
Abstract. In this paper, we present an innovative approach to passenger flow moni-
toring for light rail transportation networks. We propose a distributed system based
on two main concepts. On each vehicle in the transportation network, a set of sen-
sors is used to count people at a given place. On a cloud-based server, a data syn-
chronization and storage system aggregates the data sent from all vehicles and pro-
vides a global view of the transportation network. The contribution, with respect
to the state of the art, of our approach is twofold. First, the proposed distributed
architecture is able to reduce the system global cost via its flexibility and ease of
deployment, since the main part of the system is onboard each vehicle and not fixed
at stations or track sections. Second, the novel vision-based passenger counting ap-
proach guarantees high levels of reliability in the estimation of the number of peo-
ple in a given area, and the ability to provide real-time data on the global trans-
portation network. Experimental results demonstrate the validity and the advan-
tages of the proposed approach, paving way to future uses of the system as the base
of additional network optimization modules for the global light rail transportation.

Keywords. passenger counting, distributed systems, computer vision, railway
transportation

1. Introduction

Sustainability of public transportation systems is one of the core challenges in the devel-
opment of modern cities. Among all the different forms of transportation modes, light
rail transportation (such as urban trains, trams, metro, etc.) have played a central role
in the transportation urban context. The main factor in the sustainability of a light rail
transportation system lays in its efficiency. The global efficiency of a transportation sys-
tem can be improved via the optimization of several parameters, both on a single vehicle
and on global network operations at large. In this context, the application of modern op-
timization methodologies and artificial intelligence techniques has recently gained great
attention [1]. For instance, schedule optimization [2], minimization of time delays [3],
prediction of vehicles passenger load [4], can be obtained by leveraging optimization
techniques based on the data related to the passenger flow in the transportation network.
In fact, the monitoring of the passenger flow is the core element in the optimization of
the global transportation network [5].
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As a consequence, different new technologies have been recently exploited for the
automation of the passenger flow monitoring. On one hand, localization capabilities of
daily use devices, like smartphones, can be used to estimate the number of passengers at
stations or in the vehicles. In this context, recent research investigated the use of Wi-Fi
technologies to extract information on public transportation systems [6], and in particular
to count people at different locations (e.g., at stations, inside and outside the vehicle, etc.)
[7]. On another hand, the use of sensor technology is playing a important role for passen-
ger flow monitoring. Different types of sensors are used to extract data to determine the
number of passengers at specific locations. Cameras inside vehicles can be used to count
passenger arrivals and departures in real time [8], 3D LIDARS mounted on the doorways
of trains can be used to count boarding and alighting passengers via neural algorithms
[9], and combination of different sensors, such as cameras, floor-based sensing, and in-
frared sensing, with Wi-Fi technologies can provide robust automatic passenger counting
results under different operating conditions [10]. In this research area on passenger flow
monitoring, the vision-based methodologies are emerging as the most promising. This
is mainly due to the low cost of devices and the robustness of these methods. Recent
results demonstrated the effectiveness of the utilization of existing onboard surveillance
cameras to count passengers, inside the vehicle, in cluttered situations [11]. Others meth-
ods are used to determine the number of people at given locations, by using fixed cam-
eras. In [12], a vision based solution to detect crowdedness in public transport stations is
presented. Furthermore, the use of fixed surveillance cameras to extract passenger data,
combined with the cost theory and automatic frequency control, is providing prediction
about the passenger flow at stations [13].

In this context, the key contribution of this paper is a novel approach to the pas-
senger flow monitoring. In contrast to most latest passenger flow monitoring systems,
which rely on fixed on-premise infrastructures, we propose a distributed system based
on onboard sensors, which are installed on the rail vehicle. Moreover, differently from
aforementioned systems that use onboard sensors (like cameras or LIDARs) mounted
inside the vehicle or on the doors, we use external cameras (most of the times already
present on the vehicles for security or driver assistance tasks). Thanks to the external
cameras we can observe the environment around the vehicle, whether it is in motion or
stopped at stations. The advantage of our approach is twofold. First, the global cost is
reduced, since the hardware is installed on each vehicle and not at each station or track
section we want to monitor. Second, our approach is flexible and easy-to-deploy. Since
the passenger flow monitoring system is moving with the vehicle, we can easily con-
figure the system to add a new stop or a new location of interest to monitor (i.e. inter-
sections, roundabouts, etc.), without requiring additional hardware or working time for
a new sensor or hardware installation. Furthermore, the innovative system that collects
and synchronizes data, from each vehicle to a cloud-based central system, provides a
real-time view of the passenger flow on the global transportation network that can be
accessed simultaneously from different passenger flow monitoring front-end interfaces,
hence increasing the scalability.
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Figure 1. Diagram of the overall system architecture. On the left side, the network of vehicles, which com-
municates with the cloud-based system, is depicted. In particular, for the generic vechicle i, the details of the
sensor set and the Onboard Computing Unit (OCU) are shown. The rigth side depicts the synchronization and
storage system, which provides services to display, analyse and optimize the global Passenger Flow Data (PFD)
messages obtained over time. All these services are accessible via a web-based Dashboard.

2. System Overview

The proposed distributed passenger flow monitoring system is composed of two main
parts: the vision-based passenger counting system and the cloud-based data synchroniza-
tion and storage system (see Figure 1).

The data acquisition and the passenger flow processing are done onboard the vehicle.
In particular, the onboard system consists of a sensor set for data acquisition and an On-
board Computing Unit (OCU) for data processing and temporary storage. The onboard
sensor set is composed of a set of monocular cameras, to acquire images of the scene
around the vehicle, and a localization system that provides the accurate position of the
vehicle over time. The latter system can be implemented by using a GNSS (Global Nav-
igation Satellite System) unit in combination with inertial sensors, odometry data pro-
vided by the internal system of the vehicle, and vision-based motion estimation systems.
The cameras composing the set of monocular cameras are calibrated (both intrinsically
and extrinsically), thereby the mutual position of one camera with respect to the others
and to the vehicle reference frame is known. In this way, detected objects (passengers)
can be localized in the space around the vehicle. Moreover, a vehicle database, located
in the persistent storage of the onboard processing unit, provides the key locations (e.g.,
at platform/station) where the passenger flow data must be acquired. Thus, when the on-
board system is running, key locations stored in the vehicle database are used to trigger
the passenger flow monitoring system. The result of this process, the Passenger Flow
Data (PFD), namely the vehicle location, the passenger data (number of passengers in the
area, at the station platform, getting on the vehicle, getting off the vehicle, etc.), and the
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acquisition time, are temporarily stored in the vehicle database. The detailed description
of the people flow monitoring algorithm will be given later in this section.

The second part of the proposed system is the cloud-based data storage and synchro-
nization system. This system manages the local data storage onboard each vehicle and
the data synchronization to the cloud-based storage server. Each newly acquired PFD
are first stored in the OCU, then they are sent via the synchronization system, via an In-
ternet connection, to the cloud-based storage server. This two-phase mechanism avoids
losing data being transferred from each vehicle to the cloud-based storage server. The
PFDs are securely stored onboard each vehicle then, only if there is a valid connection
and the transmission process is completed correctly, the passenger data are flagged as
transmitted, otherwise the synchronization system will retry the transmission when the
connection becomes available again. All the PRDs, coming from all the vehicles in the
network, are stored in a database in the cloud-based storage system and updated on-line,
as described above. Thus, the full view of passenger flow for the entire transportation
network is provided by this part of the system. This view on the global transportation net-
work can be accessed via a dashboard. In particular, the dashboard visualizes the current
situation of the network via the on-line updates of passenger data, as well as the histor-
ical data with insights based on data analytic techniques. Furthermore, the cloud-based
data storage and analysis system enables data-driven optimization tasks for the global
transportation network and the city planning, such as timetable optimization, traffic lights
synchronization, energy usage optimization, etc.

3. Vision-Based Passenger Counting

In this section the vision-based process, distributed across the vehicles in the transporta-
tion network, to count passengers is described. The onboard process related to the com-
putation of the Passenger Flow Data (PFD) can be summarized as follows:

Step 1: The onboard localization system provides the vehicle global position over
time. Thus, the vehicle position is compared, at a given rate (e.g. 20 Hz), to the collection
of key locations (e.g. stations) stored in the vehicle database. If the vehicle is entering a
location of interest then the vision-based passenger counting algorithm is triggered.

Step 2: The vision-based passenger counting algorithm receives the stream of im-
ages from the onboard cameras and it performs the counting of people by using a unique
method described later in this section.

Step 3: The global position of the vehicle is then used to stop the passenger counting
algorithm. If the vehicle reaches a specific location (e.g. the end of the stop platform,
and other conditions are satisfied such as when the vehicle velocity approaches zero, the
passenger counting algorithm is terminated).

Step 4: The result of the vision-based passenger counting algorithm is stored as
Passenger Flow Data (PFD) in the local vehicle database for further synchronization with
the global cloud-based system.

The core factor of the aforementioned process is the vision-based passenger count-
ing algorithm mentioned in step 2. In fact, to obtain accurate and reliable information
on the global flow of passenger in the transportation network, the performances of the
counting system at each location are of essential importance. Thus, to design a good
vision-based solution for passenger counting we considered the following assumptions:
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Figure 2. Overview of the detection and tracking pipeline. The Online process is depicted with its three steps,
from the input image to the final resul as Passenger Flow Data (PFD). In correspodence of each step, on
top of the diagram, the result is shown on an example image. Moreover, the Offline process is shown as the
optimization step tacking the results of the Tracking Algorithm to better tune the Window of Interest (WOI)
and the Filter Condition (FC).

• The speed of the vehicle approaching a station, is much higher than walking pas-
senger’s speed, though it still follows linear direction.

• A typical passenger will only appear in some frames then he/she will disappear as
the vehicle passes by, and will not be re-identified afterward.

• There are certain areas of interest where we want to count passenger (e.g. the
right-hand-side platform when the vehicle arrives at the station), and not others
(e.g. passenger on the opposite direction, i.e. on the left-hand-side platform).

• The moment when we start and stop counting should be based on specific vehi-
cle positions to increase the precision in the passenger counting process. As men-
tioned in the step 3, this can be done using vehicle localization system and other
vehicle’s information, such as the vehicle speed.

• There are passengers who approach the station later than the vehicle approaches
the platform and others who leave the station when the vehicle is not stopped
yet. Though these situations are not considered in this paper, further research can
investigate how to detect and incorporate this information into counting passenger
systems.

Following the aforementioned aspects, considered as design constraints, we de-
veloped the vision-based passenger counting algorithm, whose explicative diagram is
showed in Figure 2.

As already mentioned above, the algorithm is triggered when the train is approach-
ing the station (or a location of interest). Thus, the image stream from the set of onboard
cameras, pointing at the platform and at the people standing, is sent to the passenger
counting module (e.g., 30 images per second, i.e. 30 Hz). Then, the first phase of the al-
gorithm, Passenger Detection, is performed. In this phase, a generic detection algorithm
is applied on each image, to identify people and give the position and size of each person
in the image. The result is a set of bounding boxes (the pink rectangles around people in
the second image from the left of Figure 2) identifying the area covered by each person
on each image. In order to obtain a more robust detection, we introduced the concepts of
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Figure 3. Example of intersections between detected bounding boxes and the Windows Of Interest (WOI).
The WOI is highligheted as an black rectangle on the right side of the image. We can notice that the detection
22 is not completly included in the WOI area. Thus, the Intersection Over Union (IOU) concept will be used
to determine if the detection 22 can be considered or not as a valid detection.

Window Of Interest (WOI) and Filter Condition (FC). Basically, on each image, the
WOI and the FC filter out unwanted detected people based on segments covered by the
WOI, the sizes of the bounding boxes, and the intersection between WOI and FC. If
there is no such filtering, it often ends up with the algorithm detecting several bounding
boxes, including small ones around people standing at the very end of the platform. This
would result in wrong re-identification in subsequent steps of the tracking algorithm. By
WOI and FC, we effectively limit the vision field of view of the frontal camera,
removing the possibility to identify too early people standing at the end of the
platform. Hence the algorithm will not consider these people early on when the train
begins to approach the platform. These people however are naturally considered as the
train moves towards the end of the platform once they satisfy the conditions of the filter.

The motivation behind the introduction of the WOI and the FC is based to the anal-
ysis of the key issues of common vision-based people detection and tracking systems. In
general, the majority of people detection and tracking systems at stations (either inside or
outside) assume that the camera is at fixed position. In our case, if we apply the common
detection and tracking systems used for fixed cameras, the whole scene will be exposed
to detection algorithm and new tracking identifiers will be assigned to detected people.
This result is correct if people are closer to the camera, i.e. people on the platform closer
to the vehicle. However, this result might not be desirable as the algorithm might only
detected a small part of human body from afar, which cause the tracking algorithm to
wrongly re-identify people. As a consequence, we propose the use of the WOI to
focalize the detection only on the image area where passenger detection is more
accurate, i.e. the detection confidence value is higher than a certain threshold, and the
use of the FC, based on the concept of Intersection Over Union (IOU), to compare the
area of each passenger bounding box with the area of the WOI (see Figure 3).

As a final phase, the set of detected bounding boxes, the result of the previous filter-
ing stage, is sent as input of the Passenger Tracking algorithm, to assign unique identi-
fiers and associate bounding boxes of detected people on each image over time. There-
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(a) Station 1: The actual number of passengers is 42, our system using the Tracking Algorithm with DeepSORT
predicted 40 people (left), while with the NORFAIR predicted 40 people (right).

(b) Station 2: The actual number of passengers is 28, our system using the Tracking Algorithm with DeepSORT
predicted 28 people (left), while with the NORFAIR predicted 26 people (right)

Figure 4. Comparison between our system using DeepSORT and NORFAIR as Passanger Tracking algorithms
for the St.Petersburg tram dataset. Note that the Passenger Detection phase is perfromed using YOLO-v5 in
both implementations shown here.

fore, we can count the total number of people standing on the platform by counting the
unique identifiers among all image frames during the time the vision-based passenger
counting algorithm has been executed.

As an offline step, we carried out an optimization process of the whole vision-based
passenger counting algorithm. On one hand we optimized the hyperparameters within
the machine learning models used in the detection and tracking phases (via a fine tuning
process by controlling how many detected people they should keep, on how many frames,
etc.). On the other hand, we also optimized the WOI and FC parameters. Since the most
effective area of the WOI and the best FC in which only accurate bounding boxes are
detected, are not known a priori, an empirical procedure has to be performed. We run
various experiments with different datasets and, using heuristic grid search, we fine tune
both WOI and FC parameters by comparing the algorithm results with the ground truth
in several scenarios (various stations at different weather and lighting conditions, i.e.
day-time, night-time, rain, snow, etc.).

4. Results

In this section we present experimental results, by using publicly available datasets and
with simulated data, to demonstrate the feasibility and the advantages of the proposed
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(a) Station 1 (Night): The actual number of passengers is 6, our system using the Tracking Algorithm with
DeepSORT predicted 6 people (left), while with the NORFAIR predicted 5 people (right).

(b) Station 2 (Snow): The actual number of passengers is 7, our system using the Tracking Algorithm with
DeepSORT predicted 8 people (left), while with the NORFAIR predicted 8 people (right).

Figure 5. Comparison between our system using DeepSORT and NORFAIR as Passanger Tracking algorithms
for the Aubagne tram dataset. Note that the Passenger Detection phase is perfromed using YOLO-v5 in both
implementations shown here.

system. In particular, first we discuss the results on the vision-based passenger counting
system, then we analyze the result of the cloud-based data synchronization and storage
system for the global light rail transportation network.

4.1. Vision-Based Passenger Counting System

As mentioned in the previous section, the phases of Passenger Detection and Passen-
ger Tracking of the vision-based passenger counting algorithm can be implemented with
generic detection and tracking algorithms. In the implementation described in this paper
we chose the object detection algorithm YOLO-v5 [14] as Passenger Detection algo-
rithm. The You Only Look Once (YOLO) family of algorithms (there are plenty of ver-
sions and variants) are object detection algorithms based on a neural network model to
perform the supervised detection and classification of known objects. The advantage of
YOLO algorithms lies in the model’s small size and fast calculation speed. The method-
ology can directly output the position and class of the bounding box through the neural
network. Moreover, YOLO has a strong generalization ability due to the learning phase
of highly generalized features, then it can be successfully used with datasets similar to
the one on which it has been trained. On the other hand, for the passenger tracking phase
we compared two different algorithms. The rationale for this comparison was to find the
best match between the tracking algorithm and the novel filtering phase introduced in our
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Table 1. Empirical Results from Testing Videos

Test data
Default Settings Optimized Settings

Ground Truth
DeepSORT 0.5 NORFAIR 0.5 DeepSORT 0.25 NORFAIR 0.35

St. Petersburg 01 22 40 40 40 42

St. Petersburg 02 16 26 28 26 28

Aubagne (night) 01 6 5 6 5 6

Aubagne (snow) 02 10 8 8 8 7

vision-based passenger counting algorithm. The two algorithms analyzed are the Deep-
SORT [15] algorithm and the NORFAIR [16] algorithm. The DeepSORT algorithm is
designed to overcome the classical limitations of the object tracking algorithms by using
a machine learning model. Usually, object tracking algorithms can assign an identifier
and track an object by mapping bounding boxes of similar size and motion parameters
across images frames. However, this process presents the re-identification limitation: if
a previously detected object is hidden behind another object and then it reappears, it will
probably be assigned to a new identifier if the projected trajectory is incorrect. Deep-
SORT solves this problem by using a machine learning model that compares similarity
between people (via learned features from a trained model on a dateset of millions of
people), thus reducing the issue of switching peoples’ identifier. Similarly, the NOR-
FAIR algorithm solves the problem of re-identification by estimating the future position
of each point based on its past positions. It then tries to match these estimated positions
with newly detected points provided by the detector. For this matching to occur, NOR-
FAIR can rely on any distance function (in the present implementation we used the the
Euclidean distance between tracked objects and detections). As mentioned above, we
used both of the tracking algorithms after the filtering phase. Moreover, starting from
default values for the WOI and FC parameters (e.g. 0.5 or 50% of the frame width as
we are only concerned with the right hand side platform), we optimized the shape of the
WOI and FC parameters for each of the two implementations. In this way we obtained
a robust detection and tracking process for the whole vision-based passenger counting
algorithm by experimenting with different lighting and weather conditions, i.e. day time,
night time, and snowy weather.

We currently have no comparative and limited datasets to obtain the benchmark.
Therefore we chose 4 videos of different settings with various circumstances based on
weather, lighting and crowdedness. The result of some scenarios for the two different se-
tups, one based on the DeepSORT and one on NORFAIR, are shown in Figure 4 and Fig-
ure 5. It is straightforward to note that globally the setup with DeepSORT performs bet-
ter than the one with NORFAIR. This is especially valid on day-time and clear weather
condition scenarios. Since this is the most common situation and the DeepSORT perfor-
mances in more challenging scenarios (night and snow) are comparably with NORFAIR,
we select the setup with DeepSORT as the final implementation of the proposed system.

On a more detailed results shown in Table 1, we have compared between two set-
tings: default and optimized ones. In default settings, out-of-the-box parameters are as-
sumed and the results are obtained directed from four testing videos. Note that the frac-
tion beside algorithm name (e.g. DeepSORT 0.5) is the ratio of the window of interest
against the total width of the frame. In the optimized settings, we have tuning hyper-
parameters for each algorithm with certain settings of the window of interests. The re-
sults highlighted in bold are closest counting to the ground truth. We can see clearly the
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(a) Number of passengers over months for one year, for Line 1.

(b) Number of passengers over a selected period and at a given station, for Line 1.

Figure 6. View on aggregated passenger flow data from all the vehicles of the tram network over time.

improvement of optimized DeepSORT at window of interest’s width equal 25% of the
frame’s total width.

4.2. Cloud-Based Data Synchronization and Storage System

In order to show the usefulness and the advantages of the cloud-based solution to syn-
chronize and aggregate data from each vehicle in the transportation network, we devel-
oped a simulator for tramway networks. This choice is motivated by the lack of publicly
available datasets, for light rail networks, to test the proposed system. In particular, no
datasets with sensor data for each vehicle are available at the time of writing.

The simulator has been designed to demonstrate the functionalities of the synchro-
nization, aggregation and storage part of the system. Thus, the vision-based passenger
counting algorithm has not been taken into account in the simulator. As a consequence,
the simulator assumes that each vehicle will produce Passegner Flow Data (PFD) at each
station visited along the tram line. The structure of the simulator is the following:
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• A set of functions simulate the operations of the set of vehicles in the network, by
using a Monte Carlo Simulation approach.

• A centralized database receives the data produced by each function, i.e. the PFD,
for all the vehicles and for all the lines over time.

• A web-based dashboard, connected to the cloud database, provides interactive data
visualization updated in real-time.

The simulation results presented in this paper are based on the simulation of tram
network of the city of Naples, Italy. The data obtained after the simulation, extracted
from the cloud-based dashboard, are reported in Figure 6. The data in the pictures are the
result of the simulation on a single line (the Line 1 of the Naples tram network), with 10
stations and with trams coming across each station every 5 minutes, in average, on both
ways. In particular, the first graph, in Figure 6 (a), shows statistics on overall number of
passenger over months, for both line directions or for a single one. Thanks to the dynamic
dashboard, the duration of aggregation can be select for a period of interest (e.g. from
1 July to 30 August, 2021). From this graph we can see the changing in trend during
the summer period than can be related to the typical vacation period for the majority of
people in the area. The second graph, in Figure 6 (b), shows heat map of people counting
over hours in every days of week for a single station up to all the stations on the line, as
shown here. From this graph we can observe the upward trend during rush hours, around
9.00 AM and around 5.00-6.00 PM.

Finally, thanks to the capabilities provided by the cloud-based data synchroniza-
tion and storage system, it is straightforward to not that the Passegner Flow Data (PFD)
obtained by each vehicle can be further processed to obtain the input for optimization
and recommendation modules, such as time-table optimization, network capacity and
frequency optimization (to match the real request), analysis of connections between the
light rail network and other transportation networks (e.g. bus network, vehicle sharing
platforms, etc.).

5. Conclusion

In this paper, we presented a novel approach to passenger flow monitoring for light rail
transportation networks. We proposed a distributed system based on onboard sensors,
installed on the rail vehicle, and a cloud-based data synchronization and storage system
that provides a global view of the transportation network. The novelty of our approach
goes in two directions. On one direction, the proposed distributed architecture is able to
reduce the system global cost, with respect to fixed passenger monitoring systems, via its
flexibility, and to provide a real-time view of the passenger flow on the global transporta-
tion network. On the other direction, the novel vision-based passenger counting approach
guarantees high levels of reliability in the core operation of the system, i.e. the estimation
of the number of people in a given area. Experimental results demonstrated the validity
and the advantages of the proposed system, opening the way to the possibility to use the
system as base of additional optimization modules for the global light train transportation
network. Particular edge cases, related to the difficulty of solving the occlusion prob-
lem from different point of views, however are still limitations of the proposed system.
Besides, determining when to start and stop counting people needs to take into account
passengers coming to the station after the tram has arrived. Future work can address this
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shortcomings by combining vision-based system with other passengers tracking systems
(e.g. ticketing systems), for better accuracy of passenger flow monitoring.
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