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In this paper, the CampNou stadium is used as a testbed for City Physiology, a theoretical framework for urban digital twins.With
this case study, the modularity and adaptability of the framework, originally intended for city-scale simulations, are tested on a
large facility venue. As a proof of concept, several statistical techniques and an agent-based simulation platform are coupled to
simulate a crowd in the stadium, and a process of four steps is followed to build the case study. Both the conceptual (interdomain)
and technical (domain specific) layers of the digital twin are defined and connected in a nonlinear process so that they represent
the complexity of the object to be simulated.&e result obtained is a strategy to build a digital twin from the domain point of view,
paving the way for more complex, more ambitious simulators.

1. Introduction

In urban studies, the concept of coupled simulations [1] is
common but is considered for resolving specific problems at
a niche level. &ese are usually technical problems, e.g.,
performance issues. &e coupling problem has already been
studied widely from a software approach, whereas this paper
is focused on studying which domains are involved in the
coupling process from a conceptual approach.

Since countless services and activities are condensed within
a city, several of its aspects belong to different disciplines,
without explicitly referring to the city domain [2]. Integrating
data from different domains and sources is necessary for any
coupled simulation. However, data usually come from het-
erogeneous sources, and thus, it is not fit to be used by different

domains simultaneously. As a sort of data-cleaning process,
data integration might require the reformatting of data already
available so that they can fit different domains.

&e ultimate goal of a simulation is to be measurable;
hence, it is useful to choose an interdomain language to set its
structure so that experts from different domains can under-
stand it. Here, City Physiology, a “framework for holistic city
simulations” [3], is proposed as a basis. &e framework defines
systems or layers, which are made of elementary units inter-
acting in such a way that complex behavior can emerge, and
interactions that are “a data exchange between different systems.
It occurs between the input/output data of different systems.
When data from System A work as input data for simulating
System B, an interaction takes place. Furthermore, when at the
same time, using data from System B improves the outputs of
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System A, then a strong interaction takes place, which is also
called feedback cycle” [3].

Here, the City Physiology framework, originally intended
for city-scale, is used at a scale considerably smaller than the
urban one. &e change of scale is in physical size but not in
population, since the stadium of the Fútbol Club Barcelona
(FCB) has 90k seats, that is more than a small city’s pop-
ulation, at least in the European context; according to the
degree of urbanization [4], the threshold is 50k. In fact,
compared to Spanish municipalities, a city of 90k would rank
73 out of the 1303 cities, listed by population size [5]. Sta-
diums are not the only buildings where the boundaries be-
tween building and urban context are blurred. Some of these
typologies allow experimentation with the urban reality
within one building, the most obvious being the vertical city
concept [6, 7], as well as shopping malls as commercial axes.

Considering the latter, the historical existence of the
covered bazaar is tangible proof of the urban similarity
between an enclosed building and a commercial axis [8].
Another positive example is the Illa Diagonal block, built
not far from the FCB stadium, that works as a “city within a
building” [9]. Different-scale buildings arise around a
central void, the main one is the size of a lying-down
skyscraper, and serve a mixed use (commercial, business,
hospitality, and leisure) [9, 10]. &e connection between
the main street and the interior of the block is possible
thanks to a road crossing the underground floor that is
open to traffic, and especially thanks to the permeability of
the ground floor, where a central interior commercial street
is crossed by several pedestrian paths [9, 10].

Shopping centres are often described and studied as
alternative “public” spaces, where citizens can meet and
participate in economic activities in areas where the quality
of urban planning is minimal [11, 12]. On the other hand,
the quality and impact on the urban fabric of these buildings
is still questioned because of their tendency to isolate
themselves from the city fabric, and their unfriendly urban
mobility requirements [8]. It is therefore relevant to con-
tinue with a comparative analysis, which allows us to better
understand this type of large facility venues through urban
complexity, as proposed by the present research, and to
better propose changes to the building ensuring higher
quality urban integration.

&is project has been developed within the Horizon 2020
European project IoTwins, “Distributed and Edge-based
Industrial Twins for SMEs: a Big Data Platform” [13], where
one of the large-scale test-beds involves building a digital
twin of the FCB stadium (Camp Nou) and the surrounding
area. &is paper is a case study on how to structure a digital
twin for a large urban facility using the City Physiology
framework. &e integration of simulations as the junction of
different domains, made possible through data integration,
is analyzed. In order to guarantee interoperability between
two systems A and B, it has to be sure that the output of
system A works as input for system B, or vice versa. &is
paper shows, through the case study, how to understand
what input systems need, and what output they can provide,
in order to build an input-output pipeline of integrated
simulations that works between different domains.

As a proof of concept, several statistical data analysis
techniques and an agent-based simulation platform are
coupled to simulate a stadium. &e following steps are
followed to build the case study: determination of data
requirements mapped to City Physiology, definition and
implementation of conceptual and technical layers, identi-
fication of interacting layers and development of their
simulations, and interpretation of simulation results and
identification of actionable insights.

Digital twins are usually tailored to a specific city. &e
work in building a city’s digital twin usually starts with
linking a 3D city model with data in a visual representation
of the city state, sometimes providing the possibility to
remotely control some actuators. Even when the digital
twins are used in planning evaluation or prediction of
scenarios, they lack a generic city theory; so they are more
often related to a technical-infrastructural effort, rather than
being supported by a comprehensive theory about cities. For
example, the digital twin of Vienna [14] is focused on ge-
ometry and its different levels of detail. In other examples,
such as Herrenberg [15, 16], Stuttgart [17], andHelsinki [18],
the digital twin is used for the prediction of scenarios but is
focused on specific domains of the city (e.g., traffic and air
pollution simulations to test their urban planning impact),
thus hindering the study of complex city dynamics.

Compared to our work, existing urban digital twins are
generally more advanced in terms of connection between the
physical (the real city) and the digital twin: they usually
consider automated data streaming and feedback loops, and
powerful visualizations. On the other hand, they connect city
layers ad-hoc, instead of following a conceptually solid
layers’ organization. Our approach, instead, aims to be valid
universally, not only locally; therefore it establishes a the-
oretical basis which is both sufficiently generic to describe
any city, and comprehensive enough to cover and properly
describe the city functioning in toto.

&e main contribution of this article is a testbed of how
to build a digital twin from the domain point of view. &e
theoretical framework for our digital twin is adjustable and
modular by design, and as every module is replaceable, the
digital twin is extensible and transferable to other domains,
while allowing the reuse of preexisting models. On a lower
level, focusing on the simulation itself, the way in which
simulations are used at the junctions of different domains is
shown, and, even though their results have not yet been
validated, how the simulations work within the input-output
pipeline can be evaluated.

&is article is structured as follows. Section 2 is called
“City Physiology in practice” and describes all the steps
taken to apply the City Physiology framework to the case
study.&e first step of the case study (Section 2.1) consists of
identifying which conceptual layers of City Physiology are
available for the simulation, according to the data available
and the aim of the case study. &e second step (Section 2.2)
consists of defining both the conceptual and technical layers
of the digital twin, and understanding how to connect them
so that they represent the complexity of the object to be
simulated.&e process of arranging the layers together is not
a linear one, and two approaches (the conceptual and the
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technical) are built up at the same time. After both layers
have been defined, the interactions between layers are built
(the simulation phases of Section 2.3. &e last step Section
2.4, the interpretation of the simulation results, is useful for
the understanding and adapting of the results to answer the
questions arising from the digital twin, and in identifying
actionable insights. &is is followed by Section 3, where both
results and lessons learned about the Camp Nou case study
and the methodology of City Physiology are discussed.

2. City Physiology in Practice

&e cornerstone of the structure is the City Physiology
framework, which defines “six infrastructure layers that
enable flows from/to and within a city (Communication
Network, Water Cycle, Energy Cycle, Matter Cycle, Mobility
Network, and Nature), the Built Domain, Society, and En-
vironment” [3]. &is structure is based on the theoretical city
model of the City Anatomy developed by the City Protocol
Society (CPS) [19–21], and it is inspired by how physiology
studies the way the systems of a body work, and how they are
interrelated to each other [3].

2.1. Step 1:Mapping Available Data to City Physiology Layers.
&e data available and the aim of the case study define which
conceptual layers of the City Physiology are available for
simulation (see Figure 1). &e definition of the case study
determines the target layer, which is the Built Domain. &e
real city (the Physical Twin) produces the data available. &e
data belong to two of the nine layers that the City Physiology
identifies as the fundamental systems of a city: the Com-
munication Network and the Built Domain, which is also the
target layer. Choosing an interdomain language, such as the
conceptual layers of the City Physiology, allows us to
standardize the vocabulary among the different profiles
needed to define the technical details of the digital twin, for
instance, computer scientists, policy makers, citizens, ar-
chitects, and lawyers. &is common language is used so that
experts from different domains can understand the structure
and goals of the simulation, while leaving the technical
layers, typical of the simulation domain, to a second step.

Given that the aim of this case study is to structure the
digital twin of a stadium, the target layer is the Built Domain,
where the results regarding spatial properties of the facility will
be studied, such as hotspots and bottlenecks that arise during
arrival and evacuation scenarios on match days. We could
argue that the outcome of the digital twin belongs to either the
Built Domain or the Society layer, as they relate to the inter-
action between the crowd (Society) and the space (Built Do-
main). Given the complexity of the object we are studying,
when two or more layers interact among them, changes that
happen in one layer are affecting the state of the others as well.
Consequently, if the output of the digital twin is targeted at one
layer, the actions undertaken (e.g., changing the space con-
figuration) may affect others (e.g., the social behavior of vis-
itors). However, the feedback cycle between the digital and the
physical twins is not automated: to reflect this change of state,
the twins need to interact through the intervention and

decision-making of the end user, called the actionable insights.
We chose to identify our target layer as the Built Domain
because we want to study spatial properties, but choosing the
Society layer would not change the methodology of the next
steps; we would only need to change the target layer and
calculate different metrics to reflect the change of perspective.

Data from both the same Built Domain layer and the
Communication Network are available, as detailed next.

2.1.1. Communication Network. &e Communication Net-
work layer enables, among other activities, the study of be-
havioral data. In this case study, there are two sources of data:
public and private data. &e publicly accessible data were
collected from Foursquare [22], and are composed of millions
of anonymised records of worldwide check-ins between 2012
and 2014. Foursquare allowed its users to broadcast their
positions to the social network in the form of a check-in, that
is, a record such as “user A was in place B at date C.” &is
includes check-ins in Barcelona and at Camp Nou [23]. &e
private data consist of aggregated Mobile Phone Data, ob-
tained from an agreement between the Barcelona City
Council and Vodafone [24]. &is dataset contains anony-
mised visitor statistics classified by type, demographic features
(i.e., age cohort and gender), and geographic features (areas of
the city, but not at the venue level).

2.1.2. Built Domain. &e Built Domain layer considers two
main sources: sensor data and space configuration data.
&ere are mainly five sensor data sources of information
provided by the end user of the case study and owner of the
venue, Fútbol Club Barcelona (FCB).

(i) Match register.&is dataset contains a curated list of
all the matches played at the FCB premises since the
2010–2011 season, including the Camp Nou sta-
dium, the Johan Cruyff stadium, and the Palau
Blaugrana sports hall.

(ii) Camp Nou entries. &is dataset is composed of all
the registered entries to the stadium during match
days, including all visitors, staff, and press, among
others. &e granularity of the data enables accurate
estimates andmodelling of the arrivals at CampNou
during match days.

(iii) Tickets sold. &is dataset contains information
about all the tickets sold for Camp Nou (online and
in person). It includes many variables such as the
purchase date, the zone of the stadium, inlet, etc.,
and can be linked with the entries dataset.

(iv) Seats released by subscribed members. &e way
Camp Nou seats work is that the seats are associated
with FCB annual memberships, and thus, these are
reserved for the season. In case a member decides to
release his or her seat for a particular match, the
corresponding ticket can be purchased by a new
visitor. Data include the release time of the seat and
can be linked to the time of the purchase and the
entries dataset.
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(v) FCB Annual Memberships. &is dataset contains
information about the annual memberships, and
thus it allows us to know the exact place and seat
allocated for a person during a given season, and
also the type of visitor to the stadium, which is
relevant because subscribed members are likely to
behave differently from tourists.

&e space configuration information is extracted from
the facility plans that are provided for each floor of the
stadium in Autocad [25] DWG format. Each DWG file
contains the following layers of objects: permanent obstacles
to the circulation of people (such as walls and pillars), re-
movable obstacles (such as stadium seating), architectural
elements for vertical circulation from one floor to another
(such as stairs and slopes), vertical circulation elements
within the same floor (such as few-step stairs and small
slopes), doors, their direction of opening, and a text layer
with descriptive labels.

2.2. Step 2: Building Conceptual and Technical Layers. &e
second step consists of defining both conceptual and
technical layers of the digital twin, and understanding how
to connect them so that they represent the complexity of the

object to be simulated.&ere are two approaches to assemble
the layers: conceptual, that is, interdomain, and technical,
that is, domain specific (see Figure 2).

&e process of arranging the layers together is not linear,
and the two approaches are built up at the same time. &e
technical approach is usually preferred in the simulation
field but it is domain specific, while the conceptual approach
is complementary and uses an interdomain universal lan-
guage.&emodularity of the framework is such that both the
content and the quantity of layers may vary, being adaptable
to each specific case study.

&e particular process used in our case study is as fol-
lows. At the top level, potential spatial properties of the
stadium are seen through ad-hoc machine learning metrics
and visualization (see “level A, Target layer and results” of
Figure 2).

&e Built Domain influences how people (the Society of
the stadium) move around the space. Attendance at large
venues is a complex process to model, and agent-based
simulations have been chosen to do this. Every agent sim-
ulates a person in the stadium. Agents can appear and act in
a variety of forms, depending on the characteristics of the
venue, the facility management policies, and the behavior of
users that interact with each other. &anks to the large
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Figure 1: Problem definition and identification of data layers. &e definition of the case study determines the target layer, which is the Built
Domain (last column). &e real city (the physical twin) produces the data available for this simulation. &e data belong to two of the nine
layers that City Physiology identifies as the fundamental systems of a city: the Communication Network and the Built Domain, which is also
the target layer. Data availability, on one side, and the aim of the case study, on the other, define which conceptual layers are available for
simulation, as depicted in the 2nd and last column. In between them, the dashed lines represent the layers that will be defined in a 2nd step.
Created using icons from the noun project (https://thenounproject.com – “environment” icon by iconixar, “ecosystem” icon by Kamin
Ginkaew, “buildings” icon by Ralf Schmitzer, “Society” icon by David Garćıa, “Water” icon by Icongeek26, “Tram” icon by Andrejs Kirma,
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amount of data available from past years, realistic scenarios
can be analyzed and approximated, where agents simulate
people’s trajectories through the stadium, resembling real
scenarios from the past, and thus predicting the future
behavior of agents (see “level B, Simulation of scenarios” of
Figure 2).

Using historical sensor data, the expected number of
people that arrive at each gate or section of the stadium can
be estimated with statistical techniques. In addition, the
arrival of all the agents can be modeled, at different times
before and after the match, as well as their behavior (see
“level C, Processing of inputs” of Figure 2).

By knowing the different profiles of people that come to
the stadium, different types of agents can be simulated, e.g.,
locals or tourists, and thus more realistic scenarios can be
produced, including specific behaviors for each agent type.
For example, a tourist would be expected to arrive earlier at a
match, and possibly move around the stadium while taking
pictures, while a local or frequent visitor would be expected
to arrive in the last twenty minutes before the match, and
know exactly where to go without distractions. &ese be-
havioral characteristics are inferred from sensors and
communication network data (see “level D, Inputs” of
Figure 2).

2.3. Step 3: Defining Interactions and Simulations. Once both
the technical and the conceptual approaches have been
defined, the focus moves on to the details of how to build the
layers, the interactions between them, and other simulation
parameters. Interactions are considered as a transfer of
information between layers, where each layer should in-
ternally develop the necessary tools to adapt the output of
other layers to its own requirements. &e methodology
applied to simulate each layer is explained below, together
with how the interactions take place (see Figure 3).

&ere are two main simulation phases (see level B and C
of Figure 3). First, the Society layer is simulated with sta-
tistical models the input of which is the data from Com-
munication Network and Built Domain layers. In fact, digital
traces from the Communication Network are used to extract
behavioral data about facility visitors. Together with be-
havioral data, the sensor data (ascribed to the Built Domain)
is used to discover the behavioral rules that describe the
population visiting the facility (the Society). Second, the
spectator profiling (resulting from the Society layer) and
space configuration data (Built Domain) are used to simulate
arrival and evacuation scenarios (that belong to the Society
layer). An additional third phase might be required to
validate the simulation results, but, at the time of writing, the
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Figure 2: How both the conceptual and the technical layers assemble into the interdomain and the domain-specific approaches? &e
modularity of the framework is such that both the content and the quantity of levels may vary, adaptable to each specific case study. &e
process of arranging the layers together is not linear, and the two approaches are built up at the same time. &e dashed lines show the link
between conceptual and technical layers: the conceptual layers are the output of the process defined in the technical layers. &e diagram can
be structured in both directions, from level A to D and vice versa.
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focus of the paper was the strategy to design and build the
case study rather than its specific results.

2.3.1. Spectator Profiling (Society Layer). &e first phase is
the simulation of the Society layer, combining the behavioral
data from the Communication Network and the sensor data
from the Built Domain, to define the behavioral charac-
teristics of the spectators. &ese characteristics of the Camp
Nou visitors will be used as input parameters for the agent-
based simulation in the next simulation phase. &is article
defines a simulation phase as any step that requires the
adaptation and transformation of the information after an
interaction between city layers takes place, whether a sim-
ulation engine is used or not. &e modelling choice was
made on the availability of specific datasets and, this article
being a case study, they may vary when applying the
framework in a different context. Consequently, this sim-
ulation phase contains all techniques necessary to reproduce
the Society layer, while maintaining the generality and
modularity traits of the framework. To simulate the Society
layer (see level C of Figure 3), several data-driven analyses
are run with the aim of modelling visitors’ attendance to the
facility and inferring the demographic and origin of visitors:

(i) Demographic attributes of data are inferred from
mobile phone data;

(ii) &e origin of visitors is inferred from Foursquare
data;

(iii) &e influx characterization is inferred from the
ticketing information.

To infer the demographic and origin of visitors, the
information about gender, age, and residence (either local or
a tourist) is analyzed. To identify the demographic attributes
of visitors to Camp Nou, the results of a previous study [24]
are improved using a mobile phone dataset from 2018
created by the mobile phone operator Vodafone for the
Barcelona City Hall. &e dataset contains aggregated visitor
counts in several areas of the city, based on the information
gathered from cellular antennas across the city. &e number
of people in a given area is provided according to gender,
several age cohorts, and tourists (national and foreign) or
locals (residents from the BarcelonaMetropolitan Area).&e
distribution of women, elderly, and tourists in the city is
provided as a result (see Figure 4). To obtain this, local
metrics are first calculated independently for each specific
cell of a grid, and later compared with nearby areas with
similar values.
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&e Camp Nou area in the western part of the city is
marked with a circle in Figure 4(c). As seen in this figure,
spatial information is aggregated in grid cells, based on
cellular antennas. However, the size of each grid cell
(500m× 500m) contains considerably more than the sta-
dium, and connection patterns in mobile phones do not
guarantee that each device is connected to the nearest cell
station. &us, the dataset requires preprocessing, such as
removing the constant signal level coming from the normal
activity in the neighbourhood.

&e dataset already includes a measure of the number of
local and tourist visitors at each grid cell, which is adapted to
the venue [24]. However, the tourist category is severely
biased by the availability of the mobile operator in foreign
countries. For instance, according to the data, there were no
visitors from China, although FCB knows from its records
that Chinese tourists frequently visit their locations. Hence,
the distribution found in this behavioral dataset is balanced
using another behavioral dataset from the Foursquare social
network. &is not only helps in reducing the bias of the
phone dataset but also makes it possible to build a spatio-
temporal trajectory for all users in the Foursquare dataset
(see Figure 5), and to focus on users who have visited a
particular location (Camp Nou in this case). Although the
data are anonymised, the users’ country of origin can be
inferred based on their trajectories, under the assumption
that many of them have more check-ins at their countries
than in tourist destinations. In addition, residents from the
Metropolitan Area may have a check-in at their own homes.
Hence, a visitor-venue matrix is built for all check-ins in
Barcelona, and then the distribution of locals/tourists is
determined from this matrix [26, 27] and from the inferred
country of origin of some visitors, based on semi-supervised
machine learning techniques.

&is dataset enables us to estimate distributions of time
of arrival according to visitor origin, as well as to estimate
visitor counts for nonmatch days (see Figure 6). Although
the time-of-arrival distribution from the official ticketing
data prevails, this dataset gives us a different perspective, as it
is possible to relate time of arrival to the previous and
following activities performed by each visitor. &is is

relevant for the simulation, as, for example, knowing which
percentage of visitors have checked in at a certain restaurant
just before their visit might give clues to classify the visitor as
either tourist or local. &erefore, the corresponding mobility
pattern (tourist or local) will be given to the agent inside the
stadium in the Agent-Based Model [28].

Next, to model visitors’ attendance, the Influx Charac-
terization parameter is studied, which is the distribution of
the number of visitors and their arrival times at different
types of events (e.g., Regular season matches vs. Champions
league matches).

&e sensor data mentioned above provides insights
about the spectators and the matches. From this dataset, 111
matches were extracted, played during the four seasons
between 2016 and 2020 at the Camp Nou stadium. &e
average number of visitors per match on a match day to the
stadium was 72,919, with a standard deviation of 18,157.
&ree of the matches show a suspiciously low number of
visitors, but two of those occurred in June 2020 after the
lockdown due to the COVID-19 pandemic in March, hence
the low number of visitors is reasonable. &e third match
was considered an outlier and thus discarded to avoid bi-
asing our estimates of future attendance. Hence, 110 of the
matches were used for the modelling of the arrivals. Figure 7
shows the aggregated number of arrivals at the Camp Nou
premises per minute relative to the start of the match, for all
the matches during the 2016–2017, 2017–2018, 2018–2019,
and 2019–2020 seasons.

To predict overall match attendance, several features
were created using thematch register data such as the time of
the match, the day of the week, the competition of thematch,
the opponent, if it was a derby, if it was played during local
holidays, if it was after the lockdown after the COVID-19
pandemic, the match day, the month of the year, and the
season of the year. Matches are also classified by similarity in
arrival patterns (applying unsupervised machine learning
k-means clustering in the arrival time series), which are used
as a proxy of the popularity or branding of the opponents, as
it is one of the most relevant predictors of attendance [29].

&e spatiotemporal forecast of the attendance per
minute to the stadium was computed from the “Camp Nou

-2.37 -1.97 -1.22 -0.29 0.54 1.42
Women Ratio at Grid level

(a)

-1.87 -1.09 -0.25 0.42 1.16 2.31
Elder Ratio at Grid level

(b)

-0.95 -0.35 0.33 1.16 2.58 5.6
Tourist Ratio at Grid level

(c)

Figure 4: Heatmap of tendency to receive visitors of three types in the city: women, elderly, and tourists. Inside the blue circle: the Camp
Nou area. (a) Women ratio at grid level. (b) Elder ratio at grid level. (c) Tourist ratio at grid level.
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entries” dataset, obtaining the number of arrivals per minute
and per gate. Also relevant is the prediction of the overall
attendance, which is the sum of the number of visitors over a
match day for any given match.

2.3.2. Simulation of Arrival and Evacuation Scenarios
(Society). &e second simulation phase belongs, as well as
the first, to the Society layer. It combines the output of the
spectator profiling with space configuration information
from the Built Domain to run agent-based simulations of
arrival and evacuation scenarios of people visiting the sta-
dium facility; see level B of Figure 3.

&e simulation is implemented using the open source
platform Pandora [30, 31]. As part of the Europen Horizon
2020 IoTwins project [13], Pandora received several im-
provements in the implementation are introduced that relate
to satisfy the requirements of the crowd simulation in the
stadium:

(i) &e ability to run the simulation of several venue
levels simultaneously;

(ii) Spatial partition optimization (see description be-
low) to execute the simulation of agent interactions
in parallel.

Before running the simulation of the scenarios, several
actions are implemented to set and prepare the integration
of data from the previous simulation phase:

(i) Discretization and conversion of facility plans (from
Built Domain);

(ii) Profiling of agents (from first simulation phase of
Society);

(iii) Defining behavioral rules;

(iv) Spatial partition optimization.

Figure 5: Network of visits for tourists and locals in Barcelona according to their check-ins.
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Figure 6: Distribution of visitors at Camp Nou according to their origin and time of the day. AMB: metropolitan area of Barcelona, ES: rest
of Spain, AF: Africa, AS: Asia, EU: rest of Europe, NA: North America, OC: Oceania, and SA: South America.
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Facility plans are abstracted to create a virtual repre-
sentation of the stadium that is compatible with Pandora.
First, DWG plans are reviewed for consistency: obstacles to
horizontal displacement are checked (e.g., beams may result
being depicted as obstacles like walls, given the export
process to DWG, when they are indeed above the walkable
floor) and vertical displacement elements are verified to
match between floors (given the complexity of the stadium
architecture). Secondly, the drawings are simplified and all
the elements are manually rearranged in Autocad layers and
assigned color codes, according to the requirements of the
Pandora simulator. Finally, the plans are exported and
pixelated at a specific scale (1 pixel = 20 cm) so that every
pixel contains a different piece of information about the
environment for the agent in the simulation.

&e results from the spectator profiling are converted
into Pandora’s parameters so that tourists differ from locals
in their familiarity with the facility, they are distracted more
easily from their main target and stop more frequently (to
check where they are going, to take pictures, etc.), and tend
to follow the crowd. Compared to locals, Pandora considers
tourists to have a higher probability of not following the
optimal path and a higher interest factor. Other parameters
include walking speed, whether or not the agent follows
someone else or is independent, and whether the agent
makes stops or detours before reaching the target. See Ta-
ble 1 for a description of the parameters that are used to
define the behavioral profile. Future improvements to the
agents’ behavior are the inclusion of group dynamics and
interactions between tourists and locals.

&e agents follow a pedestrian movement model [32] for
two distinct scenarios: a usual day at the facility, be it a match
day or a regular day, and an emergency situation that re-
quires a stadium evacuation. &e overall decision process
that agents follow during the simulation has a shared
structure in all scenarios, as depicted in Figure 8. First, the

agents update their knowledge of their environment within
their vision. Each agent has a defined immediate target,
depending on which scenario is being simulated; according
to that, the agent chooses one of the three main branches of
the decision process. Depending on its knowledge, attri-
butes, and surroundings, the agent performs a series of
actions within each step of the simulation [33].

&e first step of the process is to decide whether agents
have reached their targets (either an exit or their assigned
seats). In the case of exits, the agent exits the simulation;
within a match, the agent stays in place just as a spectator
would to. Otherwise, the agent needs to choose what to do.
&ree choices are available: to stay in place, to move ran-
domly (to wander), and to move toward the destination.&e
strategy to do so depends on various factors and group
dynamics. Depending on the personal attributes of each
agent, they may follow the optimal path or they may follow
the crowd around them. &is includes some code-level
optimizations that trade-off accuracy in the optimal path
estimation with simulation performance, while maintaining
a coherent and accurate movement of the agents [34]. Ar-
guably, this trade-off enhances the simulation as it provides a
better approximation of the mobility of spectators. For
example, many people get distracted andmove in an optimal
way just in their line of sight or for short periods of time,
then when they realize where they need to go, they recal-
culate the optimal path within these parameters. However, in
some situations, people just follow the trend they see around
them.

When determining the path toward their targets, agents
identify intermediary destinations. For instance, in exit
scenarios, they all set their target to the nearest exit doors. If
there are no close exit doors, the targets are set to the closest
stairs to another level. &en, all agents follow the afore-
mentioned strategy regarding optimal paths and crowd
behavior. Since one of our objectives is to determine
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Figure 7: Attendance pattern chart showing the overall arrivals at the venue for four seasons (2016–2020), including more than 100 matches
(each line represents one match). Different patterns can be discerned, showing that each match has a unique pattern of attendance. &is
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Complexity 9



Table 1: Agent parameters in Pandora.

Parameter Description
Vision Field of view of the agents from where they can gather information
Velocity Maximum distance that the agent can move on one step
Age Age of the agent
Tourist True if the agent is a tourist, false otherwise
Wall Distance Distance that the agent keeps from walls
Final Target Position the agent needs to reach during simulation
Current Target Immediate target, e.g., stairs or doors
Agent Distance Distance that the agent keeps from others
Max Distance B
Agents Maximum distance that the agent keeps from others

Prob Follow Probability of not following the optimal path to the immediate target (in the following subsection Defining
behavioral rules, we detail how the optimal path is calculated)

Interest How much the agent is interested in something other than the primary target (possible distractions)
Interest Decrease Decrease of agent interest per step

Agent initialization
(properties & knowledge)

Identify situation
for next step

within a matchin evacuationexiting the stadium

Agent at exit? Yes

No

Yes Agent 
at evacuation

exit?

No

Agent 
at assigned

seat?

Yes

No

Pedestrian movement choice (randomly)

Random
movement
(wander)

Movement
towards

destination
Stay in place

Update agent
knowledge

Agent exits
the simulation

Figure 8: Execution flow diagram of an agent’s decision process.
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bottlenecks within the venue, following this strategy stresses
the simulation on the areas that can present more threats in a
real evacuation situation [35].

Finally, in large-scale simulations, an agent decision pro-
cess that relies on interactions with other agents (such as
avoiding collisions) may have performance issues. Amethod to
develop the simulation in parallel has been developed, based on
the concept of space partitioning [36]: each level of the stadium
has been split in terms of physical 2D space. &e partitioning
algorithm tries to split the space in a balanced way, considering
the current state of the agents (their position and type, mainly).
From there on, the simulation runs in parallel, i.e., agents being
executed simultaneously in time. To do this, the solution that
has been developed considers the problems regarding overlap
surfaces [37], ghosts agents [38], and agents synchronization.
Further details about the spatial partition optimization process
are beyond the scope of this paper.

2.4. Step 4: Interpretation of Simulation Results and
Applications. &e primary objective of this digital twin is
to answer facility management questions, and the results
of the simulation need to be interpreted and adapted in
order to do so. We consider that the presentation of re-
sults and the creation of insight are integral parts of a
digital twin, and thus this section is devoted to define how
to interpret the results of the Camp Nou digital twin in two
scenarios defined jointly by researchers and end-users of
the system.&ese scenarios are the arrival of visitors to the
stadium, and the evacuation of the stadium during a
match. Both scenarios are commonly analyzed in static
terms, although a simulation approach would enable
planners to perform an optimal and on-demand assign-
ment of resources under (un)expected circumstances, as
well as planning for the safety of visitors under in-situ
stadium renewals.

Notice that while each layer of the digital twin might
produce results on its own, to convert these results into
actionable insights might require them to be adapted,
converted, or mixed with results from other layers in order
to be useful. For example, the raw outputs of the Society layer
simulators are the location of every agent at every step. From
this information, different metrics can be extracted, both for
agents and classes of visitors, such as the most visited or
crowded places (see examples in Table 2). &ese metrics are
visually translated to maps, so that the spatial properties of
the stadium and their interactions with the crowd behavior
are made evident.

By considering spatial properties such as hotspots and
bottlenecks, it is possible to estimate agglomeration and
queues, and then exploit this information to manage the
space, the staff, and the material resources of the stadium.

As for spacemanagement, it is possible tomeasure density
near turnstiles, and consequently increase the available doors
or redirect match attendees towards less crowded security
check-points, gates, and inlets using signals or personalized
notifications (this last option requires the improvement of the
notification system through a mobile app, already existing for
staff and club members but not for all visitors). In addition, to

facilitate the safety distance in a post-covid partial-opening
scenario, visitors could be redirected towards less crowded
sectors that are left empty.

Another interesting situation are renovations or
remodelings of the stadium, especially if a renovation will
coexist with audience and sports competitions, because the
change in spatial properties or the constrained mobility can
affect the ability to comply with safety regulations, and the
reduced capacity will also affect staff, services, and com-
mercial offer positioning. As an example, the current re-
newal project of the Camp Nou stadium considers
demolishing the first security ring to transform the lot into a
permeable semi-public space where neighbours are allowed
to cross freely; potential new agglomerations may arise and
the new scenario needs to be validated for security reasons.

An action to increase selling points visibility could be
reallocating them near the most visited spots, while, to
reduce agglomeration and queues, selling points and
bathrooms could be opened (or closed) according to sector
affluence (having service requests and selling data would
improve reallocation).

&e management of the staff working on the premises
can benefit from the calculated spatial properties by redis-
tributing the staff towards queues, to speed-up the arrival
process, and to the most crowded sectors, to improve sur-
veillance during match and evacuation (the surveillance
reallocation needs to be validated in real-time and coordi-
nated with the emergency and security authorities, who
always attend and supervise the operation of any match in
the stadium). Different scenarios can be considered, such as
emergency evacuation, stadium renewals, concerts, and
other nonfootball events. For example, during emergencies,
partial and controlled evacuations can be considered. While
the threatened sectors are evacuated, the others are safely
confined, avoiding the agglomerations that arise in a full-
scale evacuation, that affect the neighborhood traffic and
slow down the arrival of emergency services.

Furthermore, in a post-COVID scenario, agglomeration
can be used to plan the coordination of the sanitation staff as
required by regulations, based on the expected affluence to
each sector of the stadium.

Material resources’ management can also benefit from
spatial properties information, when improved with atten-
dance forecast and selling data, to optimize the commercial
offer by redistributing food, beverages, and merchandising
from less to more visited selling points.

Finally, if the resulting interpretations are nonactionable
or inconclusive (which can happen for a multitude of dif-
ferent reasons such as bad time planning, lack of validation,
and new city layers being added), both conceptual and
technical layers should be refactored (step #2 of Section 2.2),
either at the top level only, at the metrics level, or more
deeply at the level of the simulation or its output.

3. Results and Discussion

&e process of putting into practice City Physiology showed
that the main obstacle to its applicability is the blended
boundaries of city data. Even though City Physiology
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provides a subdivision of city elements, activities and ser-
vices between layers, the data that they produce and use are
not that clearly separable. It was necessary to identify which
layer prevails in City Physiology logic when the layers are not
the same: whether it be the layers that produce data or the
layers that use that data, because the nature of data is not
always easily reconductible to only one conceptual layer. On
the other hand, the framework allows this differentiation and
it allows both layers to be valid and necessary, given that
reconducting data to its minimal elements is not always
possible.

Furthermore, the development of the simulation tasks
highlighted problems that reverberated to the practicability
of the conceptual approach, in particular:

(i) Interactions are considered passive transfers of
information between layers, so each layer has to
internally develop the necessary tools to adapt the
output of the previous simulation phase to its own
requirements. In fact, input/output formats are
crafted ad-hoc to match the other layers in the best
way possible, are case specific and not general
enough to be applicable to other case studies as they
are. ?e content of technical layers can consequently
heavily modify the structure of the conceptual layers.

(ii) Data conversion required a huge effort. For ex-
ample, although the FCB had space configuration
data of the facility ready to go, the format was not
readily suitable for the simulation methodology.
More generally speaking, the variety of formats the
information can be provided is an obstacle to the
simulation of city layers and for a smooth interaction
between layers.

(iii) &e agent-based simulation methodology required
an approximation of space configuration data that
were hard to keep under control for a building as
complex as a stadium, where elements at different
scales coexist. &e pixelation process aims at op-
timizing the simulation computationally by sim-
plifying irrelevant pieces of information, but it is
hard to evaluate a priori what is an oversimplifi-
cation that eliminates architectural elements that
are not obviously relevant at the scales considered
(e.g., doors are significantly smaller than the sta-
dium, but if their doorstep width does not allow
agents to step through them, the simulation is
compromised). ?e complexity of scales and rela-
tionships between the elements that belong to the

Built Domain must be considered even when sim-
ulating at a fixed scale.

Even though this article does not detail how to couple
city layer simulations in terms of communications, granu-
larity, etc., it defines a conceptual framework that considers
the complexity of the city through the interactions between
its layers. &e resulting Digital Twin is shown in Figure 9.

&e article has discussed developing a digital twin using a
theoretical framework that is modular by design. Every
module being replaceable, the digital twin is extensible and
transferable to other domains. In addition, the modularity
allows the reuse of preexisting models, adapting them to
each module, as well as the ability to improve the overall
quality of the results by focusing on a single component and
not worrying about others (as long as the interaction in-
terfaces are kept fixed). Another benefit of modularity is that
each layer or module can be worked on in parallel by
specialized teams, who only need to agree on the commu-
nication protocols. &is is what happened with the profiling
of agents task (Section 2.3.2): in the beginning, a generic
profile was used, and random arriving times; these were later
improved with mobile phone and ticketing information (the
spectator profiling of Section 2.3.1).

On a general level, the City Physiology framework
allowed us to formalize and provide guidance on the de-
velopment of the digital twin, and, in the opposite direction,
the implementation provided us experience and feedback on
what the framework means and how it works in practice.
More specifically, it was found that the conceptual inter-
pretation given by the framework permitted us to have a
more fluid conversation between the experts in the different
areas involved (architects, mobility researchers, data sci-
entists, computer scientists, managers, and administrators);
when in doubt, the blueprint of the system in a cross-domain
language was the reference to adhere to.

On a lower level, focusing on the simulation itself, each
phase produced its own results as already described in the
“City Physiology in practice” section. Spectator profiles are
obtained from the Society layer, in the form of demographic
and origin of visitors, and attendance forecast. &ese feed
into the simulation inputs to produce results that are
interpreted in the Built Domain layer as different metrics for
the chosen scenarios (arrival and evacuation), which are
converted into maps to visually highlight the spatial patterns
of the crowd and the stadium.

Future improvements of the system will focus on further
exploiting the available WiFi logs and cameras (including
some to be installed in stadium renovation) to improve and

Table 2: Example metrics.

Metrics Scenario 1
(arrival)

Scenario 2
(evacuation)

Average time to reach the target location ✓ ✓
Hotspots (most visited places) ✓
Bottlenecks (most crowded places, where agents reduce velocity) ✓ ✓
Peak time (the most higher number of agents walking through the facility compared to match
starting time) ✓

Longest evacuation path ✓
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validate the agent-based simulation. In this sense, two
possible lines of work will be pursued: to improve the
profiling of visitors, Foursquare data will be merged with
ticketing information and TripAdvisor data (or any other
review corpus), as well as improving attendance prediction
by including time components and further explanatory
variables. On the simulation side, more complex crowd
behavior and group dynamics will be added, including
observed patterns like following locals to their assigned seats.
A fourth improvement refers to the integration of the City
Physiology framework into workflow management systems.
&is way, the proposed theoretical framework can be con-
verted into a data pipeline where every layer corresponds to a
task.

As for the validity of the theoretical framework, the
digital twin should be tested by adding more city layers and
conceptual layers to it, and their related technical layers.

In conclusion, choosing an interdomain language, such as
the conceptual layers of City Physiology, allows us to uni-
formize the vocabulary used among the very different profiles
involved in the urban sciences, be they planners, architects,
policy makers, citizens, lawyers, computer scientists, and so
on. Future work focusing on developing urban-focused digital
twin products has a framework on which to base their design
and to build a validation strategy with its end-users.

Data Availability

Previously reported Foursquare data were used to support
this study and are available at https://sites.google.com/site/
yangdingqi/home/foursquare-dataset. &ese prior studies
(and datasets) are cited at relevant places within the text as
references [22, 23]. &e mobile phone data, sensor data, and
space domain data used to support the findings of this study
have not been made available because of privacy issues.
Anonymized datasets can be requested from the Barcelona
City Council by researchers who meet the criteria for access
to confidential data.
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[16] F. Dembski, U. Wössner, M. Letzgus, M. Ruddat, and
C. Yamu, “Urban digital twins for smart cities and citizens: the

case study of Herrenberg, Germany,” Sustainability, vol. 12,
no. 6, p. 2307, 2020.

[17] L. Kern, T. Schwitalla, S. Bingert, U. Wossner, and
F. Dembski, “Digital twins for air quality assessment in urban
regions,” in Proceedings of the SimAUD 2021 Conference
(Preprint), 2021.

[18] T. Ruohomaki, E. Airaksinen, P. Huuska, O. Kesaniemi,
M. Martikka, and J. Suomisto, “Smart city platform enabling
digital twin,” in Proceedings of the 2018 International Con-
ference on Intelligent Systems (IS), pp. 155–161, IEEE, Funchal,
Portugal, September 2018.

[19] City Protocol Society (CPS), “City anatomy: a framework to
support city governance, evaluation and transformation,”
2015, https://cityprotocol.cat/wp-content/uploads/2019/07/
CPA-I_001-v2_City_Anatomy.pdf.

[20] City Protocol Society (CPS), “City anatomy indicators,” 2015,
https://cityprotocol.cat/wp-content/uploads/2019/07/CPA-
PR_002_Anatomy_Indicators.pdf.

[21] City Protocol Society (CPS), “City anatomy ontology,” 2015,
https://cityprotocol.cat/wp-content/uploads/2019/07/CPA-
PR_003_Anatomy_Ontology.pdf.

[22] Dataset available at https://sites.google.com/site/yangdingqi/
home/foursquare-dataset.

[23] An exploratory analysis is available in this repository: https://
github.com/zorzalerrante/iotwins_foursquare.

[24] E. Graells-Garrido, I. Meta, F. Serra-Buriel, P. Reyes, and
F. Cucchietti, “Measuring spatial subdivisions in urban mo-
bility with mobile phone data,” in Companion Proceedings of
the Web Conference 2020, pp. 485–494, Taipei, Taiwan, April
2020.

[25] AutoCAD Software, 2021, https://www.autodesk.com/
products/autocad/overview.

[26] D. D. Lee and H. S. Seung, “Learning the parts of objects by
non-negative matrix factorization,”Nature, vol. 401, no. 6755,
pp. 788–791, 1999.

[27] K. MacMillan and J. D. Wilson, “Topic supervised non-
negative matrix factorization,” 2017, https://arxiv.org/abs/
1706.05084.

[28] D. Hristova, D. Liben-Nowell, A. Noulas, and C. Mascolo, “If
you’ve got the money, I’ve got the time: spatio-temporal
footprints of spending at sports events on foursquare,” Pro-
ceedings of the International AAAI Conference on Web and
Social Media, vol. 10, no. 1, 2016.

[29] T. Pawlowski and C. Anders, “Stadium attendance in German
professional football - the (un)importance of uncertainty of
outcome reconsidered,” Applied Economics Letters, vol. 19,
no. 16, pp. 1553–1556, 2012.

[30] X. Rubio-Campillo, “Pandora: a versatile agent-based mod-
elling platform for social simulation,” in Proceedings of the
SIMUL 2014: ?e Sixth International Conference on Advances
in System Simulation, pp. 29–34, Nice, France, October 2014.

[31] https://www.bsc.es/es/research-and-development/software-
and-apps/software-list/pandora-hpc-agent-based-modelling-
framework.

[32] M. Batty, “Agent-based pedestrian modeling,” Environment
and Planning B: Planning and Design, vol. 28, no. 3,
pp. 321–326, 2001.

[33] F. Qiu and X. Hu, “Spatial activity-based modeling for pe-
destrian crowd simulation,” Simulation, vol. 89, no. 4,
pp. 451–465, 2013.

[34] S. R. Musse and D. &almann, “A model of human crowd
behavior: group inter-relationship and collision detection
analysis,” Eurographics, Computer Animation and
Simulation’97, pp. 39–51, 1997.

14 Complexity

http://arxiv.org/abs/2108.00825
https://ec.europa.eu/eurostat/cros/content/recommendation-method-delineate-cities-urban-and-rural-areas-international-statistical-comparisons_en
https://ec.europa.eu/eurostat/cros/content/recommendation-method-delineate-cities-urban-and-rural-areas-international-statistical-comparisons_en
https://ec.europa.eu/eurostat/cros/content/recommendation-method-delineate-cities-urban-and-rural-areas-international-statistical-comparisons_en
https://ec.europa.eu/eurostat/cros/content/recommendation-method-delineate-cities-urban-and-rural-areas-international-statistical-comparisons_en
https://es.wikipedia.org/w/index.php?title=Anexo:Municipios_de_Espa%C3%B1a_por_poblaci%C3%B3n&oldid=137297919
https://es.wikipedia.org/w/index.php?title=Anexo:Municipios_de_Espa%C3%B1a_por_poblaci%C3%B3n&oldid=137297919
https://es.wikipedia.org/w/index.php?title=Anexo:Municipios_de_Espa%C3%B1a_por_poblaci%C3%B3n&oldid=137297919
https://cordis.europa.eu/project/id/857191
https://cityprotocol.cat/wp-content/uploads/2019/07/CPA-I_001-v2_City_Anatomy.pdf
https://cityprotocol.cat/wp-content/uploads/2019/07/CPA-I_001-v2_City_Anatomy.pdf
https://cityprotocol.cat/wp-content/uploads/2019/07/CPA-PR_002_Anatomy_Indicators.pdf
https://cityprotocol.cat/wp-content/uploads/2019/07/CPA-PR_002_Anatomy_Indicators.pdf
https://cityprotocol.cat/wp-content/uploads/2019/07/CPA-PR_003_Anatomy_Ontology.pdf
https://cityprotocol.cat/wp-content/uploads/2019/07/CPA-PR_003_Anatomy_Ontology.pdf
https://sites.google.com/site/yangdingqi/home/foursquare-dataset
https://sites.google.com/site/yangdingqi/home/foursquare-dataset
https://github.com/zorzalerrante/iotwins_foursquare
https://github.com/zorzalerrante/iotwins_foursquare
https://www.autodesk.com/products/autocad/overview
https://www.autodesk.com/products/autocad/overview
https://arxiv.org/abs/1706.05084
https://arxiv.org/abs/1706.05084
https://www.bsc.es/es/research-and-development/software-and-apps/software-list/pandora-hpc-agent-based-modelling-framework
https://www.bsc.es/es/research-and-development/software-and-apps/software-list/pandora-hpc-agent-based-modelling-framework
https://www.bsc.es/es/research-and-development/software-and-apps/software-list/pandora-hpc-agent-based-modelling-framework


[35] P. Fonseca i Casas, J. Casanovas, and X. Ferran, “Passenger
flow simulation in a hub airport: an application to the Bar-
celona International Airport,” Simulation Modelling Practice
and ?eory, vol. 44, pp. 78–94, 2014.

[36] C. Shih, Benchmarking and Evaluating ABM Parallel-Pro-
gramming Features in Social, Behavioral and Economic Sci-
ences, University of Washington, Seattle, WA, USA, 2018.

[37] F. Capuano, A. Mastellone, and E. M. De Angelis, “A con-
servative overlap method for multi-block parallelization of
compact finite-volume schemes,” Computers & Fluids,
vol. 159, pp. 327–337, 2017.

[38] L. Wijerathne, W. Petprakob, L. Aguilar, M. Hori, and
T. Ichmura, “Scalable HPC enhanced agent based system for
simulating mixed mode evacuation of large urban areas,”
Transportation Research Procedia, vol. 34, pp. 275–282, 2018.

Complexity 15


