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Abstract: In the framework of massive sensing and smart sustainable cities, this work presents an
urban distributed acoustic sensing testbed in the vicinity of the School of Technology and Telecommu-
nication Engineering of the University of Granada, Spain. After positioning the sensing technology
and the state of the art of similar existing approaches, the results of the monitoring experiment are
described. Details of the sensing scenario, basic types of events automatically distinguishable, initial
noise removal actions and frequency and signal complexity analysis are provided. The experiment,
used as a proof-of-concept, shows the enormous potential of the sensing technology to generate
data-driven urban mobility models. In order to support this fact, examples of preliminary density
of traffic analysis and average speed calculation for buses, cars and pedestrians in the testbed’s
neighborhood are exposed, together with the accidental presence of a local earthquake. Challenges,
benefits and future research directions of this sensing technology are pointed out.

Keywords: distributed acoustic sensing; urban mobility patterns; optical fiber; smart cities; massive
sensing

1. Introduction

The UN’s Sustainable Development Goals Report for 2022 [1] includes the analysis
of Goal 11 devoted to sustainable cities and communities stating that 99% of world’s
urban population breathe polluted air and, depending on the region of the world, few city
dwellers have convenient access to public transportation. In addition, often public spaces
in congested urban areas play a vital role in social and economic life, but are not widely
accessible. The first step to improve actual conditions in cities is learning realistic models
of their present mobility patterns usable to monitor urban settlements, implement smart
traffic management tools, and create sustainable smart mobility plans.

The paradigms of smart cities [2-4] and multimodal remote sensing [5,6] provide very
useful tools to obtain data transformable into knowledge, to face the challenges stated.
Massive amounts of data with very diverse formats and origins are analyzed using auto-
matic signal processing and Big Data approaches combined to understand what happens
and provide directions of change and improvement. Regarding the analysis of urban traffic,
approaches from the massive data retrieval and pattern extraction based on artificial intelli-
gence tools [7,8], traffic prediction models [9,10], to digital-twin based strategies [11,12] are
oriented to modify urban traffic once analyzed.

There is a wide range of sensing technologies that contribute to the monitoring of
urban traffic like, e.g., unmanned aerial vehicles [13], crowd-sensing of users” mobile
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phones [14], traffic cameras [15], vehicles GPS [16], or satellite images [17]. The Internet of
Vehicles (IoV) approach [18] provides vehicles with smart devices such as wireless sensors,
onboard computers, GPS antennas, radar, etc., to collect and process large amounts of data
while enabling information interaction between vehicles.

In this multi-modal urban sensing scenario, the usage of communication optical fibers
as sensors to monitor mobility patterns has gained great interest. Distributed acoustic sens-
ing [19,20] is an emergent sensing technology based on the Rayleigh scattering phenomenon
occurring in an optical fiber when an interrogation light-wave faces its inhomogeneities.
Depending on the fiber’s refraction index, part of the incoming light-wave is backscattered
towards the interrogator and can be analyzed. If a local perturbation occurs along the
fiber (e.g., vibrations or changes in the fiber’s strain or temperature produced by moving
stimuli), its refraction index will change locally providing a proportional change in the
properties of the backscattered light-wave coming from the spatial point where the per-
turbation occurred. This capability of demodulating the magnitude and location of the
stimuli affecting the fiber, converts fibers into arrays of sensors adopting the concept of
distributed sensing versus traditional point sensors. Vibrations and strain or temperature
perturbations in the bandwidth of acoustic signals (up to the MHz regime) occurring along
the fiber are registered.

1.1. Distributed Acoustic Sensing and Urban Traffic Monitoring Overview

Perturbations along the fiber modulate the backscattered light-wave that travels back
to the interrogator. Once received, the stimuli demodulation can be performed in the
time domain, receiving the name of Optical Time-Domain Reflectometry (OTDR). Con-
ventional OTDR has been widely used to monitor static processes like fiber attenuation
for fault detection in telecommunication cables. However, it is not suitable to detect local
dynamic changes in the fiber refraction index, as expected in the distributed acoustic sens-
ing. For such a purpose, several approximations based on the analysis of the phase of the
backscattered light-wave have been proposed [21]. Coherent phase-OTDR [22,23] is based on
the complete phase recovery of the interferometry signal provided by optical mixing of the
backscattered and reference lights. It provides accurate dynamic measurements of strain at
the cost of high system complexity (requisite of laser coherence) and contestable long-term
stability. Phase-sensitive OTDR [24] is a simpler direct detection approach based only on
intensity variations of the interferometry signal, opposite to the phase recovery needed in
the coherent detection formulation. As a drawback, intensity variations of the interferom-
etry signal do not show linear dependence with the perturbation applied. Perturbations
are detected, but their quantification can only be achieved through a frequency sweep of
consecutive probe pulses representing an increase of the measurement time and complexity.
Chirped-pulse phase-sensitive OTDR (CP-®OTDR), mathematically formalized and demon-
strated in 2016 [21,25], preserves the direct detection advantages of Phase-sensitive OTDR,
avoiding the time-consuming frequency sweep needed. Consecutive interrogations are
substituted by a single probe pulse with a linear chirp. If the chirp-induced spectral content
is much larger than the pulse transform-limited bandwidth, the linear relationship between
the time-domain signal and its spectrum allows for the mapping of perturbation-induced
spectral shifts in the trace into local temporal trace delays. Then, the empirical mapping
of trace delays and ongoing changes of its group refractive index [26] serves to quantify
dynamic local perturbations along the fiber expected in distributed acoustic sensing.

The sensing possibilities of the distributed acoustic sensing (DAS) technology are used
in a wide range of application fields like active seismology and vertical seismic profiles gen-
eration [27], gas or petroleum deposits detection [28], ambient noise interferometries of the
Earth’s surface [29], passive seismic and volcano-seismic monitoring [30-32], security and
perimeters surveillance [33], or big infrastructures health monitoring [34], among others.

In the scope of urban traffic monitoring, the usage of DAS has experienced an im-
portant growth in the last years. Its longer monitoring range compared to the spatial
sparseness of point sensors due to their higher costs of installation and maintenance, its
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higher sampling rate compared to GPS or mobile phones, and its independence of weather
conditions together with its preservation of anonymity, have made it an attractive option.
Table 1 shows the most recent representative approaches of DAS for monitoring moving
vehicles and pedestrians. Detection, counting, measuring speed and other traffic flow
parameters are common objectives of all works. Signal processing is a key challenge for
several reasons: the backscattered ray-trace has low SNR and many events are spatially and
temporally overlapped, there are many sources of noise present in the sensing scenarios,
and the sensing capacity is very much dependent on the characteristic of the materials
solidary to the fiber among others. Frequency analysis and denoising strategies are com-
mon approaches. Supervised /unsupervised machine learning approximations are being
proposed in the last few years. A new approach will be introduced in our algorithm in
order to improve the performance of the system.

Table 1. Traffic monitoring through DAS approaches.

Reference

Objective

Signal Processing

Sensing Scenario

patent, 2016, [35]

vehicles detection, traffic
flow, speed
measurements

[

(-]

journal, 2018, [36]

vehicle detection and
counting, speed
estimation

wavelet-threshold
denoising and dual
threshold detection.

200 m. road in the
NanShan Iron mine
(China) during
seismic trial

congress, 2019, [37]

average speed, flow rate,
queue detection,
congestion detection,
journey times, traffic
count

[

(-]

journal, 2020, [38]

signatures of floats,
bands, motorcycles

detrending, filtering,
noise removal,
frequency analysis

2.5 km of fiber
underneath the Rose
Parade route,
Pasadena(USA)

congress, 2020, [39]

detect pedestrian
footstep

convolutional neural
network

5km Pennsylvania State
University campus

journal, 2020, [40]

vehicle detection and

classification, vehicle
count, speed
measurement

wavelet denoising,
dual-threshold detection,
feature extraction,
vehicle classification
with SVM

320 m. campus road of
Beijing Jiaotong
University (China)

journal, 2020, [41]

vehicle detection,
counting and
characterization

frequency analysis,
template matching

4 km. Telecom. cable
running through Palo
Alto, CA, leased from
Stanford University IT
Services (USA)

journal, 2020, [42]

human locomotion
detection (walking,
running, different shoes)

frequency analysis,
shallow and deep
Neural Networks

15-m-long hallway.

journal, 2021, [43]

vehicle counting, traffic
volume, average speed

detrending, filtering,
noise removal,
frequency analysis

37 km.
Caltech-Pasadena City
DAS array (USA).

conference, 2021, [44]

estimation of individual
simultaneous vehicles
velocity in multiple
lane roads

frequency domain
MUSIC beamforming

commercial telecom.
cable parallel to a main
road in Toulon(France).

journal, 2022, [45]

speed and volume
estimate of traffic flow

frequency analysis, F-K
filtering for noise
removal

50 km. of telecom. cable
inside the city of
Hangzhou (China).

journal, 2022, [46]

counting and velocity
estimation for individual
vehicles in challenging
scenarios without
spatial/temporal
separation

self-supervised
deconvolution
autoencoder

14 km. commercial
telecomm. along a main
road connecting
Alba-la-Romaine,
Saint-Thomé,
and Valvigneres
(France).
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1.2. Contributions of This Work

In the general technology framework presented, this work describes a distributed
acoustic sensing experiment deployed in the vicinity of the School of Techonology and
Telecommunication Engineering of the University of Granada, Spain. For several months
the mobility activity around the building has been recorded to explore the capacities of
DAS to extract urban mobility patterns. The contributions we present and the rest of the
work are organized as follows:

i.  Animplementation of the DAS technology in an urban environment with a wide vari-
ety of dynamic mobility patterns is presented. Section 2.1 describes the testbed used.

ii. The signal processing needed, the different types of mobile elements sensed and
feature extraction possibilities are exposed in Sections 2.2-2.4, respectively.

iii. Example applications derived from the processing of information obtained are shown
in Section 3 followed by a reflection about this sensing approach and its possibilities
and applications in Section 4.

2. Materials and Methods

The experiment described in this section lasted from the September 2022 until the
20 January 2023. Its main objective has been exploring the technology and obtaining
preliminary strategy conclusions applicable to further sensing campaigns.

2.1. Testbed Description and Calibration Process

A dark fiber double-loop was buried for the specific sensing objective around the
School of Technology and Telecommunication Engineering of the University of Granada,
Spain (ETSIIT). A High-Fidelity Distributed Acoustic Sensor based on the CP-®OTDR
technology ([21]) manufactured by the Spanish company Aragén Photonics™ has been
used. The sensor has a 1 n strain sensitivity, 6 m minimum spatial resolution (gauge length)
and up to 70 km reach. The setup provides strain-type data on near a kilometer of fiber,
with 10 m spatial sampling and 250 Hz temporal sampling.

Figure 1 shows the triangle-shaped outer fiber loop comprising 2 streets of 140 and
170 m of length (red and blue double arrows), a concrete wall of 140 m of length (yellow
double arrow), and an internal loop of 220 m (green oval arrow) surrounding a garden and
two prefabricated lecture rooms. The fiber is always buried except for concrete wall section
on which the fiber is uncovered, solidary to the wall for research purposes. Sampling
points (P1-P32 and M1-M20) are depicted as a result of a calibration process carried our
before monitoring activities. The sensor registers strain variations in the fiber resulting
from stimuli like pedestrians, public or private buses, cars, bicycles, etc. These data are
pre-processed for noise removal (see Section 2.2). Monitored strain registers can be directly
processed or converted into 2D energy maps, commonly known as energy waterfalls, used
as input to potential automatic labeling or classification systems.

Figure 2 shows the energy waterfall corresponding to the sensing circuit depicted in
Figure 1 for 25 min. The X-axis represents time, while the Y-axis represents the spatial
points of the extended double loop of the fiber. The color scale represents the strain’s
energy on each spatial point along time. The colored double arrows on the sides of the
waterfall indicate the portions of the school perimeter corresponding to each part of the
Y-axis in the waterfall. It is notable that the internal loop sensing the inside garden suffers
a kind of mechanical superconductivity. High energy appears simultaneously on many
spatial points, connected to the existence of a mobile event in other region of the waterfall.
This might be due to the existence of a deep concrete platform on top of which the garden
and prefabricated lecture rooms were located. This simultaneous energy transmission
becomes an specially challenging overlapping noise for sensing points M1-M20 . Energy
footprints related to events occurring in the inside garden are overlapped with useless
mechanical conduction footprints related to activity in other areas. The criterion used to
distinguish real mobility activity in the area from mechanical energy superconductivity
is that while the first one will present a certain small slope (space will be gone through in
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a certain time), the former one will occur simultaneously in spatial positions separated
from each other (that is, footprints would have somewhat infinite slope). Automatic event
detection approaches applied to the registers for counting applications (see Section 3) will
face this difficulty with the help of template matching strategies that favor real plausible
slope values.

D @ C. Penodrsta Rafag|
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Figure 1. Google Map™ view of sensing testbed installed in the Telecommunication and Computer
Science Engineering School of the University of Granada, Spain. Sensing points calibrated in the fiber
with spacial resolution of 10 m are depicted. Red markpoints correspond to the internal fiber ring,
while blue markpoints correspond to the external fiber ring. Four sensing areas are differentiated:
Periodista Rafael Gomez Mont street (red arrows), Periodista Daniel Saucedo Aranda street (blue
arrows), internal gardens of the School (green ellipsoid) and concrete wall in a side of the School
perimeter (yellow arrows). Sensing points P1 and P10 are the respective entrances/exits of a surface
and underground parking.

Periodista Daniel
Saucedo Aranda
Street.

Periodista Rafael
Gomez Mont
Street.

Figure 2. Example of energy waterfall of 25 min for the fiber deployment described in Figure 1.
All sensing points are depicted in the Y-axis, with the side color arrows indicating the spatial area
corresponding to each segment of the Y-axis.

2.2. Signal Processing

DAS technology has several sources of noise due to optical noises and ground-to-fiber
transfer effects, dependent on the fiber and characteristics and coupling [47]. In addition,
backscattered traces are low power signals. For these reasons, denoising approaches are
important to achieve quality SNRs. Added to these challenges, the occurrence of time
and space overlapped stimuli is other source of noise that can mask the mobile events
searched for. Our work presents a preliminary common denoising strategy devoted to
the acquisition of a baseline database of mobility patterns usable in further applications.
Approaches based on machine learning like [48] are considered for future implementations.
Figure 3 shows the four denoising steps followed proposed by the sensor manufacturer
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Aragon Photonics: signal thresholding is carried out to compensate for spurious strain
peaks based on the study of cumulative values. Then, signal variations are compared to
those of a reference portion of the fiber without stimuli. For this purpose, the output of two
consecutive median and mean filters applied to the reference strain is subtracted, obtaining
the strain variation Ae signal used in the analysis. Finally, using an iterative process on
both time and space dimension, temporal and spatial discontinuities are smoothed, again
making use of a median filter.

Variations compared . . .
Spureous _peaks >  to non-stimulated 3 Window-based 3 Wmdow-base_d spatial
correction reference fiber temporal smoothing smoothing

Figure 3. Steps for baseline noise reduction in strain registers.

Once the denoising step has been completed, a frequency analysis is performed. When
a moving event approaches a given sensing point, there are two simultaneous effects
taking place [43,46]. First there is a low-frequency (<3 Hz.) quasi-static deformation of
the subsurface due its weight pressing down on the road/ground. Such deformation is
transferred to the fiber leading to a strain of measurable amplitude, traveling at the speed
of the mobile event and more easily localized in time. Secondly, the interaction between the
vehicle tires/pedestrian and the road /ground generates high frequency (>3 Hz.) surface
waves that travel away from the source point at seismic speeds usable in interferometry
analysis. We have performed the reported two bands analysis during the experiments. Its
results will be shown in Sections 2.3 and 2.4.

2.3. Types of Events Registered

The School of Technology and Telecommunication Engineering is located in the north-
west of the city of Granada, relatively close a communication hub connecting the inner
city to a several of highways around it. It is inserted in the middle of a neighborhood with
buildings of homes. Public urban bus n° 9 goes through street Periodista Rafael Gémez
Montero (see Figure 1). Mobility patterns of workers and students relating to the School
have been continuously registered during the experiment together with those of the people
living in the area or traveling through it. There are footprints of different types of vehicles
interacting among them or with pedestrians often also monitored entering or exiting bus
n° 9. Under a first approach, we have distinguished three basic types of events: buses,
cars and pedestrians, with the objective of performing automatic detection and counting
and creating a master database with labeled examples. Such a baseline database will
permit further machine learning probabilistic approaches to find data classifiable as similar
or different types of events, mixtures of them, out-of-distribution events, etc. Figure 4
shows three example representations of the footprint registered for a bus (Figure 4a), a car
(Figure 4b) and a pedestrian (Figure 4c) moving parallel to the fiber in the testbed deployed.
Their waterfalls, corresponding strain variation matrices along time and space and the
spatially-averaged frequency spectrograms for the same footprints are depicted. Figures
show that buses have higher energy due their higher weight producing higher strain vari-
ations. A basic speed calculation based on the slope of the footprint (space divided by
time) shows that, as expected, the bus and the car have higher speeds than the pedestrian.
Spatial-average power spectral densities suggest different frequency contents for the three
types events that are further analyzed.
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Figure 4. Example visualizations of the canonic events detected in the monitoring testbed (bus, car
and pedestrian). (a) Energy waterfall, strain variation and spatial-average power spectral density
for a canonic bus example. (b) Energy waterfall, strain variation and spatial-average power spectral
density for a canonic car example. (c) Energy waterfall, strain variation and spatial-average power
spectral density for a canonic pedestrian example.

Figure 5 depicts the distribution of the frequencies with maximum energy for a small
database of buses, cars and pedestrians registered in the testbed. The analysis is performed
for the whole band of frequencies involved in the activity (from 0.1 Hz to 30 Hz) in the
left column subfigure, for the quasi-static band of activity (band 0.1-5 Hz) in the central
subfigure, and the high-frequency band (5 to 20 Hz) originated by the surface waves.
Buses show a higher content of frequencies around 10 Hz that are not that present in
cars nor pedestrians which generate very little surface waves. The low frequency band
(center subfigure) often used because its simpler analysis and time location, might not



Remote Sens. 2023, 15, 3282

8 of 18

be the optimal band when distinguishing different types of events. Analyzing the whole
band provides more discriminative differences between events at the price of introducing
some noise.

P ith hi frequency with highest ene band 5 - 20 Hz
frequency with highest energy ( band 0.1-30 Hz ) 10 frequency with highest energy (band 0.1-5 Hz) S04 quency g ey ( )
- tus 2z - bus = - tus
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Figure 5. Histograms of the frequency with highest energy for the three baseline events analyzed.
Three frequency bands are studied: complete band from 0.1 Hz to 30 Hz (left), quasi-static band from
0.1 to 5 Hz (center) and high frequency band 5Hz to 20 Hz (right).

2.4. Characterization of the Events

There are several approximations to study the strain-variation time series registered.
A possible analysis might include feature extraction, combination and measurement of their
discriminative potential, and their contribution to the interpretability of the data. Otherwise,
in the framework of Information Theory, many approaches focus on the complexity of the
time series searching for information contents from a mathematical viewpoint without
semantic analysis. In this framework, complexity is a magnitude widely used to quantify
the intricacy of a time series allowing choice of the forecasting methods to be applied [49].
The higher the complexity, the more information provided by the time series. That is,
complexity is low in regular time series and grows in chaotic ones. There are several
methods to measure complexity, Shannon Entropy [50] being a very commonly used
one. In recent literature, several other measures have been developed to quantify the
changes in complexity for biological signals [51] like electroencephalograms (EEG) [52],
electrocardiograms (ECG) [53,54] or magnetoencephalograms (MEG) [55]. Biological time
series of a healthy person are more regular than those of a diseased person that become
more complex. The same approximation is used in the fault diagnosis in machinery [56] or
in financial time series analysis [57].

In the context of our proposal and due the nature of the signals, events generating
strain variations in the fiber’s backscattered light (cars, buses or pedestrians passing by)
will produce changes in the complexity measures. Based on this hypothesis, approximate
entropy [58] (see Figure 6) and Hjorth parameters [59] (see Figures 7 and 8) are analyzed
by searching for their potential for mobile events discrimination and characterization.
The well-known Hjorth parameters of activity, mobility and complexity, transversely used
in all mentioned disciplines, are added to amplify the statistical information in the analysis.

Approximate entropy is calculated in the time domain. It measures the matches of a
pattern along the signal, calculating then the logarithmic frequency of repeatable patterns.
Time series containing many repetitive patterns have relatively small approximate entropy
values (the time series is more regular), while more chaotic or complex processes show
higher values. Hjorth parameters, although calculated in the time domain, also provide
meaning in the frequency domain. Activity gives a measure of the squared standard
deviation of the amplitude of the signal, being high if higher frequencies are present;
mobility is obtained as the square root of variance of the first derivative of the signal
divided by its variance. Complexity, defined as the ratio between the mobility of the first
derivative and the mobility of the signal, indicates how the shape of a signal is similar to
a pure sine wave providing an estimation of its bandwidth. Adapting window sizes to
frequency bands and possible range of events duration, complexity measures have been
analyzed for two frequency bands (0.1-2 Hz and 5-20 Hz) following the hypothesis of
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the different activity and events discriminability pointed out in Section 2.2. The result
of the analysis is shown for the same strain variation segment in Figures 6-8. Several
events detected have been indicated with different color arrows, with gray, orange and red
indicating the corresponding presence of a bus, a car or a pedestrian.

Results show the interesting potential of approximate entropy and Hjorth activity to
highlight the presence of a mobile event, removing noise in the strain variation matrices to
perform more accurate event detection. Exact event timing, important for applications like
event’s velocity calculation, can be improved through these parameters. Hjorth’s mobility
and complexity show a certain presence especially in the band 0.1-2 Hz that is under
analysis for a better usage.

strain in the band 0.1-2 Hz.

0 50 100 150 200 250 300 350 400 450
time (s)

approximate entropy

fibre position

time (s)
(@)

strain in the band 5-20 Hz.

0 50 100 200 250 300 350 400 450
time (s)

approximate entropy

time (s)

(b)
Figure 6. Events detected in a segment of DAS register pointed at with red, yellow and gray arrows
indicating the presence of pedestrian, car or bus, respectively. (a) shows strain variations and
approximate entropy in the band 0.1-2 Hz. (b) shows strain variations and approximate entropy in
the band from 5-20 Hz.
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Figure 7. Events detected in a segment of DAS register pointed at with red, yellow and gray arrows
indicating the presence of pedestrian, car or bus, respectively. Strain-variation file segment processed
in the band 0.1-2 Hz. Corresponding Hjorth parameters.
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Figure 8. Events detected in a segment of DAS register pointed at with red, yellow and gray arrows
indicating the presence of pedestrian, car or bus, respectively. Strain-variation file segment processed
in the band 5-20 Hz. Corresponding Hjorth parameters.
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3. Results

This section points out potential applications of the DAS monitoring to extract relevant
information for data-driven mobility models. Its objective is to show the flavors of what
can be accomplished with a deeper analysis of the data obtained. Data monitored in the
period from December 2022 to January 2023 have been analyzed and used as example.

3.1. Example of Mobility Changes on New Year’s Eve

Continuous monitoring was carried during the evening and night of the 31st of
December on New Years eve. Figure Al in Appendix A shows four example waterfalls
of one hour of duration at different times (31 December at 4:00 pm, 9:00 pm and 11:00
pm, and 1 January at 00:00 am). It can be seen that different traffic densities are observed
at different times of the day. The last two subfigures show anthropologically interesting
information about human behaviors on New Year’s Eve. Urban traffic is especially low from
the 31 December at 11:00 pm until approximately 1 January at 00:30. Then, many cars start
moving during the whole night. This information is highly compatible with the Spanish
tradition of welcoming the new year inside homes with family or friends (eating 12 grapes
together at exactly 1 January at 00:00) and going out to celebrate afterwards. Figure 9
provides the automatic counting of buses, cars and pedestrians during the mentioned 24 h.
The counting has been performed using an image processing multiple template-matching
approach over the waterfall images [60]. It is remarkable that the number of cars in the one
hour gap starting at 00:58 am is higher than any other time of the day.

Events registered between 2022/12/31 10:58 and 2023/01/01 09:58
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Figure 9. Automatic counting of the number of cars, pedestrians and buses carried out during the

monitoring example.

3.2. Example of Mobility during a Work Day

Figure 10 provides the same automatic counting of mobile events performed during
a work day (Figure 10, left). Differences compared to the patterns found in New Year’s
Eve (Section 3.1) are very clear. Traffic peaks are detected from 9:03 to 10:03 am and in
the afternoon/evening when the density of pedestrians is also higher. It is remarkable the
lower amount of buses and cars in the interval 14:00-15:00. The right subfigure depicts
the time interval between buses registered during the same day. Discarding the sporadic
presence of private buses that travel through Rafael Gomez Montero street, the figure
mainly measures the frequency of public bus n° 9 that commutes this neighborhood to
the center of Granada. The approximately constant rhythm of the bus is notable, with
slightly higher intervals between buses in the hours with higher traffic density. A deeper
analysis could be carried out, correlating these results with the traffic jam hours in other
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Events registered between 2023/01/09 00:03 and 2023/01/09 23:03

parts of the city. Figure 11 shows a preliminary speed analysis for the three types of
events during the monitoring period. Average speeds with their standard deviations are
plotted together with the number of events averaged. Speeds were calculated based on
the waterfall event detection approach. Further improvements for more exact calculations
based on characterization parameters described in Section 2.4 are under analysis.
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Figure 10. Example hours of traffic during the monitoring example carried out January 9th 2023
from 09/01/2023 00:03:08 to 09/01/2023 23:03. Automatic counting of buses, pedestians and cars
(left subfigure). Average time interval between buses in minutes (right subfigure).
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Figure 11. Average speed for the 3 types of events detected during the workday monitoring period.

3.3. Monitoring Access to the Schools’s Surface Parking

The left-side subfigure in Figure 12 shows the amplified detail of the School of Engi-
neering surface parking depicted in Figure 1. The right-side subfigure shows the strain
variation registered at the fiber sensing positions P3, P2, P1, M20, M21, M19, M9 and M8,
monitoring the parking and its entrance. The global activation of all sensing points at ap-
proximately 460 seconds is due to the presence of an urban bus passing by. Its high weight
produces mechanical vibrations monitored by all the sensors under analysis. Entering the
parking can only be occur following one of the two routes painted on blue in the left side
of Figure 12, and vehicles leaving the parking may only follow the directions marked in
red. Strain variations due to the presence of entering or exiting vehicles will be activated at
fiber positions M10, M9, and M8 if the vehicle enters the parking. If the vehicle leaves the
parking towards the left, fiber positions P1, P2 and P3 will be sequentially activated. That
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is what can be seen in the left-side subfigure during the seconds 100, 200 and 300, marked
with red arrows.

Acoustic Energy
T T
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Figure 12. On the left, map and fiber position of outdoor parking; and on the right, acoustic energy
detected at the fiber positions in the map along 600 s: vehicles entering (red arrows) and leaving (blue
arrow) the park lot.

Another vehicle leaves the parking around second 400 (see red arrow marked), being
fiber positions P1, P2 and P3 inactive. It therefore can be concluded that the vehicle moves
towards the right.

Finally, a vehicle entering the parking can be detected at second 650 (marked by a blue
arrow). Positions P3, P2, and P1 are sequentially activated, and then positions inside the
car park, following the sequence M10, M9, and MS8.

3.4. Urban Seismicity Monitoring

During the New Year’s Eve monitoring experiment, Figure A2 shows the energy
footprint of a local earthquake with an epicenter in the region of Almeria (with a distance
of around 100 km to the testbed) registered the 31 December 2023 at 08:05:54 am local
time, with depth = 0 km and magnitude 4 Mw [61]. Figure 13 shows how simultaneous
and energetic strain variations are present in all spatial points with different magnitudes
depending on the transmission properties of each ground portion. The concrete wall located
approximately in the middle of the waterfall (see Figure 2) cannot register the earthquake
being the wall somehow unlinked from the Earth’s movement. Figure 14 depicts the spatial-
average frequency spectrogram during the earthquake, showing the well-known P-wave
first arrival with higher frequency contents generated by a fracture source mechanism,
followed by an S-wave with lower frequency contents extended longer in time with energy
exponential decay [62].

Strain variation during the local earthquake Detail of strain variation

Fiber position
7
-+
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20 30 P 50 60 70 80 20 0 P 50 60 70 80
Time (s)) Time (s))

Figure 13. Strain variation of the earthquake registered the 31 December 2023.
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Figure 14. Spatial-average power spectral density for the earthquake observed.

Time-domain analysis of seismic P and S waves using a classic multi-component point
geophone would provide separate vertical and horizontal components related to P and S
phases, permitting polarization and shear waves analysis. Due to the single-component
nature of the DAS array and its measure of strain-rate rather than particle motion or
acceleration, it produces a single measurement of the changes in the fiber’s group refractive
index originated by the projection of the three components along the fiber. Given its interest
for the geophysical community, several approaches are under analysis at the moment to
overcome this limitation like the usage of helically wound fibers to measure strains in
three directions [63], usage of azimuthally varying 2D arrays for horizontal components
sensing [64] and machine learning complementary analysis [65].

4. Discussion

The work presents an experimental testbed for distributed acoustic sensing in urban
environments, devoted to the analysis of the mobility patterns in the surroundings of the
School of Technology and Telecommunication Engineering of the University of Granada.
Strain variations registered by the sensor are processed for noise reduction and filtered
in convenient frequency bands, identifying three basic types of events (cars, buses and
pedestrians) to initiate a preliminary automatic counting process. Hjorth parameters
and approximate entropy are explored as possible processing approaches to improve
automatic events detection and classification based on template matching. Several example
applications of the technology are shown. Time dependent density of traffic, intervals of
public bus arrivals, speed of pedestrian vehicles split into classes (to start with high/low
weight vehicles) are monitorable without interruption anywhere in the city having an
optical fiber installed. In addition, urban seismicity is also recordable with the subsequent
interest for urban locations with risk of seismic hazards. The benefits of having data-
driven mobility pattern models are many. Green urban planning strategies, sustainable
development plans, smart traffic managing applications or emergency evacuation plans,
among others, can be designed based on the knowledge provided by them.

Compared to other sensing technologies, the anonymity of the data, independence of
weather conditions, no need of maintenance or power supply for point sensors, or long
range and high spatial sampling frequency are remarkable advantages. The challenges of
distributed acoustic sensing are several, opening an interesting research framework for
future works. Strain variations have often low SNR and are dependent on the specific and
changing ground and fiber properties. Robust calibration and advanced noise removing
approaches are needed. The automatic detection and classification of events that are
often overlapped and merged offer the possibility to explore automatic unsupervised and
supervised approaches based on state-of-the-art machine learning strategies.
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Appendix A

31 /12/22
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31 /12/22
16:58:09
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Figure A1. Example hours of traffic during the monitoring example carried out 21 December 2022
from 31 December 2022 10:58:08 to 1 January 2023 9:58:13.

07:40:58 to
31 /12/22
1 08:40:58

Figure A2. Example of local earthquake with magnitude 4 Mk with epicenter in Almeria, registered
by the sensor the 31 December 2022.
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