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Abstract. Monitoring the usage and carbon impact of infrastructures such as car-
pooling car parks may be a challenge for local authorities. In this study, we address
this issue by proposing an IoT solution that integrates both Edge processing and
Cloud computing. Real-time continuous video Al processing automatically detects
and stores information of car entries and exits. Then Cloud computing stores the
anonymized data into a FIWARE information broker using ETSI’s NGSI-LD spec-
ification and employs query language to process and display useful statistics about
carpark usage. To understand the carpooling user behaviors for each car park, as
well as the various Key Performance Indicators and threshold values that direct
our monitoring and alerting systems, we analyzed 1 year of data acquisition and
performed in-situ surveys. Hereby, we present our results that reflect two different
usages of carpooling (professional and personal) in terms of stay durations, car
fidelity, car energy distributions, and carbon impact. This solution was deployed
and tested on 3 car park lots, 2 of which have been permanently running for about
two years.

Keywords: Monitoring - Mobility - Outlier detection - Data Quality -
Decarbonation - GHG emission reduction - FIWARE - NGSI-LD

1 Introduction

Handling mobility in the city in a sustainable way is a challenge that local authorities
are tackling by encouraging new practices associated with (sometime new) specific
infrastructures. The evaluation of their effectiveness compared to the policy objectives
is a necessity to analyze behavior changes as well as global effects and spillovers. This is
the case for car parks dedicated to carpooling. This practice is often used for commuting
and is encouraged by local authorities because it leads to less vehicles on the roads, and
less greenhouse gases emissions.

The design of carpooling car park is aligned with the aims of the European “Green
Deal” which targets Carbon neutrality by 2050 and the achievement of three goals:
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Ecological transition: To build carpooling car parks along isolated roads.

Energy transition: To reduce Carbon Dioxide (CO7) emissions.

Digital transition: To produce and share data' to monitor and promote usage of
carpooling and surroundings.

The Conseil Départemental des Pyrénées Orientales is an administrative department
in Southwestern France which is constructing such carparks and has the necessity to
comply to the Digital Transition by monitoring their usages, attendances and to estimate
their positive CO, impacts in accordance with the Energy and Ecological Transitions.
Since no solution yet existed on the market for such monitoring, we decided to imple-
ment a demonstrator at the Perpignan Nord car park and later to deploy this solution
permanently to two other carpooling car parks: Perpignan Sud and Mas Sabole car parks.

In this paper, we describe our monitoring solution deployment experimentally at
these three pilot carpooling carparks, located in the Southwestern France, near the conur-
bation of Perpignan. Our aim is to better understand their carpooling usages, attendances,
and patterns of behaviors, as well as to estimate their positive CO, impact through-
out time. Real-time monitoring is performed with displayed analytics on dashboards.
Throughout these use cases, we demonstrate the feasibility of integrating Edge video
monitoring, completed with offline data augmentation (data querying and anonymiza-
tion), and running a data quality processing pipeline on a Cloud instance where our
database is built. This solution enables us to overcome data privacy and security concerns
and to be compliant with European RGPD regulations.

We identified in the literature only one research that tackled this same problem. It
is reported in [1] and [2]. The authors report how they collected car park data usage
using an automated license plate reader (ALPR) and how they used it to infer the various
categories of users and managed to forecast the parking demand. Our solution is quite
close to the methods of data collection and analysis but is more oriented toward an
interoperable solution that can be implemented as a Smart City application.

2 Pilot Sites

We performed our experiments in three carpooling car parks, at different times. All are
located near important highway interchanges as shown in Fig. 1.

Perpignan Nord. The first pilot use-case for our solution. It was deployed from Novem-
ber 2020 to March 2022, encompassing the first period of COVID-19 lockdown and the
subsequent population release. Results have been presented in [3]. Here, video monitor-
ing is performed with a single camera, whereby the entrance and exit are very near to
each other. This pilot site is only presented here briefly to support the validation of our
solution, however, is not used in this study.

Perpignan Sud. The second pilot use-case for our solution, building upon our experi-
ence from Perpignan Nord car park. It has been deployed since June 2022 and is still
running today. Here, video monitoring is performed with two cameras, each oriented
towards the entrance and exit lanes, respectively.

1 Open data program: http://transport.data.gouv.fr.
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Mas Sabole. The third pilot use case for our solution, is deployed since December 2022
and still running today. As for Perpignan Nord, here, video monitoring is also performed
with a single camera, whereby the entrance and exit are very near to each other.
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Fig. 1. Map view (upper left) and aerial views of the carpooling carparks: Perpignan Nord (upper
left), Perpignan Sud (lower left) and Mas Sabole (lower right). Purple cones represent the cameras’
lines of sight. (Color figure online)

3 Architecture and Implementation of the Solution

To meet our statistical goal, we need to identify each vehicle and to record precisely the
time of their entrance and exit of the car park. Moreover, we want to ensure the users
privacy to comply with the GDPR and that the solution is interoperable with other smart
city applications. This section describes how this was implemented.

The solution we designed comprises various processing modules which are depicted
on Fig. 2. We classified them as: edge processing, data reception, context augmentation,
and statistics plus dashboarding. The edge processing hardware and software parts are
located in the car park, from which the data are sent using a 4G connection to the data
reception module hosted in the cloud. All the processing done on the edge side is intended
to lower the bandwidth on the 4G network and to ensure the privacy of the users. In one
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word, that mainly means that no image is neither transmitted through the network nor
saved anywhere. The following sections describe these modules in more detail.
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Fig. 2. Global architecture of our solution for monitoring carpooling carparks.

3.1 Edge Deployment

The deployed hardware in each car park is a camera and an edge computer. The setup at
the Perpignan Nord car park was the first version of the system. It has been described in
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[3] and has slightly changed since then. The setup deployed in the Perpignan Sud and
Mas Sabole car parks is almost the same. Some cameras with license plate detection
capabilities are installed in front of the access of the car park. In the Perpignan Sud there
are two of them, one for the entrance and another for the exit. In the Mas Sabole, the
entrance and the exit are located close to each other so that they can be monitored by a
single camera. The entrance and exit are simply labelled using the position of the license
plate in the picture.

The camera is the model IDS-2CD7A46G0/P-IZHS(8-32MM) from Hikvision. It
was mainly chosen because of its low light capabilities and its embedded licence plate
recognition system. It is mounted on top of a pole at a sufficient height above ground
such that it can see the entrance or the exit (or both in some cases) of the cars. One should
notice that these car parks have no barrier and that consequently the cars do not stop for
a short time when entering of exiting, inducing a more challenging detection task. This
has some consequences on the detection efficiency, considered as described in part 5.

The Edge computer is a Modberry-500-CM40408-MAX which is basically a rugged
Raspberry Pi with a Quad-core Cortex-A72 1.5 GHz Processor, 4 GB of RAM, and 8 GB
of eMMC Industrial Flash. It is placed in the electrical cabinet of the car park, from which
the power is used to power the installation. The cameras are connected to the computer
by means of a long ethernet cable that also brings power using a simple POE injector.

The edge computer collects the detection events coming from the cameras, it then
formats a JSON message containing vehicle passage information (Fig. 2) which is sent
to the data reception module, hosted in the cloud, via a MQTT bridge/broker setup with
QoS 1 to ensure the delivery of the packet even in the case of an unreliable network.
The MQTT software is based on the installation of the Mosquitto broker on both sides
of the bridge.

3.2 Cloud Processing

NGSI-LD/FIWARE Ecosystem Presentation

The implementation of the solution discussed in this article should be considered within
the framework of a smart territory platform. In such a platform, managing data is a
significant challenge due to the influx from various applications developed by different
individuals across city departments or cities. The anticipated advantages of a smart
territory platform lie in the ability to integrate these diverse data sources.

This challenge inspired ETSI, an EU standardization organization, to establish the
Industry Specification Group for cross-cutting Context Information Management (ISG-
CIM). This group focuses on facilitating the “exchange of information, with proper
formal definitions, between vertical applications, so that these applications retain their
original meaning”. They publish a technical specification known as NGSI-LD, enabling
multiple organizations to develop interoperable software for managing cross-cutting
context information. This allows applications to discover, access, update, and man-
age context information from various sources and publish it through interoperable data
platforms.

While having such a standard is beneficial, it is not sufficient alone because:
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e The standard must be implemented and supported by various software modules nec-
essary for deploying a real-life smart city software platform (e.g., data connectors,
processing engines, data publication platforms, etc.).

A set of standard data models is essential to simplify interoperability.
An open-source software approach is ideal as it helps avoid vendor lock-in, achieve
economies of scale in development, and retain data ownership.

This is the mission of the FIWARE foundation, which provides and promotes a
suite of open-source software modules for smart solutions based on open standards.
It specifically utilizes NGSI-LD for context management and offers a comprehensive
and continually evolving set of standardized data models known as smart data models.
FIWARE promotes various implementation of the NGSI-LD standard, and we have
chosen to use the one called Stellio (that is also the one our company have implemented).

The NGSI-LD data model is entity-based [4]. An entity is understood to be an
informational representation that is supposed to exist physically or conceptually. Links
between entities is ensured by NGSI-LD relationships. Entities and Relationships are
described via NGSI-LD properties.

We used this standard to maintain a digital twin of our car park, with the data model
described on Fig. 3. It does not explicitly store the events sent from the edge side but
is rather aimed at providing a list of Stay entities. Each of these entities represents a
vehicle that had entered, stayed, and exited the car park. Each Stay is linked to a Vehicle
and a Site (the car park). So, if a given vehicle was stationed 3 times on the same park,
this will be modelled by 3 Stay entities in the Context Broker.

Vehicie
+vehicleldentifier -
+dateFirstCirculation 4————L_ Stay
HDE e refVehicle +refVehicle
-?’d;{ +refsSite
:,TZ i y——curStay—»| +entryDateTime
L; +exitDateTime

—v»ype +observedBy
+pfisc
+carrosserie
+curStay

refSite
| Device Site
+name P

n

+location monitors———»|

+monitors

+location

Fig. 3. NGSI-LD data model of the carpooling monitoring solution.

Cloud Workflow
Upon the arrival of an event, the data reception module updates the digital twin of the
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car park. The Stay entity is built in two steps upon the reception of the entry and exit
events using the following workflow.

e When an entry event is received, a new Stay entity is created and linked to the Vehicle
entity that corresponds to the detected license plate. If needed, a new Vehicle entity
is created at this stage if it does not already exist for this license plate. At this stage,
the Stay entity is incomplete and does not have any exit datetime. The Vehicle entity
has a property that points to the current incomplete Stay, modelling the fact that this
vehicle is known to be currently stationed in the car park.

e When an exit event is received, the incomplete Stay is retrieved by the means of
the vehicle and updated by setting the exit datetime. At this stage, the Stay entity
is complete and unlinked from the Vehicle, modelling the fact that the vehicle is no
longer stationed in the car park.

When the Vehicle entity is created, a context augmentation is performed by querying
the official SIV database which contains the technical information of all the registered
vehicles in France.

The dashboards, allowing to monitor the statistics of the parking are made using an
intermediate PostgreSQL database that contains all the pre-processed statistics. They are
updated each time a new entity is changed in the digital twin. This is done by leveraging
the notification mechanism specified in NGSI-LD and implemented in the Stellio context
broker.

Data Quality Assessment

Data quality check is a valuable and indispensable step for subsequent data processing,
analysis techniques and consequent statistics that drive political and economic decision-
making. Furthermore, certain methods, such as ML techniques, do not operate with data
gaps and data outliers bias results.

This is why some data cleaning pre-processing steps are performed to remove dupli-
cates, empty detections (triggered snapshots containing no information), to correct false
labels of vehicle directions, necessary to distinguish entries from exits in single camera
solutions.

Data Security, Privacy, and Protection

Storing license plates and vehicle passages is a security concern and a privacy issue for
the possible identification of vehicle owners. Our solution tackles this problem in three
ways.

First, it provides an Edge device that is power and network constrained, indicating
there is no permanent access to the internet network other than 4G mobile (Fig. 2).
Secondly, license plate numbers are anonymized by hashing once the vehicle technical
information has been obtained. A hash is a unique and irreversible encryption code.
Messages from the cameras are therefore sent by the Edge computer through an encrypted
channel, to the Cloud, where hashes are created and then stored as ID values, while the
original numbers are forgotten. And thirdly, the camera does not transfer any image
over the network. In addition to facilitating the management of people’s privacy, it saves
network bandwidth and ensures processing capacity even during network outages. This
constrains us to continuously process the video streaming of vehicle at the Edge.
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4 Camera Efficiency

It happens that the cameras may miss vehicle passages or readings of license plate
numbers. This is due to several factors, such as among others, meteorological conditions
(fog, heavy rain, lens condensation) and/or changes in camera optical conditions (focus,
line of sight, failure). As explained in Sect. 4, this generates incomplete Stay entities in
the database, which we make use of for estimating camera efficiency.

Camera efficiency is calculated using the formulae:

— N
p= no+ng (1)

n
N=1

where n; is the number of correctly detected vehicle passages with associated entries or
exits, n, is the number of incomplete vehicle passages with undetected entries, and N is
the total number of detected vehicle passages. We assume that detection efficiencies are
the same for entries and exits.

Results show that the camera efficiency is at best operating conditions for Perpignan
Sud and the Mas Sabole carparks, 89% and 96% respectively. We then correct our
statistics to encompass such data loss.

Camera efficiency is computed daily and continuously monitored. As shown in Fig. 4,
a progressive loss in camera efficiency can be observed when the camera is gradually
dropping due to improper fixation at the pole, and/or as a precursor to a sudden camera
failure due to, for example, a lack of solar energy supply to the battery.
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Fig. 4. Monitoring KPIs: daily numbers of vehicle entries and exits, camera efficiencies, and
ratios of entries:exits. In this example, representing year 2023, one can notice several sudden
camera failures, anomalies, impact of school holiday, and a progressive drop in camera efficiency.
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S Monitoring

Real-time continuous monitoring of data flows ensures the proper operation of equipment
(cameras, MQTT servers). It is performed using data analytics on KPIs and variables,
which are then displayed on a Superset Apache or Grafana dashboard (Fig. 2).

The KPIs and variables monitored daily are the number of unidentifiable license plate
numbers, the flow and ratio of vehicle entries and exits, and the camera efficiency. The
equipment’s complete failure is reflected by a sudden absence of data and the operator
is immediately notified by email at midnight of the following day or, in the case of the
MQTT, if it lasts over 1 h.

Camera failure requires human intervention and indulges costs, whereas a declining
camera efficiency detection, using daily monitoring, is the most useful and important
indicator to predict camera failure and minimize loss of data. The equipment can then
be cured most times by remote control (e.g. lens refocusing), minimized intervention
actions and maintenance costs.

5.1 Anomaly Detection and Alerting

An anomaly is defined here as absence of data or outlier data points. We experimented
with two types of anomaly detection methods: (a) adaptive long-term threshold, and (b)
Machine learning methods.

In (a), the threshold value is the standard deviation relative to the long-term median,
updated every day. When the camera efficiency falls by 5% or greater, or, when the daily
vehicle flow or ratio (entries/exits) falls below 2.5 or 2 standard deviations, respectively,
an alert is issued immediately (by email). These threshold values are adaptive since they
are updated every day relative to the median of the whole dataset. This method and the
values have been fine-tuned and validated over months of feedback experience, to bring
best reactivity and maintenance results.

In (b), we wished to test the performance of three ML algorithms: incremental adap-
tive algorithm for streaming data using River Python toolbox (such as HalfTreeSpace),
Sarima and Facebook Prophet. In all three cases, our data reflects too much variabil-
ity to be properly predicted, although the general weekday behavior could be inferred
more-or-less.

For these reasons, our solution uses the simpler and more reliable threshold anomaly
detection method (a) for our monitoring task.

6 Results and Interpretations

We examined weekday and time frequencies, durations of vehicle passages, types of
vehicles and engine fuels, and the “faithfulness” of users. Duration of vehicle passages
and attendances relative to weekdays are important indicators of the carpark usages
(professional vs. personal). We noticed that all three pilot sites exhibit a similar pattern
of three dominant categories of users, validated by a 2 day-long in-situ survey conducted
by an independent body.
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6.1 Opverall Frequentation

In 2023, at the Perpignan Sud car park, a total of 105 004 vehicle passages were detected,
averaging 288 per day (Fig. 5A). In January, April, October and Novembre, a camera
failure explains the data gaps. A clear discrepancy can be observed between weekdays
and weekends, whereby weekends are marked by a high vehicle flow on Fridays and
Sundays, suggesting a strong influence for weekend travels.

At the Mas Sabole carpark, a total of 24 380 vehicle passages were detected, aver-
aging 67 per day (Fig. 5B). In November, a camera failure explains the data gap, and
it was followed in December by a period of gradual drop in camera efficiency after its
reservicing, due to inadequate repositioning of the camera in the direction of the target.
We noticed that Thursday is the most frequented day, followed by Friday and Sunday.

A common behavioral trend observed at both car parks is the two dominant times for
vehicle entries at 7-8 a.m. and 5-6 p.m., and one for exits around 6 p.m., explained by
vehicles entering the car park in the morning and exiting at the end of the day. Also, at
night-time, traffic in the car park is strongly diminished, as is during the school holidays,
particularly during July and August.

(A) Perpignan Sud Car Park
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Fig. 5. Vehicle flow on the (A) Perpignan Sud and (B) Mas Sabole carpooling carparks during
2023.
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6.2 Three Main Categories of Users

Based on our statistical analysis of the vehicle passage frequencies, durations, and times,
we recognized three main categories of users, numbered on Fig. 6 and Fig. 7, and
described below.

z
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Fig. 6. 1D-Histogram distributions of passage durations (log-log scale) corrected for efficiency
and breakdowns for the (A) Perpignan Sud and (B) Mas Sabole carpooling carparks, showing
hourly and daily durations in purple and green bars, respectively. (Color figure online)

Driver Carpoolers. This category is defined by vehicle passages lasting less than 10
min. At the Perpignan Sud car park, drivers of this category represent 75% of all passages,
and show regular attendance throughout weekdays especially on Fridays and Sundays
(primarily exits for the latter). At the Mas Sabole car park, these users represent 25%
of all passages, and show the most frequent attendance on Thursdays. We will see that
this category is essentially active around 7 a.m. and 5 p.m. (local wintertime) which we
interpret as carpooling drivers that pick-up and drop-off passengers in the mornings and
evenings, respectively.

Passenger Carpoolers. This category is defined by vehicle passages lasting between 5



Gl
o
o
=
Ay
o
e
-
=
<

12 G. Orazi et al.

Perpignan Sud Car Park

Stay duration [h]

Entrance hour

Fig. 7. 2D-Histogram distributions of passage times and durations (log-log scale) corrected for
efficiency and breakdowns for the Perpignan Sud carpooling carpark. The distribution for the other
car park is similar.

and 15 h (essentially during daytime). Activity is highest during weekdays, particularly
on Thursdays for both car parks. They represent ~10% and 5% of the total users of the
Perpignan Sud and the Mas Sabole car parks, respectively. We will see that they are

Perpignan Sud Car Park - carpooling stays
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Fig. 8. Daytime attendances for the passenger carpoolers at the Perpignan Sud carpark, (top)
entries, (bottom) exits.
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mostly arriving at 7 a.m. and leaving around 5 p.m. (local wintertime) (Fig. 8). These
are interpreted as carpooling passengers that are picked-up in the morning by driver
carpoolers and returned early evening.

Long-Term Carpoolers. This category is defined by vehicle passages lasting at least 15
h and up to 30 h. Interpreted as passenger carpoolers traveling long-distances generally
for 2 to 3 days. Whereby data is lacking for the Mas Sabole carpark to properly assess
this category, on the other hand, the Perpignan Sud carpark is very popular on Fridays
and Saturdays for vehicle entrances (Fig. 9), and also on Sundays as they return to exit
the carpark. This category represents ~10% of the total users of the Perpignan Sud car
park, and only about 1% for the Mas Sabole car park.

6.3 Usage Patterns

We noticed a drop in the attendance of both car parks during school holidays, particularly
for the passenger carpoolers at the Perpignan Sud car park, and for long-term carpoolers
at the Mas Sabole car park.

At the Perpignan Sud car park, a dominant professional usage is reflected by the
significant proportion of passenger carpoolers, the latter’s high weekday attendance,
and the clear school holidays impact. This agrees well with its location on the outskirts
of a major city, where city workers are known to commute from rural habitations. On
the other hand, the Mas Sabole car park is in a more rural setting and is visited mainly
for personal and/or touristic reasons, as the survey taught us.

Perpignan Sud Car Park - long term carpooling
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Fig. 9. Weekday attendance for the long-term carpoolers at the Perpignan Sud carpark.

About 75% and 60% of the users never return, and only ~10% regularly visit the
Perpignan Sud (Fig. 10) and Mas Sabole car parks, respectively.
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Perpignan Sud Car Park - Fidelity

40%

Nb of users.

Nb of stays

Fig. 10. Frequency of returns of “Stays” entities (entrances are associated with an exits) at the
Perpignan Sud carpark over the year 2023.

6.4 Types of Vehicles

Understanding the types of vehicles that participate in carpooling actions is interesting to
understand user habits, and for instance to adequately furnish the car parks with electrical
recharge requirements. Most vehicles (>93%) are personal vehicles with combustion
engines. Attendance of hybrid or totally electric cars at the Perpignan Sud car park
represents ~10% of all carpooling drivers and is twice as high for this category of users
than the others. A very small proportion of electric cars remain stationed for several
days at a time, whose presence at all is unexpected. Both car parks contain 2 electric car
recharge emplacements.

7 Assessment of CO; Emissions Avoided Thanks to Carpooling

The carbon impact in this case is based on the amount CO, emissions avoided into the
atmosphere, thanks to carpooling practices. It is estimated by summing the CO; emis-
sions per kilometer for a given time range (here 1 year) for each passenger carpooler’s
vehicle parked for over 5 h, multiplied by the roundtrip distance the passenger undertakes
with a carpooling vehicle.

This distance is defined in our calculations differently for both carparks, since they
portray different usages (see Sect. 6.3) and are established by the complementary survey
results founded from passenger carpooler answers: 143 km and 47 km for the Perpignan
Sud and Mas Sabole carparks, respectively. Should these distances considered evolve
over time, this parameter is made easily configurable in the dashboard.

Our computations indicate that an estimated 277 tons and 16 tons of CO, emissions
were avoided in the atmosphere over the year 2023 for the Perpignan Sud and for the
Mas Sabole car parks, respectively.

8 Future Work

Building upon these results, several areas for future research and development have been
identified to further enhance the monitoring and analysis of carpooling car parks.
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8.1 Enhanced Data Collection

To improve the accuracy and granularity of car park usage analysis, future work will
involve integrating additional data sources, such as wireless traces from users’ devices.
By capturing MAC addresses from Bluetooth Low Energy (BLE) and Wi-Fi signals,
we can gain deeper insights into user behavior, including tracking of the number of
passengers, movement patterns, and dwell times within the car park areas. This data can
complement the existing video Al processing, enabling a more comprehensive under-
standing of carpooling dynamics. The number of users may also be inferred from mm
wave radar sensors or LIDAR data.

8.2 Advanced Predictive Algorithms

Developing predictive algorithms that leverage the collected data to forecast car park
usage patterns will be a key focus. The methods of [1, 2] would be a good starting point
for this. These models could predict peak times, anticipate future demand, and suggest
optimal car park management strategies. By utilizing machine learning techniques, these
forecasts could be continuously refined and adapted based on real-time data, improving
their accuracy and utility for decision-makers.

8.3 Automated Alerting Systems

Another crucial area of future work is the development of a sophisticated alerting system.
This system will automatically notify authorities or users of anomalies or important
events, such as overcrowding, or unusual stay durations. These alerts could be triggered
by pre-defined thresholds based on Key Performance Indicators (KPIs) or by anomaly
detection algorithms that identify unusual patterns in the data.

8.4 Integration with Broader Smart City Initiatives

To maximize the impact of our IoT solution, future efforts will focus on integrating the
carpooling monitoring system with broader smart city infrastructures. This includes link-
ing with public transportation systems, traffic management centers, and environmental
monitoring networks to create a holistic view of urban mobility and its environmental
impact. Such integration could enable more coordinated and effective urban planning
and management.

8.5 User Experience and Privacy Enhancements

Future work will also involve gathering user feedback to refine the system’s functionality
and user interface, ensuring it meets the needs of both end-users and local authorities.
Additionally, as new data collection methods are introduced, robust privacy safeguards
will be implemented to protect users’ personal information, ensuring that the system
complies with relevant data protection regulations.
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8.6 Scalability and Long-Term Sustainability

The final area for future work is the scalability of the solution. We plan to explore the
deployment of this system across a larger network of car parks, including different geo-
graphic regions and urban settings, to assess its adaptability and long-term sustainabil-
ity. This expansion will also provide valuable data to refine our algorithms and system
architecture further, ensuring the solution can support a wide range of use cases and
environments.

9 Conclusions

This study presents our solution for carpooling car parks based on real-time monitoring.
We aimed at a better understanding of carpooling users’ behavior and to estimate the
carbon impact for the purpose of such car parks. Our solution is composed of both an
Edge and a Cloud component whereby data is collected by a camera hosting algorithms
of image processing and encryption processes, asserting data privacy, security, and pro-
tection. The anonymized data is stored, cleaned, augmented, analyzed, and monitored
from the Cloud architecture.

Our solution was implemented on three carpooling carparks, near Perpignan City in
Southwestern France, for which two are still in operation today. Our data analysis for
the year 2023 shows, for most pragmatic monitoring, the best KPIs to use are not only
the daily number of vehicle entries and exits and the ratio between entries and exits, but
mostly the camera’s efficiency.

We were able to observe three dominant categories of users for both carparks: (i)
carpooling drivers, whose passages last less than 10 min, (ii) carpooling passengers, who
park their vehicle between 5—15 h at daytime, and (iii) long-term carpooling passengers,
who generally station from 1 to 3 days.

Our results show two different usages for these carparks: professional and pri-
vate/touristic and were validated by onsite 2 day-long surveys at carpark, helping
us establish the approximate distances travelled by the passenger carpoolers for our
computations of the estimated CO, emissions avoided to the atmosphere during that
year.
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