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Abstract 

In times of a global pandemic, public transit can be crucial to spreading viruses, 
especially in big cities. Many works have shown that the human infection risk could be 
extremely high due to the length of exposure time, transmission routes, and structural 
characteristics during public transportation, and this can result in the rapid spread 
of the infection. Vaccines are often part of strategies to reduce contagion; however, 
they can be scarce in pandemic settings. Considering real-world and large-scale traffic 
data, this work proposes using time-varying multilayer networks to identify the main 
critical places to be prioritized in interventions, such as vaccination campaigns, to help 
reduce contagion on public transit. We exemplify our strategy in different vaccination 
scenarios. First, when considering only critical bus stops as priority vaccination points, 
determined by our approach, we indicate that focusing on vaccination in these loca-
tions reduces the spread of infection using fewer doses than a random vaccination. In 
another experiment, we demonstrate the flexibility of our approach in identifying other 
critical points of interest, healthcare units in this case. Vaccination in these vital health 
units could also be a viable strategy to curb contagion using a predetermined number 
of doses. The approach proposed in this study is not limited to vaccination strategies. 
It also applies to other problems that share similar properties, even in several different 
contexts, such as optimization in public transit or exploring different points of interest 
to gather insights from other issues of interest.
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Introduction
Severe acute respiratory syndrome (SARS) and Influenza A (H1N1) have been spreading 
rapidly worldwide, posing a huge threat to public health. Public transport vehicles are 
confined spaces that are conducive to the human-to-human transmission of infectious 
diseases. Consequently, several countries have reported many clusters of cases in public 
transport vehicles with infections caused by respiratory viruses, including Severe Acute 
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) (Shen et al. 2020). Such conditions 
impose severe financial and public health burdens on our society (Zhu et al. 2012). We 
currently live amid the SARS-CoV-2 pandemic, which causes the disease COVID-19 and 
which, by January 2023, had already affected more than 700 million people worldwide, 

*Correspondence:   
thiagoh@utfpr.edu.br

1 Graduate Program in Electrical 
and Computer Engineering 
(CPGEI), Universidade 
Tecnológica Federal do Paraná 
(UTFPR), Sete de Setembro, 3165, 
Curitiba, PR, Brazil

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s41109-023-00562-7&domain=pdf


Page 2 of 22Gubert et al. Applied Network Science            (2023) 8:37 

leading to the death of more than 6 million people (World Health Organization - WHO 
2023).

In this sense, studying and understanding the transmission of infectious diseases 
spread through the air, especially in environments with a high density of occupants, such 
as public transit systems (Zhu et al. 2012; Sun et al. 2014), can help government officials 
to develop ways to minimize the effects of these transmissions.

The public transit system can be examined as a complex network system (Chodrow 
et  al. 2016; Boccaletti et  al. 2006; Estrada 2011), being an efficient way to model and 
explain the mechanisms of collective behavior (Newman 2018). From this perspective, 
the most common tool to model such networks is traditional graphs, such as those that 
do not account for the time dimension or other contextual attributes. However, this 
approach may represent an oversimplification of a much more complex reality, poten-
tially leading to an under-representation of the system under study (Buldyrev et al. 2010; 
Cardillo et al. 2013).

More sophisticated modeling of complex systems can be done using several interde-
pendent subsystems (or layers). The concept of a multilayer network goes far beyond a 
simple intention to capture data heterogeneity. Therefore, a layer in a network can vary 
according to the context (Kivelä et al. 2014). Thus, studies such as the spread of diseases, 
navigation, and synchronization in multilayer networks have attracted significant atten-
tion (Sahneh et al. 2019; Jacobsen et al. 2018; Lv et al. 2018).

In this work, we use a particular case of multilayer networks in which different nodes, 
instants of time, and aspects of the layers represent the model’s primary resources. Using 
public data, we established two multilayer network models and assessed the impact of 
disease spread and its prevention. Identifying critical points of interest from the mod-
els created, we use different vaccination strategies and measure their effects based on 
mobility patterns observed in the city.

The main contributions of this study can be summarized as follows:

•	 Creation of time-varying multilayer models that integrate mobility data with other 
points of interest in the city regardless of the context;

•	 Strategy for the identification of critical points of interest from established models 
based on the Percolation Centrality;

•	 Study and application of the models created in vaccination strategies for disease pre-
vention. We used real and large-scale public transit data for this study.

The rest of the study is organized as follows. “Related Works” Section shows related 
works, while “Materials and Methods” Section presents the methodological procedures 
and other relevant information to understand the results. “Experiments and Results” 
Section 5 presents the results obtained and their analyses, and, finally, “Discussion and 
Conclusion” Section concludes the work with final discussions.

Related works
Multilayer networks

The applicability of multilayer models for extracting knowledge is a concept intro-
duced previously in the literature (Oselio et al. 2014; Belyi et al. 2017). An example of 
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using these models can be found in the transportation area. Domenico and colleagues 
(De  Domenico et  al. 2013) present a tensor structure for the study of multilayer net-
works, which is useful to address problems in complex multilayer systems, such as 
inference of who influences who in multichannel social networks or even assist in the 
development of routing techniques for multimodal transit systems.

In the same line of study, Kurant and Thiran (2006) present a layered model to facili-
tate the description and analysis of small complex networks. They studied three exam-
ples of transit networks, varying sizes from city to continent. For these examples, the 
bottom layer is the physical infrastructure, and the top is the layer that represents traffic 
flows. This layered view captures the fundamental differences between the actual load 
and the commonly used load estimators, explaining why these estimators fail to estimate 
the actual load.

In another work, De Domenico et al. (2015) point out that it is challenging to iden-
tify central agents in complex networks that are sometimes responsible for the faster 
spread of information, epidemics, failures, and congestion. In such a work, the authors 
describe a mathematical structure that calculates the centrality in networks and classi-
fies the nodes accordingly, finding those that play essential roles in the cohesion of the 
entire structure, called the most versatile nodes.

Hristova et al. (2016) present a new network perspective on the interconnected nature 
of people and places, allowing them to capture the social diversity of urban locations 
through their visitor’s social networks and mobility patterns. The authors use four met-
rics of the social diversity of places to distinguish places that commonly meet strangers 
from those that tend to gather friends and places that attract diverse individuals instead 
of regular customers. The authors conclude that their analysis mirrors the relationship 
between the prosperity of people and places, distinguishing between different categories 
and urban geographies.

Some models of multilayer networks are proposed to represent the variation in time 
in the mobility study, such as the MAG (Multi-Aspect Graph) model (Wehmuth et al. 
2016). Rodrigues et al. (2017) propose SMAFramework to analyze MAG-based mobility 
patterns. The authors used two data sources (Twitter and Yellow Taxis) to evaluate the 
method developed in that work. The authors proposed an algorithm for mobility analy-
sis that allows users to analyze the time-space correlation between data collected from 
different data sources. According to the authors, this algorithm can help with user map-
ping between layers.

Identification of points of interest

Identifying and recommending points of interest (POIs) have increasingly shown to be a 
relevant research topic with real-world applications (Liu and Seah 2015).

Huang’s work (Huang et al. 2018) analyzes the relationship between POIs and human 
mobility network communities in various community detection methods. The authors 
used the taxi systems of Shanghai and Beijing as case studies. They established tran-
sit networks where the urban regions were the network nodes, and the connections 
between the areas were the edges, weighted by mobility flows. Among the community 
detection methods analyzed, the authors identified two best-correlated communities 
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and POIs, showing the importance of understanding the formation of space communi-
ties and selecting the most appropriate community detection methods.

In Tang’s work (Tang et  al. 2020), the authors propose a framework for discovering 
functional zones by analyzing urban structures and social behaviors. Using the city of 
Raleigh in the United States as a case study, the GPS (Global System Position) data of 
human activities and POIs were subjected to an unsupervised clustering method. The 
proposed approach models the internal influences between spatial locations and human 
activities. The results showed that this approach better identifies the functional zones 
than other methods for identifying important POIs, such as the distribution of POIs and 
collaborative POIs.

To explore the spatial analysis of the use of shared bicycles in New York, Bao et  al. 
(2018) conducted a study that considered the diversity between different categories 
of bicycle stations using smart card data and POIs, which were collected through the 
Google Places API. The K-means clustering method was used to classify the stations. 
In contrast, the geographically weighted regression method was applied to establish 
the relationship between shared bicycles and the various influencing factors. The anal-
ysis confirmed the importance of building separate models for each category of bicy-
cle-sharing stations instead of a joint model. Such an approach is relevant for public 
administrators in developing specific planning and management strategies in different 
bicycle-sharing stations in New York City.

Exploring social media data, Thomee et al. (2016) propose a method for automatically 
locating points of interest represented in photos taken by people worldwide—to keep 
the location of POIs up to date. This technique explores the geographical coordinates 
and compass direction provided by modern cameras while considering possible meas-
urement errors due to the variability in the accuracy of the sensors that produced them. 
This method proved to be more efficient in estimating the geographical coordinates of 
POIs than the technique based on average. Also, Silva et al. (2013) present an application 
to identify points of interest in a city exploring Instagram data, illustrating the promising 
potential of this sort of data for studying city dynamics. More examples in this direction 
can be found in Silva et al. (2019).

Strategies for reducing disease contagion in public transit

Public transit systems are considered high-risk environments for spreading infections 
due to confinement conditions and limited ventilation in these means of transport (Zhu 
et al. 2012).

Mo et al. (2021) propose a weighted time-varying network of encounters to model the 
spread of infectious diseases through public transit systems using Singapore as a case 
study. The authors used intelligent card data to understand better the general space-time 
dynamics of the spread of the SARS-CoV-2 pandemic in the public transit system and 
assess the effects of various preventive measures, both by public health agencies and the 
public transit system. The authors concluded that the partial closure of bus routes helps 
to slow down but cannot fully contain the spread of disease. Besides, they noted that 
identifying so-called ‘influential passengers’ using smart card data and isolating them 
earlier can also effectively reduce the spread of the epidemic.
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Müller et al. (2020) simulate complete trajectories of individual mobility based on data 
from cell phones to calculate the risks of spreading COVID-19 in dynamic encounters 
in transit and buildings. They found that successful contact screening can reduce the 
reinfection rate by about 30–40%, which suggests the importance of considering time-
varying human interactions for epidemic modeling.

Goscé and Johansson (2018) analyze the London metro trips to verify the correlation 
between using this modality of public transit and the contamination by infectious dis-
eases transmitted by air. Using smart card data, they inferred the routes of passengers 
and, with the aid of a microscopic analytical model, estimated the spread of these dis-
eases. The authors concluded that passengers coming from regions of the city with a 
higher rate of influenza also have a greater number of contacts along the journey, so dis-
ease-prevention actions are suggested for these agents.

In Ventresca and Aleman’s work (Ventresca and Aleman 2013), the 2006 census of 
Ontario, CA, was used to build a weighted network and examine different aspects of the 
network, including a disease spread after hypothetical vaccination in six different strate-
gies. These strategies were divided into four categories. The authors compared the ability 
to contain the spread of disease in these strategies, examining the numbers of pre and 
post-vaccination reproduction, an average of the local cluster coefficients, and degree 
distributions. They conclude that vaccination strategies are most successful when the 
network is segmented into components of similar sizes.

Wang et al. (2020) propose a method of decision analysis based on case-based reason-
ing, which aims to solve emergency response problems for preventing and controlling 
the 2019 coronavirus (COVID-19) in urban rail transport. They use similarity calcula-
tions between historical cases recorded in the Tianjin rail transit system. They proposed 
expanding an existing CBR-based emergency response decision-making method with a 
new proposal for solving the problem of generating an emergency plan for public health 
emergencies.

Epidemic spread models with time‑spatial behavior

Motivated by the COVID-19 pandemic, several works have recently been published con-
cerned with modeling epidemics’ spread.

Fazio et al. (2022) propose an agent-based model to simulate the impact of mobility 
restrictions on the spreading of COVID-19 at a large scale level, by considering different 
factors that can be attributed to the diffusion and lethality of the virus and population 
mobility patterns. The reproducibility of the proposed methodology and its scalability 
allow us to apply it to different contexts and administrative levels, from the urban scale 
to a national one. Moreover, the model is able to provide a decision-support tool for the 
design of strategic plans to contrast pandemics based on respiratory diseases.

Alexi et  al. (2023) propose a novel pandemic intervention policy that relies on the 
strategic deployment of inspection units (IUs). These IUs are allocated in the environ-
ment, represented as a graph, and sample individuals who pass through the same node. 
If a sampled individual is identified as infected, she is extracted from the environment 
until she recovers (or dies). A realistic simulation-based evaluation of the Influenza A 
pathogen using both synthetic and real-world data is provided. The results demonstrate 
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significant potential benefits of the proposal in mitigating a pandemic spread which can 
complement other standard policies such as social distancing and mask-wearing.

Khorev et al. (2023) analyze the effects of infection development in the area, for exam-
ple, of a city divided into several population districts. They consider the effect of the 
central district, which is the hub of infection, and they investigate how the interaction 
strength influences the city’s level of epidemic development. Finally, they obtained that 
the final infected amount in the district rises with an increasing degree of connection 
with the hub.

In addition, many works, as in Jang et al. (2020); Lazebnik and Alexi (20222023); Shen 
et al. (2020) addressed the issue with graph-based pandemic spread models. However, 
they did not take into account the geographic location of the POI, for example, the GPS 
bus stop location or the GPS location of the card entry.

Unlike previous efforts, this paper explores a time-varying multilayer network meth-
odology to point out critical points of interest for vaccination in a scenario with con-
ditions analogous to COVID-19 to obtain greater efficiency of immunization in public 
transit in large cities.

Models and metrics
Preliminaries

This work uses a specific multilayer model, called Multi-Aspect Graph (MAG), a struc-
ture capable of representing a time-varying multilayer network. A MAG model is given 
by H = (A,E) , where E is the set of edges and A is the list of aspects that make up the 
model. Each aspect α ǫ A is a finite set, and the number of aspects p represents the 
order of MAG. Each e ǫ E edge is a tuple with 2× p elements. All edges have the form 
(a1, ..., ap, b1, ..., bp) , where a1, b1 are elements of the first aspect of H, a2, b2 are elements 
of the second aspect from H and so on, up to ap, bp , which are elements of the p-th 
aspect of H (Wehmuth et al. 2016).

To carry out the analysis of this work, we create two MAG models as described below.

MAG 1 model

The MAG 1 Model is a Multi-Aspect Graph with an order of p = 4 , i.e., four aspects. 
This model has two layers, one referring to smart card users and the other referring 
to bus stops, which is one aspect. The second aspect is an identifier (user’s smart card 
or bus stop number). The third aspect is one of the 75 neighborhoods of Curitiba (the 
neighborhood of the user’s home or neighborhood where the bus stop is located). Finally, 
the fourth aspect is the smart card registration date and time. This model presents edges 
between layers and between the nodes of the bus stop layer, as shown in Fig. 1. An edge 
is created between the user and the accessed bus stop for each smart card entry. If it is 
not the user’s first entry on the day, an edge is also created between the last accessed bus 
stop and the current one, creating the user’s path during the day in the bus stop layer.

MAG 2 model

The MAG 2 Model has three aspects and three layers. The first is the MAG layer, the 
same as in MAG 1 Model, with a layer referring to the healthcare units. The second is an 
identifier, for instance, a user smart card, bus stop number, or healthcare unit code. The 
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third is one of the 75 neighborhoods in Curitiba, i.e., the neighborhood where the user 
lives, the neighborhood where the bus stop is located, or the neighborhood where the 
healthcare unit is located.

As we can see in Fig. 2, MAG 2 has edges between the layer of the bus stops and the 
layer of healthcare units created following the attendance of the database, in addition 
to the edges described in the MAG 1 model. Each attendance has an associated public 
transit user, as described in Sect.  . Thus, each smart card entry the user makes on the 
day has an attendance, and an edge is created between the bus stops and healthcare unit 
layers. It is worth mentioning that, in both models, the edges are weighted to quantify 
the displacements existing in a given connection, where each displacement has a weight 
equal to 1.

Percolation centrality

Some studies have successfully modeled the spread of disease as a specific example of 
percolation in networks (Newman and Watts 2000; Sander et  al. 2002; Meyers et  al. 
2006). We used the Percolation Centrality measure established by Piraveenan et  al. 

Fig. 1  MAG 1 model: a Multi-Aspect Graph with four aspects (bus stops, identifier, neighborhood, and smart 
card registration) and two layers (smart card users and bus stops)

Fig. 2  MAG 2 model: a Multi-Aspect Graph with three aspects and three layers (healthcare units, identifier, 
and neighborhood
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(2013), which quantifies the relative importance of, in our case, disease spread for each 
node in the network based on their topological connectivity as their percolation states.

The percolation state of a node i at time t is denoted by xti  . Only xi is used when there is 
no temporal aspect. If xti = 0 , this indicates a non-percolate state of the node. If xti = 1 , 
it indicates a fully percolated state. It is also possible for a node to assume a partially per-
colated state, corresponding to 0 < xti < 1.

The percolation centrality of a given node is defined as the proportion of percolated 
paths that pass through that node. A percolated path means the shortest path between 
a pair of nodes, where the node of origin is percolated (in our study, it is the infected 
concept). The target node can be percolated ( xti = 1 ) or not ( xti = 0 ), or be in a partially 
percolated state. Mathematically, the percolation centrality of a node v in time t is repre-
sented by Eq. 1:

where (N − 2) is a scaling factor (more details can be found in Piraveenan et al. 2013), 
σs,r is the number of shortest paths between the node of origin s e the target node r, 
while σs,r(v) is the number of shortest paths between the origin node s and the target 
node r passing through the node v.

Some nodes must be identified as infected for processing this centrality. The critical 
value of each node in the network is expressed in decimal and is between 0 and 1. Only 
nodes from the smart card users layer could be infected in our models. A node attribute 
named ’percolation’ was used to identify such nodes, where 1 indicates infected and 0 is 
not infected.

Radius of gyration

To analyze the urban displacement performed by the users of the smart card, the radius 
of gyration (González et al. 2008) was used, calculated according to Eq. 2:

where n is the number of entries on the smart card, ri is the geographic location of the 
entry given by latitude and longitude, and rcm is the center of mass given by the midpoint 
between all entries on the smart card. The distance between the entrance and the center 
of mass (ri − rcm ) was calculated using the Euclidean distance.

Materials and methods
Curitiba and its public transit and health system

According to the IBGE1, the municipality of Curitiba has 1,751,907 inhabitants in 
a total area of 434,967 km2 . The North-South extension is 35 km, and the East–West 
extension is 20 km. Curitiba is divided into 10 Administrative Regions, covering its 75 
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1  IBGE: Instituto Brasileiro de Geografia e Estatística.
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neighborhoods, as shown in Fig. 1. For instance, the ‘Matriz’ region is composed of 18 
neighborhoods, one of which is the ‘Centro’ neighborhood. All of these neighborhoods 
are covered by the public transit system in Curitiba. Such a transit system has exclusive 
corridors where the BRT (Bus Rapid Transit) buses circulate.

These buses pass through several integration terminals that receive the feeder buses 
in the neighborhood, allowing system integration. The system also has circular lines 
between communities, allowing users to move from one community to another without 
traveling through the city’s central region. Direct lines offer faster trips with fewer stops 
on the itinerary. These direct lines have a specific type of bus stop for them and the inte-
gration terminals. Another essential feature of public transit in Curitiba is the integrated 
fare. By paying only one ticket, citizens can compose their route, moving around the city.

Since 2002, Curitiba has used the electronic ticketing system for public transit. The 
implementation of this system was necessary to reduce the circulation of cash in the 
transit system, speed up the boarding and passage of users through turnstiles, discipline 
and measure the use of the transit system by categories that use free access, in addition 
to reducing the operating costs of the system (Taniguchi and Duarte 2012).

According to URBS2 (Urbanização de Curitiba S/A - URBS 2018), in 2018, an average 
of 1,365,615 passengers were transported each business day. Additionally, according to 
the same report, about 60.96% of fares were paid using the smart card. The number of 
active smart cards in 2018 was 1,928,184, divided into three of the four existing transit 
categories: User Card, Exemption Card, Student Card, and Single Card (for this cate-
gory, there is no information in the data provided by URBS).

Concerning the healthcare system, Curitiba has 111 Basic Health Units, 9 Emergency 
Care Units, and 8 Medical and Dental Specialty Centers. All neighborhoods in the city 
are covered by service units, as shown in Fig. 3. An average of 330,000 patients is served 
monthly, according to the management report provided by the municipal health depart-
ment (Secretaria Municipal de Saúde de Curitiba 2018).

Data pre‑processing

This section describes relevant information about data pre-processing.

Inferring neighborhood of residence

The main objective of this stage was to establish information about the neighborhood 
where the public transit users live. Knowing that only the entry in the system is regis-
tered, as a result of this pre-processing, we keep only the data from which we could infer 
the origin based on the usage history of each smart card.

Figure 4 shows the data pre-processing steps, from obtaining raw data to creating the 
database used in our study. Each of these steps is detailed below. The use of the smart 
card represents a total of 17,511,710 records and the information about the vehicles’ 
129,461,200 records. We used different approaches to infer the neighborhood where 
each smart card was used. When users enter the transit system at tube stations or inte-
gration terminals (exclusive BRT bus stops and some special lines), the bus line code 

2  URBS (Urbanização de Curitiba S/A): the company that manages public transit in Curitiba.



Page 10 of 22Gubert et al. Applied Network Science            (2023) 8:37 

and the vehicle code linked to this entry are directly related to the bus stop location. 
Therefore, the identification of the neighborhood happens with high precision. When 
user input occurs at regular bus stops, we look for a match using the line code, vehicle 
code, date, and time, to obtain a GPS (Global Positioning System) coordinate for each 
smart card entry.

There are cases in which the GPS position recording interval is extended. In Curitiba, 
bus updates, including GPS coordinates, are recorded every 5 s. The approximate area 
where the smart card was used is inferred with such information. Thus, we maintain 
only one update per minute for each vehicle since, in one minute, it is considered that 

Fig. 3  Curitiba neighborhoods and healthcare units (figure adapted from IPPUC (2023))
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the bus has yet traveled a long distance. After this filter, the new vehicle information rep-
resents 18,594,495 records, which allows the inference procedure to be performed more 
efficiently without considerably compromising quality.

It is worth mentioning that when combining the attributes of line code, vehicle code, 
date, and time between the smart card base and the bus records, it was observed that 
some buses had the line code and the code of the vehicle filled with generic value. In 
these cases, these records have been deleted because it is impossible to guarantee the 
identification of the GPS location of the card entry.

After enriching a smart card entry with latitude and longitude associated with the 
neighborhood information for the specific bus stop, this procedure, firstly, the inferred 
latitude and longitude were compared with the bus stop closest to the particular line 
of the smart card entry. This procedure was done using the R-Tree data structure. The 

Fig. 4  Flowchart of pre-processing of data related to transit
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R-Tree was proposed by Antonin Guttman and is widely used as a spatial access method, 
allowing the indexing of multi-dimensional information as geographic coordinates 
(Guttman 1984). At the end of this stage, we could infer the neighborhood for 5,388,638 
smart card entries.

Some people lend their smart cards, with or without financial advantages, to others 
traveling on the same bus line, generating noise in the records. Also, some entries are 
made with a few minutes difference on the same line and the same bus, generating many 
entries for the same smart card. To minimize the impact of these smart cards in our 
analysis, we exclude smart cards with more than 150 entries. The rationale behind this 
value is that the study period is 69 days (53 working days and 16 weekend days) and that 
each user typically uses, on average, at least two passes per day. In a similar line of rea-
soning, smart cards with less than ten entries were excluded during the analysis period. 
They represent a small number; on average less than one entry per week. By disregarding 
them, we also intend to make the results more robust. After these exclusions, the num-
ber of entrances to the neighborhood decreased to 5,225,573.

A significant increase in the number of entries was observed in the data analysis at 
around 5 am. This growth reaches its peak around 7 am, and the phenomenon ends at 10 
am, as shown in Fig. 5. Due to this scenario, we consider the entries made between 5 and 
10 am for identifying the home neighborhood. This period is when users are likely to use 
public transit to move to an everyday activity, such as working or studying.

In possession of the card entries between 5 and 10 am, we group the data by smart 
card and select the most frequent neighborhood as housing, requiring at least five 
entries in this neighborhood to be considered. When analyzing the result, we verified 
that the established limits preserve many smart cards without compromising the analy-
sis. After this procedure, we obtained 92,857 exclusive smart cards containing the home 
neighborhood.

Despite the possible limitations of our approach, we have obtained evidence that it is 
a good approximation, as explained below. To evaluate our approach, we constructed a 

Fig. 5  Hourly smart card entries
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different dataset of smart card entries classified manually based on interviews with the 
smart card owner. This way, we obtained the neighborhood of origin—this extra dataset 
is our ground truth. We interviewed users with different urban mobility patterns to build 
this ground truth dataset. When applying our approach to the ground truth, we identi-
fied all the information correctly. The construction of this ground truth dataset is very 
challenging for several reasons, such as identifying volunteers willing to disclose private 
information; however, this experiment is vital to help us get a sense of the quality of our 
approach.

Use of health services

The data referring to the use of services in the health units total 972,826 records. These 
records are distributed in 128 health units in Curitiba and cover the period from Sep-
tember to November 2018. Figure 6 shows the pre-processing stages from obtaining raw 
data to creating the database used in our study. Each of these steps is detailed below.

For each service, an attempt was made to associate one of the 92,857 smart cards men-
tioned in the previous section. The fields in the patient’s record used to carry out such 
correspondence were birth date, sex, and neighborhood. The birth date and sex of the 
user of the smart card are already present in the data set itself, and the neighborhood of 

Fig. 6  Health data pre-processing flowchart
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residence was inferred according to the methodology described in “Inferring Neighbor-
hood of Residence” Section. This methodology proposes an approximation of time to 
determine the nearest bus stop and a spatial approximation because the neighborhood 
of a bus stop is treated as the user’s home neighborhood. To minimize possible problems 
associated with those approximations, we created a list of possible neighborhoods for 
each smart card with an associated neighborhood to be considered as the user’s home 
neighborhood.

We consider all latitudes and longitudes registered for each smart card entry. Then, 
we average all latitude and longitude entries between 5 and 10 am. We use this average 
location as a central point of a circumference of a 500 m radius, and all neighborhoods 
within this area were classified as candidate users’ home neighborhoods.

After associating the transit users with the healthcare attendance by employing the 
birth date, sex, and home neighborhood (considering the candidate home neighborhood 
for the users), it was necessary to verify whether the corresponding user used public 
transit on the day of the healthcare attendance.

At the end of this procedure, disregarding the attendances associated with more than 
one card, 24,786 records were kept in the database. A duplication identification is veri-
fied on those records; if the difference between two records associated with the same 
user was less than two hours, one of the records was considered invalid and excluded 
from the database. At the end of these steps, 18,225 records were considered with an 
associated public transit user.

Experiments and results
The results described below comprise a period corresponding to seven consecutive days, 
from October 02 to October 08, 2018, covering both weekdays and weekends.

Analysis of vaccination scenarios

Three scenarios were established to analyze the evolution of the infection under differ-
ent vaccination scenarios:

•	 Scenario 1: Vaccination of users of the transit system at random with 0.25 probabil-
ity;

•	 Scenario 2: Vaccination of users of the transit system that access the 100 most criti-
cal bus stops, with 0.25 probability;

•	 Scenario 3: Vaccination of users of the transit system that access the 100 most criti-
cal bus stops, with 0.5 probability.

For these simulations, MAG 1 Model was used in two city neighborhoods, ‘Centro’ and 
‘Pinheirinho,’ which correspond to strategic regions as presented in our previous work 
(Santin et al. 2020). Choosing ‘Centro’ is interesting because it is the most connected and 
high-traffic neighborhood. Study ‘Pinheirinho’ is interesting because this neighborhood 
has one of the bus terminals most accessed by the population, generating high traffic. 
Still, its location is quite distant from the city’s central region.
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Five simulations were studied in the three scenarios presented: Scenarios 1, 2, and 3 
considering ‘Centro’ and Scenarios 1 and 3 (most critical) considering ‘Pinheirinho’.3 
Each simulation has an initial infection since the percolation centrality is started from 
the previously infected node, thus determining critical bus stops.

When ‘Centro’ is the simulation’s focus (i.e., the infection starts on it), all users who 
lived in ‘Centro’ and used transit on the first day of the simulation were infected in all 
scenarios. Similarly, when ‘Pinheirinho’ is the focus, we infect all smart card users who 
live in ‘Pinheirinho’ and ride public transit on the first day of the simulation.

Critical bus stops were determined by applying the percolation centrality to MAG 
1 Model shown in Sect.  , excluding the date and time aspect. With this exclusion, all 
records of smart card users are connected, allowing routes of more significant traffic to 
be represented by heavier edges.

At the end of each simulation, 100 bus stops with the highest percolation value are 
filtered and displayed by region in Table  1. It is possible to notice a similarity in the 
number of critical bus stops by region differentiated, with an increase, especially in the 
neighborhood where the infection started.

After the scenario is instantiated with users infected on the first day, for the other days, 
new users infected are counted at the end of the day, and the new ones are vaccinated at 
the beginning of the next day. The infection is the same for all scenarios where the user 
is infected with the probability of the percolation value for each bus stop accessed on the 
day. As the infection is cumulative, once infected, the user continues to be infected until 
the end of the week. A user is considered vaccinated when selected with the probability 
defined in each scenario. Vaccinated users cannot be infected and, thus, not spread the 
infection. In all scenarios, five repetitions were performed to minimize possible errors 
due to randomness in the definition of infected and vaccinated users.

The objective of establishing different vaccination scenarios is to verify whether a strat-
egy can be significantly beneficial instead of a random vaccination in terms of growth in 

Table 1  Hundred most critical bus stops by regional of the scenarios with infection started in 
‘Centro’ and ‘Pinheirinho’

Administrative regions Number of critical bus stops

Infection started in ‘Centro’ Infection started 
in ‘Pinheirinho’

Matriz 67 46

CIC 3 4

Bairro Novo 0 0

Santa Felicidade 4 4

Fazendinha/Portao 10 11

Pinheirinho 7 26

Boa Vista 5 4

Cajuru 3 4

Boqueirao 1 1

Tatuquara 0 0

3  We opted to disregard Scenario 2 for ‘Pinheirinho’ to simplify the analysis since the main message is achieved with the 
Scenario 3, the most critical one.
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the number of infected and the number of doses used. Looking at Fig.  7a and b, which 
show the scenarios with initial infection in the ‘Centro,’ it is possible to see that scenario 
3 has advantages both in the number of doses and in the number of infected people con-
cerning random vaccination (scenario 1). This means that 35% decrease in infections at 
the end of the week using less than 60% of the doses than in the random vaccination sce-
nario. Even the second scenario shows that using a strategy with a tiny amount of doses 
ends up being worse when compared to a random vaccination regarding the spread of 
the infection. The same analyzes were carried out where the initial infection occurred 
in ‘Pinheirinho’. Looking at Fig. 7c and d, we can see that the growth in the number of 
infected people is more gradual, which is expected since the ‘Pinheirinho’ is a less con-
nected neighborhood compared to ‘Centro’. However, the results are similar. With the 
application of the vaccination strategy in the 100 critical bus stops, we observe a 30% 
decrease in infections at the end of the week, using less than 60% of the doses than in the 
random vaccination scenario.

Analysis of groups of vaccinated users

In this analysis, users of public transit associated with attendance to healthcare units 
were referred to as patients. Three vaccination rules were created to differentiate the 
behavior and, consequently, the impact on the spread of the infection from different 
groups of vaccinated patients:

•	 Rule 1: Random vaccination of patients with 0.25 probability;
•	 Rule 2: Vaccination of patients who access the 20 most critical healthcare units 

determined by the infection started ‘Centro’;
•	 Rule 3: Vaccination of patients who access the 20 most critical healthcare units 

determined by the infection started in ‘Pinheirinho’.

Fig. 7  Number of infected and vaccinated users normalized by the random vaccination scenario according 
to the initial infection
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The percolation centrality in MAG 2 Model was applied to determine the most crit-
ical healthcare units. Two scenarios were carried out. In one, all users living in the 
‘Centro’ who used public transit on the first day of the simulation were infected. In 
the other scenario, users who live in ‘Pinheirinho’ were infected—following the same 
idea. Each scenario corresponds to the second and third vaccination rules, respec-
tively. At the end of each scenario, 20 healthcare units with the highest percolation 
value were filtered and grouped by region in Table 2. A similarity is noted in the num-
ber of critical health units by region, differentiated only in the neighboring regions 
‘Matriz’ and ‘Santa Felicidade’. Since in the scenario where the ‘Centro’ neighborhood 
started the infection, the region to which it belongs, i.e., the ‘Matriz’ region, received 
a slightly higher number of critical units. ‘Santa Felicidade’ is an interesting case, 
showing the potential of the approach considered in this study. More critical units 
are observed in that region when ‘Pinheirinho’ is the focus. This indicates that transit 
users living in ‘Pinheirinho’ use health services in a different region.

In the application of rule 1, 25% of the patients who accessed any of the health-
care units in Curitiba were vaccinated daily. This random vaccination was performed 
with 100 simulations to minimize errors of randomness and increase the confidence 
interval. The median number of doses of random vaccination was calculated daily in 
all simulations. This value was established as a limit for daily doses used in the other 
vaccination rules (2 and 3). That is, the same daily amount of patients was vaccinated 
regardless of the rule. This practice allows comparisons and conclusions based on the 
same criteria.

In applying rules 2 and 3, referring to the ‘Centro’ and ‘Pinheirinho’ neighborhoods 
as the focus, all patients in the 20 most critical healthcare units were vaccinated. The 
limit of the number of daily doses established in rule 1 was used in these rules. The dif-
ferent vaccination rules aimed to assess how much a patient moves and how much it 
can be considered a vector of disease transmission. Figure 8 shows the displacement of 
groups of vaccinated users based on their radius of gyration. Although with a subtle dif-
ference, vaccination strategies in pre-defined locations compared to random vaccination 
have advantages if observing the displacement of patients. In the vaccination strategies, 

Table 2  Twenty most critical healthcare units by regional

Administrative regions Number of critical bus stops

Infection started in ‘Centro’ Infection 
started in 
‘Pinheirinho’

Matriz 2 1

CIC 9 9

Bairro Novo 1 1

Santa Felicidade 2 3

Fazendinha/Portao 1 1

Pinheirinho 1 1

Boa Vista 1 1

Cajuru 1 1

Boqueirao 1 1

Tatuquara 1 1
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patients move more and could spread infections to more city regions—see median val-
ues in boxplots.

Suppose we observe these vaccination rules in the use of public transit. It is observed 
that the patients vaccinated in the pre-established healthcare units represent the largest 
number of entries at times considered to be at the peak of the public transit system, as 
shown in Fig. 9, again showing an advantage of vaccination strategies based on points of 
interest. Thus, this result suggests that when considering critical units for vaccinations, 
we reach users who move over longer distances using public transit and those who tend 
to board the system at peak times. In this way, they have plenty of contact with other 
users in public transit.

Discussion and conclusion
This article presented a study on vaccination strategies to help reduce contagion in pre-
established points of interest. It was possible to establish critical points of interest based 
on the percolation centrality using a time-varying multilayer network model.

We present two applications using a Multi-Aspect Graph (MAG) focused on vaccina-
tion scenarios, where temporal analysis is paramount to determining contagion and its 
reduction. Using large-scale data from a public transit system and the healthcare system 
of Curitiba, we established networks to analyze the strategies modeled in this work and 
their impact on the city’s mobility.

In the first application of MAG, we established a network with two layers and four 
aspects. The layers were related to smart card users and city bus stops. The aspects were 

Fig. 8  Radius of gyration of groups of vaccinated users by displacement of groups of vaccinated user

Fig. 9  Hourly entries by vaccinated user groups
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the bus stops, an identifier, one of the neighborhoods in Curitiba, and the date and time 
of the smart card registration. Three scenarios were evaluated for a broader understand-
ing of our approach.

It was concluded that vaccination using critical points of interest, spotted by our 
approach, specifically in the 100 most critical bus stops, with a 0.5 probability of vacci-
nating users utilizing the transit system, obtained promising results. This type of strategy 
has advantages in the number of doses and the number of infected users compared to 
the random vaccination in the evaluated cases. In this particular strategy, we observe 
30% less infection using less than 60% of the doses used in the random vaccination 
scenario.

In the second analysis of the application of MAG presented in this study, a network 
with three layers and three aspects was established. This analysis aims to study the 
impact of the spread of infection on healthcare units’ patients. It was observed that vac-
cination strategies evaluating the displacement of vaccinated patients in critical health-
care units have advantages over random vaccination. These patients tend to move higher 
distances and could potentially spread diseases to more city regions. Besides, patients in 
these units tend to ride the public transit system at peak times, i.e., when more people 
are using the systems and, thus, more opportunities for contamination.

Both applications presented in this study indicated that the vaccination strategies 
applied at critical points of interest were more efficient and effective than a random vac-
cination. Different factors must be evaluated in the contamination by airborne diseases, 
but the contact between people is certainly one of the most relevant.

It is important to note that the applications presented in this work are related to the 
current SARS-CoV-2 pandemic. However, it is not limited to that. The MAG model 
shown in this work can be applied in other contexts, such as optimization in public 
transit or even with different points of interest. For example, by changing the health-
care layer in schools or universities, it is possible whether there is adequate and qual-
ity access to these institutions using public transit. Despite that, some limitations have 
been observed. The replicability of MAG 2 model may be hindered by the need for the 
user’s date of birth and gender information from the smart card to create a connection 
between the transportation user and healthcare unit attendance. It is not common for 
this information to be available in smart card data. In addition, there are some points of 
attention regarding scalability in terms of data and aspects. The data used in the models 
cover a period of seven days, and the maximum number of aspects used was four. If 
there is a need to scale for a relatively long time or for a context that requires a signifi-
cant increase in the number of aspects, the complexity increases considerably. This can 
make analyzing and visualizing these models quite challenging, requiring specialized 
tools, techniques, and hardware.

This work showed that the proposal identifies critical points that may assist public 
administrators in disease prevention campaigns and vaccination strategies, optimizing 
resources, and reaching a larger population. In summary, the models and results pre-
sented here can be used by policymakers in the following way. By having access to a net-
work with user mobility data in a specific region and assuming or knowing where an 
infection or information flow originated, it is possible to perform simulations similar 
to those presented to find the points that most favor the spread through the network 
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and therefore establish strategies focused on those points. In order to slow down such 
spread more quickly or even act preventively, simulations can be performed with differ-
ent scenarios, as exemplified in vaccination scenarios. These scenarios represent differ-
ent types of investments to contain the spread, and thus decisions can be made taking 
into account the best cost-benefit.

There are several opportunities for future work. For instance, the model explored in 
this study could have been coupled with the epidemic spreading to show how these 
vaccination strategies based on the multi-aspect graphs and percolation centrality can 
dynamically reduce the contagion and its impact in the different phases of the pandemic. 
Moreover, it would also be interesting to consider new evaluation scenarios to under-
stand better the effective reduction of the spread under different situations beyond the 
scope investigated - additional types of visual presentations should be helpful in this 
context to ease the understanding of the results.
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