguishing them from other vibration
sources and tracking their time-location trajee®long the cable.

Existing traffic sensing technology uses sensasdhe only able to measure traffic flow at a ¢erpint of

the road (typically on a junction), lacking infortiman on the situation of large road sections iesn those
points. Such sensors are only able to measurelgdtogy (vehicles/minute), whereas the importaaffic
parameter vehicle density (vehicles/km) cannot beessed. FOAS technology allows to measure a
“snapshot” of the vehicle positions along the wHhelsgth of a road at a given time, therefore priogdhe
important traffic density parameter.

FOAS measurement results on road traffic flow halveady been presented in smaller studies in thanur
environment and over relatively short distanced@0 m and were compared to measured vehicle counts
[15]. In this work, we present fiber optic acoussensing (FOAS) for road traffic monitoring ovetoag
distance of 25 km providing average speed and ketiensity results for heavy vehicles along thelroa

3 FIBER OPTIC ACOUSTING SENSING

The FOAS system works by sending short laser ptlgesigh a fiber optic cable where the light istsrad

via Rayleigh scattering and the light returningtibe source is analysed to infer information. In FEDA
systems, optical fibers with a length up to 50 krith a repeater device after 50 km even up to Xi0dan

be used. The fibers used are typically alreadyailest in the ground, parallel to a highway, for
telecommunication purposes where it can be kilorsdteng and any disturbances along the fiber can be
measured. An interrogator device connected to adeoéthe fiber transmits a series of laser lighisps into

the fiber cable, as shown in Figure 1.

vibrations due to

moving vehicle \Y/ light pulse

—
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—_—
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back scattered light Interrogator device

Fig. 1: Principle of the FOAS measurement for tcafftuation monitoring.

In the glass of the optical fiber there is an dffgesent that causes a continuous back scattiredfght
along the fiber. Rayleigh scattering is causednbywinogeneities in the glass and for the sake gblgiity

one can depict the Rayleigh scattering effect gist Ibeing reflected on a myriad of microscopic prisr
embedded in the glass. Therefore, for a singler lpgtse being coupled into the fiber, instead ohyna
distinct reflected pulses a continuously distrilbusggnal is returned from the fiber. The scattdighit has

the same frequency as the impinging light wave eawl be analysed by optical means. The vibrations
generated by the passing cars and trucks stretdic@mpress the optical fiber affecting its optipakh
length. This induces a measurable phase shiftarb#itk scattered light which is sensed by intenfietoic
methods. Probing the fiber with a laser pulse ghhrepetition frequency (2 kHz) even allows to gselthe
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vibration spectrum produced by nearby vehiclestirdigishing them from other vibration sources and
tracking their time-location trajectories along ttable. In this work we demonstrate that with thesanges
in the signal induced by passing vehicles, reletraffic information can be derived over large distes.

4 FOAS TRAFFIC MONITORING SETUP

We have performed traffic density measurement biglway in a mountainous region of Austria with two
separated carriageways, each with two lanes phexrd shoulder, where the fiber optic cable wasaltest
next to the road in a distance of up to 10 m fromrbadside. The monitoring was done over a leaftb
km with traffic data measurements extracted evefyra from the raw FOAS signal, making up a totabof
“virtual” traffic sensors. The monitored highway cien contains several bridges and tunnels. The
processing algorithm has been described in [1] igndriefly summarised as follows: From the image
representation of the spectral power of raw FOAfas (see example in Fig. 2) the trajectorieshef t
vehicles running on road, visible as the white dinare identified by thresholding of the spectradver
diagram. The incident angles of the trajectoriggasent the vehicles' speed, the number of trajestin a
certain section along the x-axis of Fig. 2 reprégka vehicle density as numbers of vehicles petice
length. We have used image processing technigpesifisally Hough transformation, to extract theykes
from the image data. The average speed and theleatensity were computed from patches of 1 misute’
time and in sections of 500 m. The white rectangéet in Fig. 2 at x=5 km, indicates the size aoffsa
patch. As the fiber optic cable follows the roagolat rather accurately, the fiber length givenhie tesult
figures equals the monitored road length. Previoarsparison to data from induction loop counters [2]
revealed that the FOAS signal mainly containedtthek trajectories. The explanation is given by thet
that the fiber optic cable is situated relativeigtant, up to 10 m, from the roadside. Taking théthvof the
hard shoulder into account, this adds up to amtistaf almost 13 m from the cable to the first kigh lane.
Vibrations of small and light vehicles are thereftess likely to be picked up by the FOAS systerthia
setup.
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Fig. 2: Image representation of FOAS signal spepwaver produced from raw FOAS data, showing vehihjectories on a
highway over 25 km length. The y-axis represergstitihe, the x-axis the position along the fiberledength.
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5 RESULTS

Fig. 3 shows examples of the traffic situation nbarng along the full length of the 25 km road dfedent
time instances. The results are given as trafficsidig in vehicle counts per 500 m of road and asaierage
speed of these vehicles for (a) a weekday mornirgrf.) and (b) evening (6 p.m.), and (c) for akeed
evening. Both driving directions are accumulatedthiese plots. The speed results were obtained from
trajectories within a 1-minute time window (cf. wérectangle inset in Fig.2).

Previous investigations [2] compared FOAS measunesnt reference traffic sensor data. This is only
possible at a location where such a reference sémsostalled. However, there is no such possibiior
validation over the whole length of a road, wheawfic sensors, such as induction loop counters, ar
installed only very sparsely, typically every 10.Kwde have therefore performed plausibility checkdiwe
results obtained from FOAS to validate the data.

Although the FOAS signal mainly represents heaviehicles and trucks, the difference in the traffic
situation between weekday and weekend can clearlgelen by comparing Fig. 3 a,b with 3 c. While on
weekdays the measured vehicle density varies bat®em 6 vehicles per 500 m of road, the weekend
exhibits a maximum of 3 vehicles/500 m and moghefroad shows no heavy vehicle traffic at all.sTisi
consistent with the fact that trucks are not alldwe roads in Austria on weekends before Sundgy.io,
with a few exceptions for the transportation ofical goods.

The measured average vehicle speed varies ovéerthth of the observed road (cf. Fig 3a,b). Inrdwege
from x=0 to 15 km, the highway exhibits a series3ofong tunnels with a speed limit of 100 km/h for
passenger cars, whereas in the range x=17 kmkan2&ere is an open road with a speed limit of ki3h.
The truck speed limit is 80 km/h over the wholegltn In the region between 15 km to 17 km the road
exhibits a strong upwards slope. The average spsedts reflect the situation very well: Assumihgttthe
heavy vehicles that are detected by FOAS are comdpokreal trucks (with a 80 km/h speed limit) axtier
heavier passenger vehicles (with 100 km/h or 13(hlspeed limit, respectively), the observed speedes

of [70..100] km/h in the tunnel section, and [8RQJLkm/h in the open road region are plausiblethie
section of the upwards slope the average speetshifles drops considerably below 70 km/h, which is
consistent with heavy trucks driving uphill.

6 CONCLUSION

In this paper we demonstrated the potential ofrfigtic acoustic sensing (FOAS) for traffic sitwati
monitoring applications using existing fiber optigafrastructure for telecommunication. The resufitthe
investigation focuses on trucks and heavy vehiclegeneral, as the fiber cable in this specifid-s#® is
installed at a larger distance from the roadsid@ ifieters), such that passenger cars do not provide
sufficiently strong vibration amplitude to be ddtst by FOAS. The result was validated by plaugibili
checks and shows that traffic density (vehicles/kmj average speed can be estimated over a lehgt o
km using a single, existing fiber optical cable, ttee heavy vehicle classes.

FOAS systems only require the installation of ateriogator device connected to one end of an agisti
fiber-optic cable. Therefore, the presented satugitomises low-cost road-side maintenance andlliaiste
as no devices need to be installed directly atrtael. An additional advantage of a FOAS-baseditraff
situation monitoring system is its long-range calgas, providing traffic data seamlessly at artremely
high spatial resolution up to 100 m and better.th\Wiber optic infrastructure becoming more and enor
available in the modern urban environment for ditasmission purposes, the technique can be ad=tedi
to monitor traffic situation in real time in dengkban road networks. As fiber optic cables are etqueto be
installed very close or even under the road surfaagrban scenarios, the sensitivity of the FOASfit
monitoring is expected to be extended to light pagsr vehicles. Under such conditions FOAS wilabée
to replace traffic sensors where fiber optic cableastructure is existing and the installationotiier sensor
devices is problematic or too costly.
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Fig. 3: Average 1-min. speed and traffic density 5@ m for 3 different time instants. The specifiad features that explain the
differences in the average speeds observed, doaiad in a and b (see text).
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