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Integration of Travel Context Information into Multimodal Platforms

Resumo

Os transportes públicos oferecem soluções de mobilidade acessı́veis, económicas e am-

bientalmente sustentáveis para milhões de pessoas em todo o mundo. Contribuem para a

redução do congestionamento de trânsito e das emissões de carbono, garantindo o acesso

equitativo a serviços essenciais. Os serviços de transporte público fiáveis e eficientes são

necessários para alcançar estes objetivos. Para tal, os operadores de transportes públicos

precisam de tomar decisões informadas relativamente aos seus serviços. Dados como o

fluxo de passageiros podem ajudar a identificar horários de pico, rotas subutilizadas e áreas

de crescente procura, permitindo ajustes ao serviço para melhor atender às necessidades

dos passageiros. Embora os sistemas de bilhética inteligente sejam úteis para compreender

os padrões de passageiros, não fornecem informações detalhadas sobre o número de pas-

sageiros que saem de um veı́culo. Esta informação pode ser útil na gestão de transferências

de passageiros entre dois modos de transporte ou rotas, o que é crucial para manter a conec-

tividade fluida e minimizar os tempos de viagem. Para resolver esta questão, propomos um

sistema que recolhe dados de entrada e saı́da dos passageiros de autocarros através de

sensores de contagem automática. Esses dados são posteriormente apresentados de forma

visual num painel de controlo, para ajudar os operadores de transporte público a melhorar os

seus serviços. Os resultados mostraram-se promissores, com o sistema a funcionar conforme

esperado durante os testes num autocarro operacional. Os sensores selecionados alcançaram

uma precisão de 93,75% para as contagens de saı́das e 96,3% para as contagens de entradas.

Embora seja necessário um ajuste adicional para maximizar a precisão, o sistema continua a

ser uma ferramenta valiosa para melhorar a eficiência do transporte público e responder às

necessidades dos passageiros.

Palavras chave

Transporte público; Plataformas multimodais; Contagem automática de passageiros; Arquite-

tura de sistemas
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Integration of Travel Context Information into Multimodal Platforms

Abstract

Public transportation offers accessible, affordable, and environmentally friendly mobility

solutions for millions of people worldwide. It contributes to a reduction of traffic congestion

and carbon emissions and ensures equitable access to essential services. Reliable and effi-

cient public transportation services are necessary to accomplish these goals. Therefore, public

transportation operators need to make informed decisions regarding their services. Data such

as passenger flow data can help identify peak travel times, underutilised routes, and emerg-

ing demand areas, enabling service adjustments to better cater to passengers’ needs. While

smart ticketing systems are useful for understanding passenger patterns, they do not provide

detailed information on the number of passengers who have left the vehicle. This information

can be helpful in managing passenger transfers between two different modes of transportation

or routes, which is crucial to maintaining seamless connectivity and minimising travel times.

To address this, we propose a system that collects entry and exit data from bus passengers

through automatic passenger counter sensors. This data is later presented visually in a user-

friendly dashboard to aid public transportation operators in improving their services. The results

were promising, with the system performing as expected during field tests. The selected sen-

sors achieved an accuracy of 93.75% for exit counts and 96.3% for entries. Although further

calibration is needed to optimise accuracy, the system still proves to be a valuable tool for

improving public transportation efficiency and addressing passengers’ needs.

Keywords

Public transportation; Multimodal platforms; Automatic passenger counting; System architec-

ture
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Glossary

computer vision involves the development of algorithms and systems that enable comput-

ers to interpret and understand visual information from the world. It enables machines

to analyse and make sense of images or videos, similar to how humans perceive and

comprehend visual data. 9

coupling degree of dependency between different modules, components, or subsystems within

a computer system or software application. 13

crowd-sourced obtaining information or opinions from a large group of people who submit

their data via the Internet, social media, and smartphone apps. 2

distributed system a group of computer systems that are physically separated but are inter-

connected over the Internet that work together as a unified entity, sharing resources and

processing tasks across multiple nodes. 5

geofencing technology that creates a virtual boundary or ”fence” around a specific geographic

area using GPS, Wi-Fi, or cellular data. When a device, like a smartphone or a vehicle,

enters or leaves this area, it triggers an action, such as sending a notification, alert, or

performing a specific task. 27

machine learning a field of artificial intelligence that focuses on developing algorithms and

models that enable computers to learn from data. Instead of being explicitly programmed

for a specific task, machines learn patterns and make predictions or decisions based on

the information they have encountered. 6

maintainability refers to the ease with which a product can be modified, updated, or repaired.

14

open-source a type of software or project whose source code is made available to the public.

This means that anyone can view, modify, and distribute the code. 2

process an instance of a computer program that is being executed by a computer’s Central

Processing Unit (CPU). It encompasses the set of instructions and tasks that a program

carries out during its execution. 11
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scalability ability of a system, application, or network to handle an increasing amount of work

or growth in a seamless and efficient manner. 14

service refers to a discrete unit of software that runs a specific application. Each service

typically represents a single component or part of a larger application. 23

sharding technique used to horizontally partition data across multiple servers or nodes in a

distributed system. 16
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Chapter 1

Introduction

In this chapter, we introduce the project and its motivation, followed by a discussion of the

objectives and contributions. Finally, we give an overview of the structure of the remaining

document.

1.1 Background

As urban areas expand and change, the need for an efficient and reliable public transportation

network becomes more evident in promoting sustainable development and urban resilience.

Public transportation offers affordable and accessible travel options while reducing traffic con-

gestion, environmental pollution, and energy consumption by lowering reliance on private vehi-

cles. Additionally, effective public transportation services support economic growth by connect-

ing people to jobs, educational institutions, and essential services [1, 2].

Planning and providing a transportation service isn’t an easy task. When done success-

fully, it can encourage the public to stop relying so much on private vehicles. That is why public

transport operators require reliable data about their services. Through this data, understanding

and addressing key issues, such as optimising schedules and improving overall service qual-

ity, becomes an easier task. By analysing metrics such as the flow of passengers on various

routes, public transport operators can make informed decisions. These data-driven strategies

allow them to fine-tune routes, decide if a vehicle should be replaced with one better suited to

demand, and enhance overall fleet efficiency.

Managing passenger transfers between two vehicles (i.e. a bus and a train) can benefit

from this data as well by identifying patterns in passenger flow and peak times. It’s not just

the public transportation providers who benefit from this data; passengers can also use such

information to their advantage. Access to occupancy data of a given bus or train, for exam-

ple, allows individuals to stay informed about the status of routes relevant to them, making it

easier to plan their trips and avoid congestion or overcrowded services. A well-aligned supply

(services) with demand (passengers) improves the effectiveness of public transportation and

contributes to a more sustainable and environmentally friendly urban landscape [3, 4].
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1.2 Motivation

This dissertation results from a research project (ATE - P4.02 - Plataforma Multimodal) in the

context of PRR [5] funds and “Alianças Verdes para a Inovação Empresarial”. Through this

project, funding and resources were provided to contribute to develop public transportation

services and empower public transport operators with comprehensive and actionable insights.

The literature on solutions that provide public transport operators with meaningful data

about their services shows that the importance of accounting for the number of passengers who

leave the vehicle is often overlooked. This information can be helpful in managing passenger

transfers between two or more transportation methods. Commercially available applications

like City Mapper [6] and Google Maps [7] allow the planning of a route with multiple public

transportation methods if required. Despite this, they are passenger-focused, meaning that

they offer insights to the end-users of the transportation service, not the provider. Although

Google Maps supports vehicle occupancy data, its reliance on crowd-sourced information often

results in inaccuracies or incomplete data. With that said, this project aims to address these

gaps by providing transit operators with more reliable data, particularly regarding passenger

disembarkation, to enhance the efficiency of public transportation systems.

1.3 Objectives

The main objective of this study is to evaluate the characteristics of the automatic passenger

detection of different types of sensors, as well as to propose an architecture and implement a

prototype that consolidates travel context information (i.e. passenger flow) in a dashboard-like

interface. The objectives can be split into the following:

• Acquire an appropriate sensor for automatic passenger counting;

• Design a scalable and flexible architecture capable of handling various data sources;

• Perform evaluations of the prototype by deploying it in one or more operating buses.

• Prefer open-source technologies for the implementation;

1.4 Contributions

The work developed can be divided into several phases. First, existing solutions to estimate

passenger occupancy and flow on board buses were evaluated to determine their feasibility

and identify potential candidates for the technologies to be used in the implementation. Based

on the insights gained from this evaluation, an architecture for the application was proposed to

meet the specified requirements. Following this, sensors were acquired and set up to gather

data, and a prototype of the proposed solution was implemented. Finally, practical field tests

were conducted using a real bus to evaluate the effectiveness of the prototype and identify

areas for improvement.

2



It’s noteworthy to mention that a paper on the work done in this project, titled “Towards

Integration of Travel Context Information into Multimodal Platforms”, has been published and

accepted. The paper was presented at the CENTERIS [8] 2024 conference, where it high-

lighted the advancements and insights gained from integrating travel context data into multi-

modal transportation platforms.

1.5 Document Structure

Following the contextualisation of the topic of the problem that this dissertation is trying to solve,

its significance, and its objectives, this chapter concludes by outlining the document’s structure.

The following chapters are organised in the following manner:

• Chapter 2: includes a review of the literature related to the dissertation topic, such as

methods for counting passengers and various technologies to choose from when imple-

menting the prototype;

• Chapter 3: presents the architecture of the proposed solution as well as the hardware

selected for it;

• Chapter 4: goes into detail regarding the implementation and the technologies used for

the prototype;

• Chapter 5: contains the results of the evaluation of the prototype;

• Chapter 6: outlines the conclusions and future work that can be done to improve the

project.

3
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Chapter 2

State of the Art and Related Work

In this chapter, we aim to identify gaps in the literature and establish a foundation for the disser-

tation’s contribution. Firstly, in Section 2.1, various methods for determining passenger counts

in public transport vehicles are examined. Moving forward, Section 2.2 explores different ap-

proaches for data to flow in a distributed system. Finally, Section 2.3 compares different types

of technologies for storing the processed data.

2.1 Automatic Passenger Counting Systems

Automatic Passenger Counting (APC) are solutions designed to simplify and improve the col-

lection of accurate and timely data on the number of passengers using public transportation.

These solutions usually uses sensors strategically placed at vehicle entry and exit points that

automatically record and analyse passenger flow (entries and exits).

The data collected by APC systems is useful for assessing the utilisation of public trans-

portation services and serves as a foundation for optimising route planning, resource allocation,

and overall operational efficiency within the public transport sector. By embracing technological

advancements like APC, public transit operators can make data-driven decisions and improve

service quality, resulting in better passenger experiences.

The research on APC systems and their related analysis is quite extensive, as we will

see. At a higher level, these systems can be classified based on their degree of interaction

with passengers, as mentioned in [9]. “Integrated” systems directly interact with passengers,

whereas “independent” systems do not. Over the next subsections, we will review the different

variations of both system types, explore their key advantages and limitations, and examine their

impact on passenger data accuracy and operational efficiency.

2.1.1 RFID Sensors

Radio-Frequency Identification (RFID) sensors fit in the integrated systems category, as these

sensors rely on an RFID reader that emits radio signals to a nearby RFID tag carried by a

passenger. Upon receiving a signal, the tag gives feedback in the form of an identification

code and/or a series of data stored in its memory. This allows for seamless identification and

5



tracking of the passengers, enabling efficient and automated processes such as determining

the occupancy of a vehicle and accurate record-keeping of travel activities. The advantage of

RFID compared to other technologies is that it is a cheap and easily maintainable solution.

The authors of [10, 11] propose a ticketing system based on RFID, where physical tickets

are replaced with a smart card that stores all the passenger information. After boarding the

vehicle, the passenger registers using the smart card (RFID tag), and based on the number

of registrations, the number of passengers on board the vehicle is determined, along with the

number of available seats. In [12], the authors propose a similar approach to the one described

earlier, but instead of storing data locally on the bus, they transmit it to the cloud for further

analysis.

The study described in [13] examined the effectiveness of utilising RFID for automatic pas-

senger tracking. Forty volunteers participated by carrying two types of RFID cards (single-tag

and dual-tag) in various items such as backpacks, wallets, pockets, and hands. The experiment

involved a simulated bus door with four reading antennas, and different configurations, includ-

ing setups with one and two rows of individuals passing through the portal, were assessed. The

average recognition value for four scenarios amounted to 91% for single-tag cards and 82% for

dual-tag cards.

2.1.2 Weight Sensors

Weight sensors are another approach used to estimate the number of passengers boarding

or disembarking a public transport vehicle. According to [14], the authors explain that treadle

mats (pressure-sensitive mats) can be found at bus entrances and exit points. The inner part

of the mats is designed with a grid of one or more open metal alloy plates that function as

band switches. When someone steps on the mat, the pressure causes the plate to deform

and close the circuit, which sends a signal to the control system. This signal is interpreted as

the presence of a passenger. Additionally, the data produced by the mat is relatively small in

size since it consists of simple on-off signals, which can be easily processed by the processing

unit receiving the data from the sensors. When confronted with highly crowded environments,

treadle mats have the drawback of poor accuracy since more than one person can be standing

on the mat simultaneously, which might be interpreted as only one passenger.

In [15], the authors suggest a different approach for a mass-based automated passen-

ger counting method. The proposed method utilises the vehicle air ride suspension system,

a widely adopted technology in buses. The system accurately counts passengers by measur-

ing the pressure inside the airbag suspension, which correlates directly with the vehicle mass.

Two algorithms were developed for detecting boarding events based on time-resolved vehicle

mass data. Assuming an average passenger mass of 76 kg, the first algorithm demonstrated a

-2.4% error. The second algorithm, utilising the vehicle mass time derivative to enhance event

resolution, showed an increased overall error of -28.4%. A comparable solution was developed

in [16], with the difference being that the algorithms mentioned before were substituted with

machine learning algorithms. These algorithms analyse signal shapes and predict entries and

6



exits based on them. The system was integrated into four in-use transit buses in two metropoli-

tan areas. The machine learning algorithms had 91% accuracy for a subset of the data used

in training the algorithms. However, testing with the trained algorithms showed that the mass-

based APC was 61% and 38% accurate in recording entry and exit events, respectively.

2.1.3 Infrared Sensors

Infrared sensors are a specific type of motion sensor that uses infrared radiation, which is a

part of the electromagnetic spectrum. This radiation has wavelengths that are longer than

those of visible light but shorter than microwaves. The way the sensor works depends on

its type. For instance, active infrared sensors have two main independent components: a

light-emitting diode and a receiver. These sensors are typically organised in an array (either

vertically or horizontally) at a vehicle’s entrance and exit points, parallel to each other. When

a passenger enters the field of view of the emitter and interrupts the emitting light source, the

receiver interprets this as a presence. To ensure that passengers cannot evade the infrared ray

and to accurately assess the crossing direction, installing a minimum of two sensors on each

door is necessary, leading to increased costs. One advantage of this solution is that it does not

invade the passenger’s privacy since no information related to them is recorded.

Despite the lack of literature about APC solutions that utilise infrared sensors, generic

pedestrian counting solutions include infrared sensors as a commonly used method. The ef-

fectiveness of infrared technology in accurately detecting and counting individuals has made

it a prevalent choice in diverse applications such as building automation and management. In

[17], the authors propose a system that measures people’s flow through doorways using in-

frared sensors to better regulate an Heating, ventilation, and air conditioning (HVAC) system

in a building. Also, the study results conducted in [18] indicate that once calibrated, infrared

sensors can provide continuous and accurate information on the distribution of service times

at airport checkpoints. Finally, it’s worth noting that infrared sensors are often combined with

other types of sensors to increase accuracy in widespread pedestrian counting applications, as

indicated in [15, 19].

2.1.4 Wi-Fi

Mobile devices and Wi-Fi networks have become an integral part of our daily lives. As such,

nowadays, numerous public transport vehicles are equipped with Wi-Fi access points for pas-

sengers to connect to the Internet. When a device, for instance, a smartphone, wants to con-

nect to a Wi-Fi network, it must first discover the available networks. When looking for an

available Wi-Fi network, devices send out a signal called a probe request frame. This signal

contains the device’s unique identifier, called Media Access Control (MAC) address, to all the

access points in the surrounding area. The access points then respond with their own signal,

called a probe response frame, which includes information about their network and the respec-

tive MAC address. The smartphone collects all of this information and displays a list of available

7



Wi-Fi networks for the user to choose from. This is a simplified explanation of how our devices

discover Wi-Fi networks.

Building on this concept, the authors of [20] propose a method to determine the number of

bus passengers by analysing the Wi-Fi signatures of mobile devices (probe requests) carried

inside a transport vehicle. The approach shows promising results, though some challenges

need to be addressed, such as the need for a passenger to be on the bus across several stops

before being counted among the other occupants.

A common issue in determining occupancy is ensuring that only the devices inside the

targeted vehicle are counted. Devices outside can interfere with the results and lead to an

overestimation. To overcome this problem, in [21], the authors propose an approach that com-

bines the data from several low-cost Wi-Fi sensors placed in the vehicle. For a device to be

counted, all the sensors must receive the same probe request that follows specific parameters

defined by the authors. The findings of their study show that using four sensors concurrently

leads to a maximum overestimation of 15%. Using three sensors also mitigates overestimation,

albeit to a lesser degree. The mean overestimation across all three sensor configurations was

calculated at 67%.

Despite the advantages of having free Wi-Fi networks in public transportation, some pri-

vacy concerns have been raised. As mentioned before, when a device connects to a network,

its identifier is broadcasted, making it possible to track the device’s owner. Mobile device man-

ufacturers have developed techniques such as MAC address randomisation to address this

concern. Apple first introduced this technique in the release of iOS 8.0 in September 2014.

Since then, other manufacturers have started implementing this technique with their own ap-

proaches as described in [22].

While this grants anonymity to passengers, it poses challenges for Automatic Passenger

Counting (APC) systems. Now, a single device can have multiple different MAC addresses,

making it harder to have reliable data about passenger numbers. To overcome this issue, sev-

eral studies have been published with the objective of developing a de-randomiser algorithm

capable of understanding which MAC addresses are more likely to be traced back to the same

device. An example of this is presented in [23], where the authors have developed an algorithm

capable of analysing multiple probe request frames and identifying patterns within the frame

content while considering the reception timestamps. To test the algorithm’s efficacy, 21 de-

vices were examined, and it was found that the algorithm successfully detected all randomised

MAC addresses. A similar method was used in [24] to create a de-randomisation algorithm.

The authors could group probe request frames from the same device by extracting features

from them and using them in machine learning algorithms. Additionally, a heuristic was devel-

oped to handle pseudo-random MAC addresses, which only changed when the emitting device

switched the Wi-Fi interface on and off. Tests conducted in a controlled environment achieved

an accuracy of nearly 96%, while in a real-world scenario, an average accuracy of 75% was

attained.

It is also important to consider that in APC, relying on Wi-Fi approaches may result in
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underestimating passenger volumes due to the possibility of passengers having multiple Wi-

Fi-capable devices (smartwatches, tablets, etc.) or Wi-Fi turned off to preserve device battery.

However, according to [23], this issue can be addressed by conducting a statistical survey of

a sample of bus passengers. By doing so, obtaining a scaling factor that accounts for the

problems mentioned above is feasible.

2.1.5 Computer Vision

Over the last few years, the global landscape of public transportation has witnessed a consid-

erable transformation marked by the fast growth of Public Transportation Surveillance System

(PTSS) [25, 26]. This is due to the increasing concerns about public safety and increasing van-

dalism. Additionally, advancements in video surveillance technology, including high-resolution

cameras, video analytics, and cloud-based storage solutions, have further accelerated the de-

mand for PTSS.

As a result, multiple solutions have been developed to improve the surveillance capabilities

of cameras with passenger detection and counting features. Computer vision-based methods,

such as the one proposed in [27], introduced a video-based surveillance system that detects

passenger movements on board by analysing their behavioural patterns.

Several other methods for passenger counting have been proposed, utilising cameras

placed near the top of the vehicle’s door to capture a downward-vertical view of passengers as

they enter and exit. Depending on the camera placement, different approaches use different

types of cameras and image processing algorithms. For instance, in [28], the authors propose

a method where captured frames are initially split into multiple blocks, each classified based

on its motion vector. These blocks are then analysed to determine whether they belong to the

same moving object. The results demonstrated an average accuracy of 92% for this approach.

Besides regular surveillance cameras, stereoscopic cameras are also used in APC. For

context, stereo vision is used in computer vision to perceive depth using binocular disparity –

the slight differences in the perspectives of the left and right eyes. This process mimics how

we perceive the world with two eyes, resulting in a three-dimensional perception of the environ-

ment. In a typical stereo-vision setup illustrated in Figure 2.1, two cameras have parallel optical

axes with a baseline distance d between them. The cameras assume identical focal distances

f, and there exists a region in the scene visible to both cameras. The image-formation pro-

cess projects a scene point p onto homologous pixels pl and pr of the left and right camera

sensors, respectively. Disparity, defined as the horizontal difference between homologous pix-

els, decreases as the point p moves farther from the cameras. Stereo vision aims to extract

information about the scene using visual data from the two images, a challenging task due to

unknown homologous pixel pairs.

The authors of [29] propose an APC method using stereo vision sensors. The algorithm

generates markers representing passengers’ heads when boarding or leaving the bus. These

markers are then tracked in the image sequence to reconstruct the passengers’ trajectories.

Later on, a tracking zone composed of two lines of interest was defined in the cameras’ field
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Figure 2.1 Geometric modelling of a binocular stereoscope. Extracted from [29].

of view, as illustrated in Figure 2.2. Depending on the line that a passenger crosses, they are

considered to be either leaving or entering the bus. Ultimately, people were counted based

on these trajectories. The proposed technique was validated through realistic experiments,

demonstrating a counting accuracy of 99% and 97% on two large datasets featuring authentic

scenarios.

Figure 2.2 Examples of (a) valid and (b) invalid trajectories. Extracted from [29].

Despite the accuracy and value these types of systems bring to public transport opera-

tors, privacy concerns have also been growing, and ever since the General Data Protection

Regulation (GDPR) was implemented in the European Union, data protection has been more

prominent than ever. Thus, when implementing such systems in public transportation, the

passengers’ privacy has to be a priority. Some players in the market of APC products have

contemplated this requirement and started developing solutions that use Time of Flight (ToF).

A ToF camera is a sensor that calculates the time it takes for light to travel from it to an

object and back. By measuring this time, these cameras generate depth maps, as illustrated

in Figure 2.3, enabling precise distance measurements and the creation of three-dimensional

representations of the scene while preserving subject privacy. Another advantage of these

sensors is their ability to function independently of ambient lighting, unlike stereoscopic sensors

and other 2D cameras. Reflections, on the other hand, can pose challenges and affect the

sensor’s accuracy.
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Figure 2.3 Example of a ToF depth map. Extracted from [30].

In [31], the authors have proposed a method for counting people using ToF sensors. The

paper discusses the pre-processing of the images and provides a detailed description of the

algorithms developed for processing 3D data to detect subjects. The experimental results are

promising, with an accuracy rate ranging from 98.8% to 99.40%, depending on the resolution

of the detection algorithm used.

Table 2.1 summarises the discussed APC methods up to this point.

2.2 Dataflow

When dealing with systems that receive data from different data sources, transmitting data

between two processs lacking shared memory (e.g. sending data over the network) can be

achieved in multiple ways. Dataflow influences compatibility, the connection between a process

encoding the data and another decoding it. Ensuring both backward and forward compatibility

is crucial, as it facilitates changes by allowing independent upgrades to different system com-

ponents without requiring a simultaneous overhaul of the entire system. In [32], Kleppmann

distinguishes between the following methods for how data flows between processes:

• Via Databases;

• Via Services;

• Via Asynchronous Messages.

2.2.1 Dataflow via Databases

In a database, data is encoded by the process that writes to it and decoded when the process

reads from it. We can think that when a process writes data to the database, it writes a message

to its future self when it eventually reads it. Thus, compatibility is important since the same

process that wrote the data in the past may have changed in the future. We will not go into detail

about dataflow via databases since it is not a feasible solution for guaranteeing compatibility,

requiring additional mechanisms to be implemented. We will, however, discuss databases in

Section 2.3 for data persistence.

11



Table 2.1 APC methods comparison.

APC Method Pros Cons Studies and Results

RFID High accuracy;

Agnostic to environ-

mental conditions.

Requires passengers

to carry RFID tags;

Costly if RFID tags

have to be issued to

every passenger;

Privacy concerns.

[10], [11], [12], [13] with

82% to 91% accuracy.

Weight Simple and low-cost

implementation;

No need for user inter-

action.

Accuracy affected by

uneven distribution of

passengers;

Cannot differentiate be-

tween people, luggage,

etc.

[14], [15] with error

rates reduced by 2.4%

and 28.4%, [16] with an

accuracy of 61% and

38% for entry and exit

counts.

Infrared High accuracy;

Agnostic to environ-

mental conditions.

Low accuracy when

passenger groups

form;

Calibration is needed

for high accuracy.

[17] 93% accuracy in

estimating the number

of occupants in rooms,

[18] with acceptable ac-

curacy, [15], [19].

Wi-Fi Uses passengers’ de-

vices to detect pres-

ence;

Not expensive to imple-

ment.

Dependent on pas-

sengers having Wi-Fi-

enabled devices;

Limited accuracy due

to multiple devices per

person.

[20], [21] with a maxi-

mum overestimation of

15%, [23] with 94% ac-

curacy in the dynamic

test case, [24] with an

accuracy of 75%.

Computer Vision High accuracy;

Can provide demo-

graphic information;

Multiple solutions avail-

able on the market.

Expensive to install and

maintain;

Affected by ;

Privacy concerns.

[27] , [28] with an av-

erage accuracy of 92%,

[29] with an accuracy of

99% to 97%, [31] with

an accuracy of 98.8%

to 99.4%.

2.2.2 Dataflow via Services

A service is a unit of software that can be invoked through standardised procedures and can

perform designated functions independently. Each service works in a heterogeneous environ-

ment, which includes different types of hardware, operating systems, and programming lan-

guages. Dataflow via services occurs when either other services or clients communicate with

the service interface. This interface has to be previously defined and well-known to all the

components that intend to use it. We can further distinguish between Remote Procedure Call
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(RPC) services and Web services.

RPC services are widely used in distributed systems, the purpose of which is to replicate

the local communication between the various components of an application. This abstraction

is called location transparency, which allows a process to call a function from another process

over the network. As stated before, the objects’ interfaces containing the functions must be

defined and known to make this possible. When implemented, this approach follows the Service

Oriented Architecture (SOA) [33], resulting in a system with a low coupling level.

RPC systems, pioneered by SunRPC [34] in the 1970s, expanded over time with variations

like Java Remote Method Invocation (RMI), Common Object Broker Architecture (CORBA), and

Distributed Component Object Model (DCOM). Although these frameworks made significant

contributions, they had certain limitations that hindered their widespread adoption. One of the

biggest issues was their lack of compatibility with previous and newer versions. Additionally,

these frameworks were too complex, as they were built on top of communication protocols like

Transmission Control Protocol (TCP), making interoperability difficult due to a large number of

specifications. Recent advancements in RPC focus on creating more versatile solutions that

are agnostic to the programming language. An example of an RPC framework that supports

multiple programming languages is Google Remote Method Invocation (gRPC) [35]. Initially

developed by Google, it offers features such as bidirectional streaming and support for various

platforms, using Protocol Buffers for serialisation.

Like RPC services, web services facilitate communication and data exchange between

different services over the network, with the difference that Hypertext Transfer Protocol (HTTP)

is used as the underlying protocol for communication. There are two main approaches to web

services: Representational State Transfer (REST) and Simple Object Access Protocol (SOAP).

REST was introduced by Fielding et al. [36] as a design philosophy that relies on the

principles of HTTP and on a stateless, client-server communication model, where the server

holds the resources, and clients interact with these resources through well-defined, stateless

operations. Resources are identified by Uniform Resource Identifiers (URI), and they can rep-

resent entities like data objects, services, or concepts. An Application Programming Interface

(API) designed according to the principles of REST is called RESTful. By contrast, Simple

Object Access Protocol (SOAP) is a protocol that relies on Extensible Markup Language (XML)

for message formatting and typically operates over HTTP, despite avoiding using most HTTP

features. The SOAP web service API is outlined using Web Services Description Language

(WSDL), an XML-based language. WSDL facilitates code generation so that clients can in-

teract with a distant service through local classes and method calls. This process involves

encoding XML messages and subsequent decoding by the framework. While beneficial in stat-

ically typed languages, its utility is somewhat diminished in dynamically typed ones.

In [37], the authors compare RESTful versus SOAP web services in an indoor network

composed of actuators. The authors’ findings suggest that, upon initial examination, the REST

architectural style is notably advantageous compared to SOAP in the context of the given sys-

tem. This is evident in its ability to deliver fast query access and response times and reduce
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CPU consumption and service load. The lightweight nature of REST is highlighted, leading

to smaller message sizes, thereby requiring less parsing time and exhibiting lower latency. In

[38], the authors also compare these two technologies based on metrics such as software

maintainability, complexity, and others. The outcomes do not distinctly indicate a preferable

choice for integrating systems between the two approaches. A thorough analysis of functional

and non-functional requirements is necessary to make an informed decision regarding SOAP

or REST. For instance, REST is a suitable choice when integrating two straightforward infor-

mation systems. On the other hand, in scenarios where systems are intricate and demand

additional security measures, SOAP emerges as the more fitting option, given its support for

various standards.

2.2.3 Dataflow via Asynchronous Messages

Data transmission via asynchronous messages refers to sending and receiving data asyn-

chronously through a message-oriented infrastructure. The element responsible for sending

the messages is often referred to as the publisher, and the component that receives them is

the consumer. In this approach, there is the need to have an element that acts as an inter-

mediary, also known as a message broker, that relays the messages from the publisher to the

consumer. This interaction scheme is known as Publish/Subscribe, or Pub/Sub [39]. Topics

are abstractions representing logical channels or categories to which messages are published.

Publishers publish messages on specific topics, and subscribers express interest in receiv-

ing messages from particular topics. Topics help categorise and organise the communication

within a Pub/Sub system.

The benefits of Publish/Subscribe in distributed systems are as follows:

• Publishers and subscribers are decoupled in time, space, and synchronisation.

• Offers mechanisms for automatic message redistribution;

• One message can be sent to multiple recipients (fan-out pattern);

• Promotes horizontal scalability by removing all explicit dependencies between the inter-

acting elements.

Message queues are another form of asynchronous communication between services.

Unlike Pub/Sub, each message is only received by one consumer. In recent literature [40, 41], a

variety of technologies leveraging Publish/Subscribe and message queue interaction schemes

have been explored. Apache Kafka [42], a prominent example, is a distributed streaming plat-

form well-known for its capability to process and handle large volumes of real-time data reliably.

Kafka’s publish-subscribe model facilitates the integration of diverse data sources, making it an

ideal solution for real-time analytics, event sourcing, and log aggregation. Kafka clusters utilise

Apache ZooKeeper [43] to maintain naming and configuration data, as well as to provide robust

synchronisation and leader election functionalities within distributed systems.
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Kafka’s ecosystem extends through Kafka Connect and Kafka Streams, which improve

its data integration and stream processing capabilities. Kafka Connect acts as a framework

for building and running connectors, allowing seamless integration between Kafka and various

external systems. It supports a broad range of connectors for databases, file systems, and

cloud services, thus simplifying the movement of data between Kafka topics and different data

sources.

Redis [44] is a data structure store that operates primarily in memory, serving as both

a database and a cache. Redis can also function as a message broker, supporting Pub/Sub

applications. Redis Pub/Sub enables publishers to broadcast messages to multiple channels,

which is well-suited for scenarios where low latency is crucial. However, Redis Pub/Sub is

an at-most-once messaging system without data persistence or acknowledgements, making it

highly efficient but less reliable for scenarios requiring guaranteed message delivery and only

supports a maximum message size of 512MB.

Message Queuing Telemetry Transport (MQTT) is a protocol designed for low-bandwidth,

high-latency, or unreliable networks and is particularly well-suited for IoT applications. MQTT

follows the publish-subscribe model and is implemented by open-source solutions such as

Mosquitto [45] and HiveMQ [46]. MQTT offers various Quality of Service (QoS) levels, ranging

from 0 to 2, which define the guarantees for message delivery between the MQTT broker and

clients. Its lightweight nature allows for messages up to 256MB in size, making it ideal for

efficient communication in constrained environments.

ZeroMQ[47] is a high-performance messaging library designed for distributed and scal-

able applications. Unlike traditional message-oriented middleware, ZeroMQ operates at the

socket level and supports multiple messaging patterns, including publish-subscribe, request-

reply, and push-pull. Its design eliminates the need for a central broker, which reduces latency

and improves scalability. While ZeroMQ offers simplicity and flexibility, it lacks built-in message

persistence and durability features, which may be a consideration depending on the use case.

Lastly, RabbitMQ[48] is a robust message broker implementation based on the Advanced

Message Queuing Protocol (AMQP). It excels in routing, queuing, and delivering messages

between producers and consumers, supporting a variety of messaging patterns such as point-

to-point, publish-subscribe, and request-reply. RabbitMQ’s strengths include its message ac-

knowledgement feature, which ensures reliable delivery, and its support for message persis-

tence, allowing messages to be stored on disk for added durability.

2.3 Data Persistence

In the context of the problem that we are trying to solve, after the data from the sensors is

processed, it needs to be persisted somewhere for either audit purposes or to be consumed

by a dashboard or other third-party applications. Considering the distributed nature of the

pretended solution, ideally, the technology used for data persistence should include aspects

like scalability, fault tolerance and consistency.
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We can consider two possible types of solutions: Distributed File Systems (DFS) and Dis-

tributed Databases (DDB). A notable example of a distributed file system is Hadoop Distributed

File System (HDFS). It excels at storing large files, providing fault tolerance and scalability.

However, when dealing with smaller files, such as sensor data, HDFS performance degrades

due to its limitation in supporting random reads of small files [49]. On the other hand, distributed

databases can handle smaller files and provide the same scalability and fault tolerance as dis-

tributed file systems. That is why only distributed databases will be considered and explored

for the solution over the following subsections.

2.3.1 Apache Cassandra

Apache Cassandra [50] stands out as a powerful and scalable NoSQL database designed to

manage extensive datasets across multiple servers while mitigating the risks associated with

single points of failure. Cassandra adopts a peer-to-peer distributed architecture, treating all

nodes (each node is an instance of Cassandra) equally in communication. Data is distributed

and replicated across nodes, ensuring fault tolerance and continuous availability. Cassandra’s

wide-column store data model promotes flexible schema design, resembling a table structure

with rows and columns. Cassandra is known for its horizontal scalability, allowing seamless

expansion by adding more nodes. Its architecture ensures high availability, even in the event of

node failures. Furthermore, the database excels in write operations, while read operations are

slower. Only recently, support for Atomicity, Consistency, Isolation, and Durability (ACID) trans-

actions was added, making it an even more reliable solution. Despite its strengths, Cassandra

has limitations. Achieving consistency can pose challenges, requiring careful tuning for optimal

performance.

2.3.2 MongoDB

MongoDB [51] stands out among NoSQL databases with its document-oriented approach. It

stores data in flexible, JSON-like documents, similar to rows in a SQL table. Collections in

MongoDB are similar to SQL tables, containing sets of similar documents. This approach offers

flexibility in data modelling, making it adaptable to changing schema requirements. MongoDB

ensures horizontal scalability through automatic sharding and supports replication with locks

and an asynchronous master-slave model. In version 4.0, released in 2018, MongoDB added

support for multi-document ACID transactions and further extended that support for distributed

multi-document ACID transactions in version 4.2 in 2019. One of the drawbacks of this solu-

tion is the lack of support for join operations, making queries across multiple collections more

complex and resource-intensive. Also notable is the maximum document size of 16 MB.

2.3.3 CrateDB

CrateDB [52] is a distributed SQL database designed to handle large amounts of real-time

data. It utilises a shared-nothing architecture, meaning that each node in the cluster operates
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independently, without shared memory or storage. This design allows for horizontal scalability,

enabling the addition of nodes to the cluster as data needs grow. CrateDB uses a sharding

mechanism to distribute data across nodes. Data is divided into smaller, manageable pieces

called shards, and each node is responsible for a subset of these shards. This parallelisation

improves query performance and ensures that the database can handle vast amounts of data

seamlessly. It’s noteworthy to mention that CrateDB does not support ACID transactions, but

instead, it has atomic operations and eventual consistency at the row level.

2.3.4 Data Persistence Methods Comparison

A concise comparison of NoSQL engines was conducted in Lourenço et al.’s study [53]. They

highlighted the most beneficial use case scenarios and quality attributes from a software engi-

neer’s perspective. Cassandra outperforms MongoDB in terms of availability, scalability, write

performance, and stabilisation time. However, MongoDB excels in read performance, recov-

ery time, and reliability. Consistency, durability, and maintainability show similar performance

between the two. Additionally, in [54], the authors compare MongoDB and Cassandra in appli-

cation processing time for various query types on data streams with heterogeneous generation

rates. In most cases, Cassandra outperforms MongoDB, though exceptions exist depending

on the data stream rate. Regarding CrateDB, no interesting comparative studies were found.
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Chapter 3

System Architecture

Building on our findings during the review of the State of the Art and Related Work in Chapter

2, we will now shift our focus to the design of the proposed solution. We start by discussing

the system requirements. Following that, the system’s architecture and the decisions made

throughout its conception are explained in detail. After that, an overview of the required hard-

ware is provided.

3.1 Requirements

According to the defined objectives, our goal is to implement a prototype of a system that can

gather travel context information and present it visually in an interactive dashboard. As such,

the prototype should meet the following requirements:

• Accuracy: the system must process and present information to the end-user with an

accuracy of at least 90%. This includes precise passenger counts, vehicle locations, and

stop data;

• Passenger counts: the system must continuously track and report the exact number of

passengers entering and exiting at each stop, ensuring real-time updates for end-users;

• Live occupancy: the system must calculate and display the current occupancy level of

each vehicle in real-time, based on the most recent passenger counts.

• Route information: the system must provide end-users with detailed information about

the vehicle’s current route, including a list of all stops, the vehicle’s current location;

• Fault tolerance: the prototype must include mechanisms to detect, log, and recover

from errors or malfunctions, ensuring the system remains operational and reliable under

normal and adverse conditions.
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3.2 Architecture Overview

Considering the requirements above, a diagram for the proposed architecture of the solution

can be found in Figure 3.1.

Serving Layer
Sensor Layer (Bus)

On-board Unit (OBU) Dataflow Layer

(1)

Message
Broker Consumer

User

Sensor 1

Sensor n

Database
Publisher

(Web
Server)

Database
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Location
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(5)

(6)
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Figure 3.1 Proposed architecture of the solution.

The architecture is composed of the following layers:

• Sensor Layer: consists of all the sensors and equipment arranged on a bus, such as the

Global Navigation Satellite System (GNSS)/GPS antenna, automatic passenger counter

sensors, and the Controller Area Network Bus (CAN Bus), a unit that follows a vehi-

cle standard designed for microcontrollers and other devices to communicate with each

other. Additionally, as this project involves a remote environment (bus) that needs to com-

municate with a central server, an On-Board Unit (OBU), also called a gateway, will be

required. This gateway will serve as a network bridge between the bus and the central

platform, allowing the transmission of local data from the various sensors. An overview of

all the required equipment inside the bus can be seen in Figure 3.2.

In this layer, the information regarding passenger flow gathered from the sensors will be

transmitted using HTTP over a TCP/IP connection to the gateway, more specifically to the

publisher service operating on it (1). The sensor data will be processed and summarised

within the gateway according to each bus stop. This data will then be correlated with

information from the CAN Bus and the GNSS and stored in a database to provide a

comprehensive overview of the vehicle’s capacity, operations, and location (2).

• Dataflow Layer: consists of a message broker that plays a critical role in managing the

data received from the sensor layer (3). Its primary responsibility is to obtain the informa-

tion from the various buses and efficiently distribute it to the consumers within the serving

layer (4). The message broker ensures that data is accurately and promptly delivered,

facilitating seamless integration and real-time data processing. An MQTT bridge and a

QoS level of 2 are required between the sensor and dataflow layers to ensure that when

communication problems arise, the data will be stored and sent once it’s possible.
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• Serving Layer: composed of a consumer service that receives and stores the processed

data from the dataflow layer into a dedicated database (5). Finally, the dashboard queries

the database (6) and then displays the data to the end user (7).

Figure 3.2 Schematic of the equipment inside the bus.

3.3 Hardware

After finalising the prototype’s architecture, the next step was to select the necessary hardware

based on the established architecture, which involved sourcing an APC sensor, a gateway, and

antennas.

In Chapter 2, we explored different types of APC sensors. Our objective for this project

is to develop a system capable of integrating sensor data into an existing platform instead of

developing a new APC method. Given the numerous solutions readily available in the market

and their accuracy, we opted to use stereoscopic cameras for passenger counting. We reached

out to multiple companies and ended up acquiring one sensor from Hikvision [55] and another

one from Xovis [56], depicted in Figure 3.3. Despite using the same principle of stereovision,

the sensors differ in the actual processing algorithm applied to the images to detect and count

passengers.

For the gateway, our partners at Solvit [57], who have had experience with these types of

equipment, recommended the VTC 6222 in-vehicle computer from Nexcom [58]. As illustrated

in Figure 3.4, the gateway has a slot for a SIM card to connect to a Public Land Mobile Network

(PLMN) provider, four Power over Ethernet (PoE) ports that supply the sensors with power and

Internet connectivity, built-in GPS module and CAN Bus support. Finally, two generic antennas

were used for GPS and mobile network communications.
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(a) Hikvision sensor (b) Xovis sensor

Figure 3.3 Acquired APC sensors.

(a) Front

(b) Back

Figure 3.4 Acquired gateway.
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Chapter 4

Implementation

In Chapter 3, we discussed the design of the architecture for the prototype. This chapter will

focus on the implementation of that architecture. We will present and explain the developed

prototype while introducing the selected technologies and providing reasons for their inclusion.

4.1 Sensor Layer

Software-wise, the sensor layer has been programmed in Python, a high-level, interpreted pro-

gramming language known for its simplicity, readability, and versatility. It is a popular choice for

developing prototypes because of its extensive libraries, which simplify the development pro-

cess by reducing the amount of code needed. However, Python also has some drawbacks. As

an interpreted language, it can be slower in execution compared to compiled languages like

C or C++, which may be a concern for applications requiring high performance or real-time

processing.

Python’s memory usage is also relatively high, which can be limiting in environments

with constrained resources. Additionally, while increasing flexibility, Python’s dynamic typing

can lead to runtime errors that would be caught at compile-time in statically typed languages.

Therefore, we may consider using a different language for the final version of the system we

are developing.

The services that are responsible for gathering and processing all the sensor information

will be executed inside the gateway/OBU. Knowing that this prototype may run in various vehi-

cles, we opted to use Docker [59], a platform for developing, shipping, and running applications

inside lightweight containers. Docker containers package the application and its dependencies

in a standardised unit, ensuring consistency across different environments. This allows the pro-

totype to be easily deployed and executed on any vehicle, regardless of its underlying operating

system or hardware configuration. Docker also provides isolation between services, reducing

conflicts and making managing and updating individual components easier without affecting

the entire system.

To manage multiple Docker containers/services, we used Docker Compose, a tool that

allows us to define and run multi-container Docker applications using a single YAML file. With
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Docker Compose, we can specify all the services, networks, and volumes needed for the appli-

cation in one place, making it straightforward to start, stop, and configure the entire stack. This

approach improves development efficiency by enabling easy orchestration of services, ensur-

ing that all necessary components are up and running correctly, regardless of the environment

in which they are deployed. The Docker Compose file used for the sensor layer can be found

in Appendix A.

Figure 4.1 illustrates the interactions between the four services specified in the docker-

compose file for this layer.

crateDB service

gps_mqtt service

mqttbroker
servicepublisher service

insert/query data

publish GPS information

publish processed
data

receive GPS information

gateway/OBU

Figure 4.1 Interactions between the gateway services.

Starting with the mqttbroker service, as the name suggests, functions as an MQTT broker

to facilitate message communication. For this, we used a Mosquitto image for the container be-

cause it supports configuring bridges between different brokers while maintaining a lightweight

footprint, making it suitable for our use case.

Following the mqttbroker service, we have the gps mqtt service, which is responsible

for processing GPS signals containing information such as the coordinates, the bus speed

and other important metrics. This service receives the raw GPS data (in decimal degrees)

from the gateway and then publishes it through the previously mentioned MQTT broker. It’s

important to note that this communication is strictly internal to the gateway; hence, all messages

containing the GPS information are published within the gateway environment and are not

exposed outside.

Moving on to crateDB service, it serves as the local database for storing and managing

data collected from various sources, such as GPS coordinates, sensor readings, and other

relevant information. A CrateDB image was used as it is particularly well-suited for handling

time-series data, making it ideal for efficiently storing and querying large volumes of real-time

data generated by the system. Additionally, its distributed architecture ensures high availability

and scalability, allowing the database to handle increased loads as incoming data grows.
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Finally, the publisher service is responsible for receiving various types of data, such as

GPS and sensor information and processing it. Figure 4.2 shows the interactions between the

following Python modules that form this service:

• publisher.py: this module is the entry point for the publisher service and is responsible for

initialising all the other modules. As mentioned, the sensors send a message containing

the information in Listing 4.1 via HTTP requests [1]. To handle these requests, we utilised

Flask [60], a lightweight and flexible web framework for Python that is used for building

web applications and APIs;

• mqttclient.py: acts as an MQTT client that subscribes to the internal/gps topic that con-

tains the GPS messages published by the gps mqtt service [2]. Once the sensor data

has been processed and is ready to be sent, the client publishes a message to the local

MQTT broker [3] that gets relayed to Solvit’s MQTT broker located at the dataflow layer,

ensuring that the data is communicated effectively into the broader system;

• dbclient.py: this module implements a driver that facilitates communication with the local

database managed by the crateDB service. When data is received by the publisher.py

module, the dbclient.py stores this data in the database [4] according to the data model

in Table 4.1. The stored data is later queried for further processing [5].

• geofencemonitor.py: in the requirements, we specified that the prototype must include

information about the bus stops along a given route. Therefore, when the publisher ser-

vice is initialised, data about the bus stops on the scheduled route is fetched and added

to the system. Afterwards, the module monitors the bus’s location by comparing the re-

ceived coordinates with the bus stop data [6]. If it detects that the bus has left a bus

stop, a thread is created to publish a message[7] containing the passenger flow data from

that bus stop as shown in Listing 4.2. We discuss this module in greater detail and its

importance in Section 4.1.1.

Listing 4.1 Unprocessed sensor data structure.

<E v e n t N o t i f i c a t i o n A l e r t version= ” 2.0 ”

xmlns= ” h t t p : / /www. i s a p i . org / ver20 /XMLSchema”>

<ipAddress>1 . 2 . 3 . 4< / ipAddress>

<portNo>5000< / portNo>

<p ro toco l>HTTP< / p ro toco l>

<macAddress>a a : b b : c c : d d : e e : f f< / macAddress>

<channelID>1< / channelID>

<dateTime>2024−09−24T15:37:00+01 :00< / dateTime>

<act ivePostCount>1< / act ivePostCount>

<eventType>PeopleCounting< / eventType>

<eventState>a c t i v e< / eventState>
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<even tDescr ip t ion>PeopleCounting alarm< / even tDescr ip t i on>

<channelName>TEST< / channelName>

<peopleCounting>

<s t a t i s t i c a l M e t h o d s>timeRange< / s t a t i s t i c a l M e t h o d s>

<TimeRange>

<s ta r tT ime>2024−09−24T15:36:00+01 :00< / s ta r tT ime>

<endTime>2024−09−24T15:37:00+01 :00< / endTime>

< / TimeRange>

<enter>14< / en ter>

<e x i t>9< / e x i t>

< / peopleCounting>

<ch i ldCount ing>

<enter>0< / en ter>

<e x i t>0< / e x i t>

< / ch i ldCount ing>

< / E v e n t N o t i f i c a t i o n A l e r t>

Listing 4.2 Processed sensor data structure.

{
” s t o p i d ” : 174287 ,

” r o u t e i d ” : 13B,

” en te r coun t ” : 16 ,

” e x i t c o u n t ” : 9 ,

” onboard bus ” : 10 ,

” b u s i d e n t i f i e r ” : BF93SD,

” l a t ” : 12.345678 ,

” lon ” : −1.2345678 ,

” timestamp ” : ”2024−08−25T14 :58:23+00:00”

}

4.1.1 Optimisations

As data is being sent by the sensors every minute, the gateway must store it in a local database

before sending it to an external one. At this rhythm, the storage would be used up quickly, lead-

ing to inefficiencies and potential data loss. Two options were considered to address this issue.

The first option involves changing the rhythm of data transmission from the sensors, which

would reduce the granularity and real-time nature of the data. This approach would decrease

the amount of data generated and stored, thereby conserving storage space. However, it would

also result in less detailed data, which might limit the precision and timeliness of passenger

count information.

The second option involves discarding events that do not report passenger counts. This
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[6]

query data()
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[7]

processed data

[3]

Publisher service

Figure 4.2 Interactions between the Python modules of the publisher service.

approach is based on the inference that if no data is reported, it implies that the passenger

count is zero. By discarding these events, we can significantly reduce the volume of data

stored and transmitted while maintaining the integrity and usefulness of the recorded data. This

approach ensures that only relevant data is retained, optimising storage usage and maintaining

the system’s efficiency.

When data is sent from the gateway to the dataflow layer, costs are associated with this.

The gateway inside the bus communicates with the exterior via a mobile network, so outbound

communications should be minimised. It wouldn’t be sustainable to send data continuously, so

some optimisations were made.

Figure 4.3 illustrates a geofencing algorithm that was implemented in the geofencemon-

itor.py module that determines when a bus enters and leaves a region of interest (i.e., the

perimeter around a bus stop). In the context of a bus, during the “dwell” period inside the ge-

ofence perimeter, the bus will arrive at a stop, and passengers will leave and enter the bus.

That information is stored and is only sent when the bus leaves the geofence perimeter. In the

current implementation, the radius of this perimeter is configurable and depends on the route

that the bus is taking. It’s important to remember that the radius of the stops can’t overlap,

which can be a problem when they are close to each other.

It is also necessary to consider scenarios in which the bus is in areas that are prone to

deteriorating the GPS signal received. The accuracy of the received coordinates is related to

the quality of the GPS signal; thus, if the reception is poor, we may have situations where the

system “thinks” that the bus has entered or exited a bus stop incorrectly. This can lead to false

notifications or inaccurate tracking, impacting the reliability of the service. To minimise this

issue, a rolling window has been implemented. It takes the last nine observed coordinates plus

the current coordinates and calculates the mean to eliminate potential outliers.
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Table 4.1 Data model of the data stored inside the gateway.

Name Meaning

ip address IP address of the sensor (either IPv4 or IPv6).

sensor identifier For Hikvision sensors represents the MAC address.

lat Latitude.

lon Longitude.

start timestamp Timestamp of the start of the counting.

end timestamp Timestamp of the end of the counting.

enter count Number of people who crossed the line in the forward direction of the line.

exit count Number of people who crossed the line in the backward direction of the line.

bus identifier Identifier of the bus (license plate).

Figure 4.3 Geofencing algorithm representation.

The message containing the GPS information also holds the various Dilution Of Precision

(DOP) values as represented in Listing 4.3. In practice, these values represent the error due to

the positions of the satellites in the sky. The closer they are to the horizon, the more atmosphere

and obstacles the signals have to pass through to reach the receiver. Upon receiving the GPS

messages from the MQTT broker, the system also checks this value. It discards messages that

have a Geometric Dilution Of Precision (GDOP) (combination of the various DOP values) bigger

than five, which is when the GPS signal is considered to be of “moderate” quality according to

[61].

Listing 4.3 GPS mssage data structure.

{
” t ime ”:”2024 −08 −25T14 :58:23+00:00” ,

” l a t ” :12.345678 ,
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” lon ”: −1.2345678 ,

” a l t ” : 87 .354 ,

” speed ” :0 .0648 ,

” xdop ” : 0 . 5 8 ,

” ydop ” : 0 . 5 ,

” vdop ” : 1 . 0 5 ,

” tdop ” : 0 . 7 2 ,

” hdop ” : 0 . 7 6 ,

” gdop ” : 1 . 4 8 ,

” pdop ” : 1 . 3

}

4.2 Dataflow and Serving Layers

Regarding the MQTT broker of the dataflow layer, Solvit authorised us to use their broker to

publish messages. The only configuration needed was to set up a bridge connection in the

MQTT broker running on the gateway to connect to Solvit’s broker.

Similar to the sensor layer, the serving layer is defined within a Docker Compose file

containing three services: the consumer, which receives the data published to the MQTT broker

located at the dataflow layer and stores it in a database managed by the crateDB service

according to the data model shown in Table 4.2.

Table 4.2 Data model of the processed bus stop data.

Name Meaning

stop id Identifier of the bus stop.

lat Latitude.

lon Longitude.

timestamp Timestamp of the message.

enter count Number of people who crossed the line in the forward direction of the line.

exit count Number of people who crossed the line in the backward direction of the line.

onboard bus Number of people onboard the bus.

bus identifier Identifier of the bus.

Finally, the grafana service, which, as the name suggests, consists of a Grafana Docker

image to display the data in a dashboard. We opted to use Grafana since it provides a free,

robust, ready-to-use dynamic dashboard with support for CrateDB as a data source.
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Chapter 5

Evaluation and Results

In this chapter, we assess the prototype by focusing on the accuracy of the automatic pas-

senger counting sensors through both controlled and field tests. Furthermore, we showcase

the dashboard that the transportation operators can use to visualise real-time passenger data,

including entry and exit counts, bus stop metrics, and overall vehicle occupancy.

5.1 Sensor Evaluation

Our project heavily relies on the accuracy of the sensor data to establish passenger patterns

that can help public transport operators optimise their services. Therefore, it is important to

ensure that the sensor readings are as precise as possible.

After acquiring the sensors mentioned in Section 3.3, we conducted tests in a controlled

environment, more specifically at the entrance points of a building. The objective was to evalu-

ate the sensor’s performance based on hypothetical scenarios that could occur in a bus. Based

on the results of Table 5.1, we have recorded three separate attempts, labelled as #1, #2, and

#3, with each result formatted as entry count/exit count. Looking at the results, the sensors

behave comparably in the first test case. However, in the second and last test cases, we can

observe that sensor B outperformed sensor A. These two scenarios are particularly significant

as they are prone to occurring and could result in counting inaccuracies. In total, sensor A has

produced seven accurate results, while Sensor B has yielded ten. Considering this, Sensor B

has been the one used for the prototype.

Additional field tests were conducted in collaboration with a public transportation operator

located in the Porto Metropolitan Area, Portugal. The hardware was installed on a bus currently

in operation and has been collecting real data for two months. Figure 5.1 shows an image

captured from the live feed of the sensor, where we can see the passenger counts (0 entries

and 334 exits) in the top-right corner. The red rectangle is automatically generated by the

sensor and indicates the possible area where the counts will be considered. The blue rectangle

is user-defined and specifies the area from which we want the sensor to count within the red

area. Finally, the yellow line defines the line of interest and the direction for recording entries

and exits. The arrow extending from the line indicates the direction of entries. Since this camera
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Table 5.1 Results of the controlled environment tests on the APC sensors.

Test case Expected Sensor A results Sensor B results

#1 #2 #3 #1 #2 #3

3 people are crossing at the same

time in each direction.

3 entry / 3 exit 3/2 3/3 2/3 2/3 3/3 3/3

1 or more people standing on the

line to see how the sensor reacts.

0 entry / 0 exit 1/2 2/1 0/2 1/0 0/0 0/0

3 people cross the line simultane-

ously in different directions (i.e., 1

enters, 2 exits).

1 entry / 2 exit 1/2 1/2 1/2 1/2 1/2 1/2

2 people standing on the line, the

other 1 exiting.

0 entry / 1 exit 0/1 0/1 0/1 0/0 0/0 0/0

1 person goes back and forth 4

times in a short period of time.

0 entry / 0 exit 1/1 1/1 1/1 0/0 0/0 0/0

is positioned at one of the exits of the bus, the arrow is pointing inward so that when passengers

cross it, the sensor interprets it as an exit.

Table 5.2 displays the results of the passenger counts for ten bus stops during field tests.

We compared the counts from the sensors (observed row) against the recordings of the sensor

images (expected row). That way, using ground truth, we could validate the accuracy of the

sensor data by comparing it directly with the manually recorded passenger counts. During the

observed stops, a total of 54 passengers entered the bus. The sensors reported 52 passen-

gers, giving us an accuracy rate of approximately 96,3%. As for the exits, 16 passengers left

the bus, and the sensors counted 15, resulting in an accuracy rate of 93,75%. During the anal-

ysis of the sensor footage, it was observed that the primary factor affecting sensor accuracy

was the height of the passenger. As a result, additional sensor calibration will be necessary to

minimise this issue. We also noticed that at certain times, the bus driver would leave and enter

the bus multiple times between different routes. This leads to inaccurate passenger counts, as

the system may register the driver’s movements as additional entries or exits, skewing the data.

Table 5.2 Results of the field tests on the APC sensors.

Counts Bus stop

#1 #2 #3 #4 #5 #6 #7 #8 #9 #10

Expected (entries/exits) 2/2 5/2 1/5 1/0 36/0 1/2 3/0 1/2 2/1 2/2

Observed (entries/exits) 2/2 5/2 1/4 1/0 34/0 1/2 3/0 1/2 2/1 2/2
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Figure 5.1 Image from the sensor in field tests.

5.2 System Evaluation

Tests were carried out to assess the system’s fault tolerance in cases where the mobile network

was insufficient to establish communication between the bus and the dataflow layer. The results

were promising, as we configured an MQTT bridge between the local broker at the bus and the

one in the dataflow layer. When the connection was lost and a message was sent from the bus,

the message was successfully queued and stored locally. Once the network was restored, the

system automatically transmitted the stored messages to the server without data loss, ensuring

smooth and reliable communication even in intermittent network conditions. In more extreme

cases where communication is completely disrupted for an extended period, the system also

stores the messages in the local database that can be retrieved at a later time.

The developed Grafana dashboard is composed of different panels with relevant informa-

tion to satisfy the requirements set in Section 3.1. The data that is stored by the consumer

service is fetched by Grafana according to user-defined SQL queries. Furthermore, the usage

of variables inside Grafana allows the data to be filtered by the bus stop number or by bus,

providing fine-grained results while allowing for more flexible queries.

Looking at the panels themselves, Figure 5.2 illustrates a panel containing an interactive

map that displays the route that the bus is performing, marked by the blue icons. The green

icon represents the last stop that the bus has been to. Each point contains information about

the passenger flow (entries and exits), the stop and route identifier, and the location of the bus

stop. Figure 5.2 displays similar information in a table format. Finally, Figures 5.4 to 5.7 address

the other requirements, such as the live occupancy of the vehicle and the passenger counts in

various time scales (daily, weekly and monthly).
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Based on the various panels, we can also verify that the results are relatively good, in the

sense that the total entries match the total exits, with an error of around 2.3% based on the

total counts shown in Figure 5.5. The bar charts of passengers per week and month are also

an indicator of the overall consistency of the data.

Figure 5.2 Dashboard panel of the route overview map.

Figure 5.3 Dashboard panel of the bus stop table.
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Figure 5.4 Dashboard panel of the time series passenger flow data.

(a) Passengers onboard (b) Total counts

Figure 5.5 Dashboard panels of the passengers onboard and total counts.

Figure 5.6 Dashboard panel of the passengers per month.
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Figure 5.7 Dashboard panel of the passengers per week.
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Chapter 6

Conclusions and Future Work

This thesis highlights the critical role of integrating Automatic Passenger Counting systems

with cutting-edge sensor technologies to improve public transportation networks. The research

involved the successful development of a prototype system that captures real-time passen-

ger flow data and integrates it into an accessible dashboard for transportation operators. The

system was built using a combination of hardware, including stereoscopic cameras and an on-

board unit, and supported by software developed with open-source technologies. Together,

these components enable real-time monitoring and provide valuable insights into passenger

behaviour and transportation trends.

Field testing of the prototype demonstrated that the selected sensors met the necessary

accuracy standards for tracking passenger entries and exits. Furthermore, the system’s overall

performance was robust, operating without major issues or disruptions. The success of this

project suggests that the chosen combination of hardware and software offers a practical and

reliable solution for passenger flow monitoring in real-world public transportation settings.

Ultimately, this project contributes to the growing demand for accurate and reliable data in

public transportation systems, particularly as cities continue to expand their multimodal transit

networks. By providing real-time data on passenger movements, the developed system offers

transportation operators an essential tool for optimising service efficiency, improving passenger

experiences, and supporting future urban mobility planning. The findings reinforce the impor-

tance of incorporating advanced technology into transportation systems to meet the evolving

needs of modern cities.

Despite meeting the initial requirements, several improvements can be made to improve

the robustness and utility of the system for transportation operators. One area for future devel-

opment is testing the system with a larger fleet of buses operating concurrently, which would

help assess the scalability and performance limits of the architecture. This would provide valu-

able insights into how the system handles increased data flow and whether any optimisations

are necessary to maintain performance under heavier loads. Fortunately, we are in the pro-

cess of deploying the sensor layer hardware in more buses, including a transportation operator

located in the Lisbon metropolitan area. In addition, integrating more detailed data from the

CanBus and the transportation operator General Transit Feed Specification (GTFS) data, such
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as average bus speeds, route context information, and fuel efficiency, would offer transportation

operators a more comprehensive view of fleet operations. These metrics could help in under-

standing vehicle performance and optimising operational efficiency. Another important feature

to consider for future work is implementing real-time alerts for issues such as delays, mechani-

cal problems, or route deviations. These alerts would allow operators to respond more quickly

to disruptions, improving service reliability and customer satisfaction. Finally, security consider-

ations must be prioritised to ensure the system is robust against potential cyber threats. Imple-

menting better security measures will safeguard the system against unauthorised access and

data breaches, ensuring the reliability and integrity of the solution for transportation operators.
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Annex A

Docker Compose File for the Serving
Layer

serv ices :

cratedb02 :

container name : crateDB

image : c ra te : l a t e s t

po r t s :

− ”4202:4200”

− ”5431:5432”

volumes :

− ${LOCAL DATA PATH 02 } : / data

heal thcheck :

t e s t : [ ”CMD” , ” c u r l ” , ” − f ” , ” cratedb02 :4200” ]

i n t e r v a l : 15s

t imeout : 10s

r e t r i e s : 3

deploy :

r e p l i c a s : 1

r e s t a r t : always

environment :

− CRATE HEAP SIZE=2g

mqt tbroker :

image : ec l ipse −mosqui t to

hostname : mqt tbroker

container name : mqt tbroker

r e s t a r t : always

por t s :
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− ”1883:1883”

− ”9001:9001”

volumes :

− ${LOCAL MQTT BROKER CONFIG } : / mosqui t to / con f i g / mosqui t to . conf

heal thcheck :

t e s t : [ ”CMD” , ” mosqui t to sub ” , ” − t ” , ”$$SYS / # ” , ” −C” , ” 1 ” ,

” − i ” , ” heal thcheck ” , ” −W” , ” 3 ” ]

i n t e r v a l : 30s

t imeout : 10s

r e t r i e s : 5

s t a r t p e r i o d : 20s

gps mqtt :

r e s t a r t : always

container name : gps mqtt

environment :

gateway id : ${GATEWAY ID}
ex t ra hos t s :

− host . docker . i n t e r n a l : host −gateway

image : r e g i s t r y . s o l v i t . p t / ate / gps−mqtt

depends on :

mqt tbroker :

c o nd i t i on : s e r v i c e h e a l t h y

pub l i she r :

r e s t a r t : always

image : pub l i she r

container name : pub l i she r

po r t s :

− ”5000:5000”

b u i l d :

con tex t : . /

d o c k e r f i l e : D o c k e r f i l e

e n v f i l e :

− . env

depends on :

cratedb02 :

c o nd i t i on : s e r v i c e h e a l t h y

mqt tbroker :

c o nd i t i on : s e r v i c e h e a l t h y
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