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Abstract

Nowadays, is becoming increasingly frequent holding events in outdoor environments, involving a
large number of people, even though these spaces were not designed from a safe prospective, in the
way that safety is defined today. In such events, high density conditions is a very critical aspect, and
the evacuation becomes very complex due to the space design and the interaction among pedestrians.
Modelling tools can be used to identify optimal evacuation and crowd management strategies but their
use for high and extreme density scenarios, still needs to be evaluated.

This thesis presents a possible approach to investigate the simulations of high density scenarios based
on the field observation of a real event (video analysis).

The observation of the real case study allowed to get important data, e.g., speed, density and flow, in
a complex high density scenario. It has been found that high local (dynamic) densities can be reached
in critical points, i.e., bottleneck, despite the controlled (static) densities in the area. A set of tests
(simulations), using first the default input parameters and then introducing the output from the field
observation, were run in a continuous evacuation model (Pathfinder) to investigate how such type of
evacuation models should be calibrated in high density scenarios. Earlier, before this it has been
investigated the geometrical limit of the tool, i.e., body size of the agents and comfort distance
parameters. The objective was to reproduce the local density and the flow recorded during the real
event. The results indicated that it has been possible to achieve reasonable values for both, by
prescribing the speed, the agent’s body size, the comfort distance and the initial density. This
conclusion is important due to more reliable models can be used for crowd management in outdoor
high density scenarios, and to identify solutions/critical conditions ahead of the events.

Furthermore, the high density issue is tightly connected to the pressure increase among pedestrians,
which represents one of the major factor leading to fatalities in crush events. For this reason a simple
model to forecast the force among pedestrian has been introduced. This model is based on the
combination of existing models borrowed from other scientific fields, e.g., “leaning crowd model”,
frictional forces and the drained discontinuous assembly of particles under load, which is very similar
to the high density packing scenario. The pressure values obtained with the novel modelling approach
and the data from the literature are comparable.
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Summary/Abstract

Nowadays, is becoming increasingly frequent holding events in outdoor environments,
involving a large number of people, even though these spaces were not designed from a safe
prospective, in the way that safety is defined today. In such events, high density conditions is
an ongoing issue, as the evacuation becomes very complex, due to the space design and the
interaction among the pedestrians.

It becomes, therefore, essential to understand the crowd dynamics in high density conditions
in order to design crowd management safely. In this context, modelling tools can be used to
identify optimal evacuation and crowd management strategies. Such tools are mainly
designed for low to middle density scenarios and, as a result, their use for high (intended here
as 2-6 persons/m?) and extreme (>6 persons/m?) density scenarios needs to be evaluated.

This thesis presents a possible approach to investigate the simulations of high density
scenarios based on the field observation of a real event and by applying the findings to a real
case study. The crowd dynamics were taken into account as the combination of three
hierarchical components, i.e., theory, data and application, which influence each other and
cannot be investigated separately. The theoretical background is presented through the state
of the art literature review. Data, which is a very sensitive parameter, required an idea about
what to collect (theory) and their interpretation. They were collected performing a video
analysis and then were used in the application, i.e., to calibrate the simulation models.

The observation of the real case study allowed to get important data, e.g., speed, density and
flow, in a complex, high density scenario, due to field data available in literature to this topic
are scarce. It has been found that high local (dynamic) densities can be reached in critical
points, i.e., bottleneck, despite the controlled (static) densities in the area. A set of tests
(simulations), using first the default input parameters and then introducing the output from
the field observation, were run in a continuous evacuation model (Pathfinder) to investigate
how such type of evacuation models should be calibrated in high density scenarios. Earlier,
before this it has been investigated the geometrical limit of the tool, i.e., body size of the
agents and comfort distance parameters. The objective was to reproduce the local density
and the flow recorded during the real event. The results indicated that it has been possible to
achieve reasonable values for both, by prescribing the speed, the agent’s body size, the
comfort distance and the initial density. This conclusion is important due to more reliable
models can be used for crowd management and to identify solutions/critical conditions ahead
of the events.

Finally, the high density issue is tightly connected to the pressure increase among pedestrians,
which represents one of the major factor leading to fatalities in crush events. For this reason
a simple model to forecast the force among pedestrian has been introduced. This model is
based on the combination of “leaning crowd model”, frictional forces and the drained
discontinuous assembly of particles under load, which is a very similar to the high density



packing scenario. The pressure values obtained with the novel modelling approach and the
data from the literature are comparable.



Sommario/Estratto

Oggi sono sempre piu frequenti manifestazioni che coinvolgono un gran numero di persone
in ambienti esterni che, tuttavia, non sono stati progettati da un punto di vista della sicurezza,
come intesa oggi. In questi eventi I'esodo diventa molto complesso a causa della
configurazione del sito e dell'interazione tra pedoni dovuti alle alte densita. In questo
scenario, la problematica relativa all’alta densita della folla € una tematica in via di sviluppo.

Diventa, quindi, essenziale comprendere la dinamica della folla ad alte densita per poter
definire un relativo piano di gestione in sicurezza. Programmi di modellazione possono essere
utilizzati, in questo contesto, per identificare un piano di esodo ed una gestione ottimali.
Questi programmi sono principalmente progettati per basse e medie densita, di conseguenza,
& necessario valutare il loro uso per alte (qui intese come 2-6 persone/m?) ed estreme (>6
persone/m?) densita.

In questa tesi & stato presentato un possibile approccio per indagare le simulazioni di scenari
ad alte densita basato sull’osservazione di un evento reale e applicando i dati ottenuti ad un
caso distudio reale. La dinamica della folla € stata analizzata considerando tre aspettiin modo
gerarchico: teoria, dati e applicazione, che si influenzano reciprocamente. La
contestualizzazione teorica & stata presentata attraverso la revisione dello stato dell’arte. |
dati, che rappresentano un parametro molto sensibile, richiedono, in primis, un’idea su cosa
indagare (teoria) e, successivamente, la loro interpretazione. Sono stati ottenuti eseguendo
una video analisi e, successivamente, sono stati utilizzati in modo applicativo per calibrare i
modelli di simulazione.

L'osservazione del caso di studio reale ha permesso di ottenere dati importanti, ad esempio
la velocita, la densita e il flusso, in uno scenario complesso e ad alta densita, poiché i dati da
campo disponibili in letteratura, in riferimento a questa tematica, sono scarsi. E stato
riscontrato che densita locali (dinamiche) elevate possono essere raggiunte in punti critici,
come ad esempio colli di bottiglia, nonostante le densita (statiche) controllate nell’area. Una
serie di test (simulazioni) sono stati effettuati, utilizzando un modello di esodo continuo
(Pathfinder), per capire come calibrare questi tipi di modelli di evacuazione in presenza di alte
densita. Sono stati utilizzati prima i parametri di input predefiniti e successivamente introdotti
gli output da osservazione su campo con l'obiettivo riprodurre densita locali e flusso registrati
durante lo svolgimento dell’evento. Ancora prima e stato studiato il limite geometrico del
programma, dimensione corporea degli agent e la comfort distance. E stato possibile ottenere
valori plausibili sia per la densita locale che per il flusso impostando la velocita, la dimensione
degli agent, la comfort distance e la densita iniziale dell’area. Questa conclusione é
importante perché modelli piu affidabili possono essere utilizzati per la gestione della folla e
per identificare soluzioni/condizioni critiche prima degli eventi.

Infine, I'elevata densita é strettamente collegata all’laumento della pressione tra i pedoni, che
rappresenta uno dei maggiori fattori che causano mortalita in eventi di massa,

\Y



schiacciamento. Per questo motivo e stato introdotto un modello semplice per fare una stima
della forza agente su un pedone all'interno della folla. Questo modello si basa sulla
combinazione di diversi modelli: “modello di pendenza della folla”, forza di attrito e
arrangiamento discontinuo di particelle sotto carico; quest’ultimo presenta una
configurazione molto simile a quella della folla ad alta densita. | valori di pressione ottenuti
con il modello sembrano essere comparabili con quelli ottenuti da letteratura.

Vi
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1. Introduction & Objective
Designing an effective evacuation strategy for places of public assembly may present several
challenges. Every building or public area is unique and operational efficiency during
emergency egress cannot be fully tested until a real crisis occurs. Therefore, the challenge is
anticipating the scenarios that may occur during an emergency, especially when they involve
the complexity of human behaviour [1]. How can this be done?

Pedestrian movement has been empirically investigated for more than four decades [2][3][4].
Initially, these studies were performed based on direct observation and the main goal was to
develop a Level-of-Service concept [5][6]. The use of modelling tools has been introduced
relatively recently, and they have been used more extensively within performance based
design since the middle of the 1990s [7]. Those tools may take into account the self-
organization effect of the pedestrian crowd, which is the result of non-linear interactions
between many objects or subjects without the intervention of external influences, causing
different kinds of spatial-temporal patterns of motion [8]. A phenomenological approach to
define crowd states that: it is a group of people sharing the same space and focus and where,
typical phenomena like lane formation or speed reduction, due to high densities, are
observed [9].

Modelling Crowd Low density Normal density High density Extreme density
Motion p< 0,7 person/m? p< 2 person/m? 2<p< 6 person/m? p > 6 person/m?
Investigated Aspect Movement Interacting Movement Interacting
Force Force
" Rough Detailed
Level of |
evel of detai Calculation Calculation
. Gas Flow Fluid Flow Fluid Flow Granular Flow Fluid Flow Granular Flow
Physical Model
Vel ‘ Model J{ Model ] [ Model ’ Model Model Model
Dilute Flow Dense Flow Jammed State
Crowding Jamming

Figure 1. Approaches for modelling crowd motion. The scheme shows a summary of the possible
physical model to use performing and investigating the crowd motion according with the density level
and the investigated aspect. It has been developed referring to the literature review.

There are two distinct approaches for modelling crowd motion [10]. The first one treat
pedestrians as discrete individuals, which are modelled by using a granular material. The
second approach, applicable only in large crowds, treats the crowd as a whole, using a fluid
behaviour assumption. A schematic summary concerning the following discussion about this



topic is provided in Figure 1, which shows the possible combinations among physical model,
density crowd motion and investigated aspect. Many assumptions are necessary to develop
a scientific approach to study the pedestrian and crowd movement. From this prospective, it
is not surprising the attempt to establish similarity among pedestrian behaviour and classic
physics fields [11]. Previously pedestrian crowds were considered behaving like a gas, when
density is low and people can freely move [5], or a fluid, at medium and high density when
the motion of pedestrians shows analogies with the fluid motion [5][10]. In fact, observing
footprints in snow they look similar to streamlines of fluids [12]. At borderlines between
opposite directions of walking one can observe “viscous fingering” [13]. The emergence of
pedestrian streams through standing crowds [14] appears analogous to the formation of river
beds [15]. However, this approximation is valid only in some instances, due to the interaction
of the particles, i.e. avoidance and deceleration manoeuvres, and this assumption seems not
to be valid at very high-density level [5]. In fact, similarities with driven granular flow can be
observed at very high densities, when pedestrians tend to frequently change their speed and
direction resulting in complex interaction among each other [16]. It can be stated that fluid

|II

dynamic analogies is reasonably valid in “normal” situations, on the contrary granular aspects
dominate at extreme densities [17]. It seems to be reasonable to apply the fluid similarity for
high density, due to the strong interaction among particles, which makes the pedestrian move
as a unicum [18], like in wave front formation. However, the issue of investigating the impact
of contact forces among pedestrians is still a problem. The validity of physics models seems
to be strictly related to what we are looking for. For rough calculations, which are fast and
easy to handle, flow similarity is well suited [9]. If detailed results are required, such as the
sequence of an evacuation and spatial and temporal distribution of congestion, hydraulic
modelling may not be sufficient in most cases [9]. In this circumstance influences like
populations characteristics are decisive. These can be represented in sufficient detail in
microscopic models only [9]. The evacuation process can be modelled on many different
levels of details, ranging from hydro dynamic models to artificial intelligence and multi-agent
model [19][20]. The increased diffusion of the artificial intelligence has made possible to come
up at a realistic human motion models combining the Helbing’s social force model [20][21]
with Laumond’s human locomotion model, which may reproduce the pedestrian motions
both in free space and highly crowd environment. This is called Headed Social Force Model
and it is still at a preliminary stage [22]. The dynamics must be described and understood on
different levels from the physical, physiological, psychological and social. For this reason the
scientific investigation of evacuation dynamics involves many research areas and disciplines

[7].

Research has analysed first the laminar flow, where the motion is fast and smooth, stop and
go flow, and finally the turbulent flow in the presence of extreme density, where backward
phenomena can occur [23]. Helbing at al. investigated the behaviour of pedestrian crowd
under extreme conditions, which is decisive for the safety of crowds during the access to or



egress from mass events, as well as for situations of emergency evacuation [23]. There is still
a lack of empirical studies of extreme crowding [23].

Advances in the understanding of this processes have only begun recently, after the physics
of granular materials have been under intense investigations [24]. It is now believed that the
diverse phenomena of traffic flow, pedestrian flow and floating ice are related to the non-
linear behaviour of granular materials, which can exhibit both solid-like and fluid-like
behaviour. These peculiar properties give rise at least at three important “states” in granular
flow, namely the dilute flow, the dense flow and the jammed state [24]. The phenomenon of
crowding can be understood as a transition from dilute to dense flows, and that of jamming
is a transition from dense flow to a jammed phase [24]. The nature and the properties of the
transition are governed by the interactions among the granular particles in the flow. In
principle, these transitions and states can be well characterised when these interactions are
known such as in the cases of equilibrium system.

Nevertheless, the model of a crowd is still under debate, based on the human behaviour
literature the pedestrians are often modelled as simple “particles” that interact with each
other. However, other studies point out that, when crowd density equals the plan area of the
human body, individual control is lost, as one becomes an involuntary part of the mass [25].
The force among people is the crucial factor that results in casualties, and it has been formed
only when the density is higher than certain threshold value [25]. As Fruin has reported: At
occupancies of about 7person/m? the crowd becomes almost a fluid mass [1]. Shock waves
can be propagated through the mass, sufficient to propel them distances of 3 meters or more
[26].

The awareness that the pedestrian streams are one of the most important factors to ensure
the safety of people can be tracked back to more than 100 years ago [7]. The starting point
for studying the influences of the emergency exits and the dynamics of the pedestrian
streams was the disaster at the Troquois Theatre in Chicago with more than 500 fatalities,
where only the decoration of the building burned, demonstrating the need for more effective
evacuation planning [27]. In recent years there have been several major evacuation incidents
which gained the global attention. For example, the terrorist attacks of 9/11 (2.749 casualties)
[28][29] and the capsizing of the Baltic Sea Ferry MV Estonia in 1994(852 casualties) [30].
Other example, which have been affecting the public opinion on the topic are the
Hillsborough stadium disaster in Sheffield in 1989 (96 casualties) [28] and the crowd crush in
Baghdad in 2005 (1.011 casualties) [31]. Furthermore, recent terrorist attacks are getting
more frequent all around Europe [32] such as Nice 2017, Barcelona 2017 and others [6].
Crowd incidents occur also due to other reasons, such as the case of Torino 2017 [33] in which
a rapid evacuation was allegedly initiated by a pepper-spray attack and more than 1.500
soccer fans were injured. The same initiating event has led to a crowd crash in a nightclub in
Corinaldo 2018 (Italy) [34][35], in this case 6 casualties and 120 injuries were recorded. The
initiating event in all above mentioned cases are very different, from external human



antagonistic scenarios (e.g., terrorism or looting), to external physical dangers (fire) and even
false alarms associated with absence of any actual threat [7]. A common factor is the
collective phenomena. High people density is known as a critical factor in crowd management,
which is becoming a relevant aspect in large event organization. Actual examples, such as the
Love Parade in Duisburg [36] pointed out how the combination of high density of people,
evacuation planning issues and operational errors can be enough to trigger a tragedy. The
analysis of the critical flow conditions, local densities and velocities can help to make decisions
concerning the measures to adopt in case of crowd events. A trustworthy “performance
analysis” allowed a good prevision and in this way an anticipative crowd control became
possible increasing the level of safety during mass events.

To clarify this concept, during the safety management plan for an event, a pre-determined
design density is generally accounted for in order to satisfy a prescriptive code. Nevertheless,
it may occur that, even though the regulation seems to be fulfilled in terms of static-density,
in certain locations, where we have a dynamic-density, the local density that may occur can
be much higher than the one previously estimated. It represents a serious safety issue, which
may occur in a variety of scenarios. Nowadays, this is often related to the complexity of the
building egress design due to the concept of “liquid architecture”, and in the outdoor urban
context due to the physical barriers/elements in place, e.g., the street-branches surrounding
a square. Marcus Novak [37] proposed in 1993 the term “Liquid Architecture” in relation to
virtual reality, in the telematics information era and Zygmunt Bauman applied the concept of
liquidity in 2000 in the sociological sphere probing the relationship between architecture and
landscape [38][39][40]. This definition underlines the complexity, mutability and continuity
of space and pathways from both a planning and building prospective.

Events and festival may take place outdoor involving thousands of people. A particularly
challenging situation is the case of religious or traditional events, in which the most relevant
feature is that they may not occur in areas designed for large scale events, as arenas or
stadium. Furthermore, these events usually include different sub-events, as music party in
squares, parades, ritual ceremonies [41]. All of these presents a set of challenges from the
perspective of evacuation safety, some of which are the same identified for music festivals
[42].

Pedestrian dynamics is a complex subject, which needs to be investigated taking into
consideration different density conditions. Data-sets investigate low density conditions; by
contrast the very high end regime of densities (i.e., above 6 person/m? [43]) are rarely
investigated. This is reasonable, since it is difficult and sometimes dangerous to set up
experiments or perform field observations in this regime. Nonetheless, these high density
scenarios may occur, and often lead to critical conditions for both design and operation [44].

Numerical simulations can be used to test evacuation plans or reproduce the ordinary
movement of a crowd inside a specific area. Obtaining qualitative and quantitative
information on evacuation times, space usage and high local densities in critical points, e.g.,
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the merging flow, should therefore be considered a key aspect to consider in such type of
analyses.

1.1 Purpose and Aim

The phenomena of crowding or jamming are common in our daily lives related to the
frequency of crowd or large concentrations of people events happen in the modern society.
The objective of this thesis project is to investigate crowd dynamics in case of high-density
scenarios. More precisely, the overall aim is to investigate the macroscopic parameters, i.e.,
density, speed and flow, relating them to a real case study considering high-crowd density
scenarios. Furthermore, the intention is to look at both the analyses of the observed data
from video and the simulation issues connected with high density scenarios. It has been
observed that these large gatherings of people generally occur without serious problems,
although occasionally the combination of inadequate facilities and deficient crowd
management results in injury and death, often related to the increase in pressure among
pedestrians [26]. In light of that, further objective is to give a simple model to evaluate the
local pressure.

The eidos is to point out the issues from the specific case study under consideration in order
to give possible suggestions applicable to other cases.

Firstly, the main core of this work has focused on the merging-diverging flow, also called T-
junctions. They represent one of the most common configurations in public infrastructures
that may lead to a critical hazardous situations. Studies [45] showed that there have been
numerous fatalities and injuries due to crowded situations in the bottleneck areas.
Nevertheless, empirical data required for model calibration and validation are limited in the
literature, as mentioned before, as well as the investigation of the flow directions on the
performance of pedestrian flows [46]. Recent studies [47] showed that the major shortcoming
of the existing models is the lack of appropriate validation with empirical data especially
concerning complex crowd movement patterns [45][48]. Relevant crowd dynamic parameters
have been extracted and analysed from a case study in light of these considerations. The
investigated scenarios is the “Festa di San Giovanni”, an outdoor event located in Torino
(Italy). These type of events are common in Italy and worldwide, and generally include very
crowded scenarios, due to the complexity of the site and the heterogeneity of people. People
movement data-sets are the starting point to understand pedestrian crowd dynamics in a real
event.

The movement of large number of pedestrians in complex built environment, such as open-
air events is important from a safety point of view. Understanding the pedestrian crowd
dynamics is crucial, in order to develop design solutions to minimise the negative
consequences.

In order to develop a design solution to prevent or minimise damaging consequences of
crowd disasters, it is necessary to develop reliable models. Those should be able to perform



and predict with accuracy the critical aspects that might arise in a certain context, such as
high density scenarios. This is an ongoing hotspot concerning the evaluation and the ability
to predict high local densities. In the context of this work the Pathfinder [49][42] evacuation
model has been tested in local high density scenarios. The accuracy of the model prediction
has been evaluated by comparing field observations and model results based on a range of
input configurations.

Secondly, the accident-causing theory has been used to investigate overcrowded pedestrian
scenarios and possible crowd disasters [50]. A simple method to evaluate the physical forces
among pedestrians in high density scenarios has been developed.

Finally, a short overview has been made on the impact of crowd management strategies on
congestion levels and densities. The large scale events has been referred and a crowd
management strategies for large-scale evacuation has been identified.

1.2 Limitations and delimitations
In the context of this thesis, the boundaries within the work have been name delimitations.
The constraints which have been faced during the work performed are named limitations.

All the assumptions made in order to analyse the video recordings represent a delimitation of
the analysed scenario, which have been listed in the section 3.2.1. Briefly, pedestrian speed
has been evaluated considering only the straight movement. Children carried on the back
have not been considered in the counting to evaluate the density and strollers have been
counted as a person. In addition, the area outside the bottlenecks has been analysed in a
gualitative way from the video and in a quantitative way from the simulation tests. Only the
results linked with the high-density scenarios have been presented here.

Data collection, software and physical model in use are associated with a set of limitations.
Data accuracy is limited by measurement uncertainties, e.g., the location and the quality of
the camera recordings. Furthermore, the analysed data come from normal movement but the
intention is to extrapolate them to emergency scenarios.

Software limitations are related to the program itself, e.g., limitations in the obtained results.
These limitations are affected also by the absence of a wide data set available in the literature
and a lack of experiments and field observations in high density scenarios.

Concerning the physical model in use, the fluid dynamics analogy may be reasonably valid in
middle density ranges; on the contrary, granular aspects may dominate the flows at extreme
densities. Nonetheless, this has been considered a reasonable approximation when looking
at the macroscopic parameters, such as density, speed and flow. The analysis has been
developed considering the crowd as a fluid. A short time interval has been considered
between each measurement, i.e., 1s. This has been done to have a more precise data to
perform the analysis, and later assess noise related to the post processing of the data. The
evacuation model Pathfinder use a set of assumptions to reproduce the variability in human
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behaviour during the evacuation, e.g., delay time distributions, etc. For this reason, it is
necessary to perform a number of repeated runs to evaluate a convergence in the results
[42][51][52]. To address this issue, the post processing of the data from the simulations was
performed considering moving averages, so that the convergence is intrinsically solved within
a given simulation.

1.3 Pedestrian and Crowd Dynamics
Crowd Dynamics can be defined as the study of how and where the crowds form and move.
At high density there is the potential for overcrowding and personal injury. It is therefore
important to understand the dynamics of crowds, how crowds understand and interpret
information systems, how management systems affect crowd behaviour. This field of science
has been called crowd dynamics [1].

How can high density be defined? What can be considered as high density is not unequivocal.
The occurrence of high density is related to the body size distribution, which has a dramatic
influence on the speed-density relationship and the fundamental diagram [53][54]. For
example, it has been observed that the average diameter of Maccah pilgrims is smaller than
the European or American citizens [23]. This difference causes discrepancies in the collected
and analysed data when comparing them to different studies. In fact, it would be desirable if
measurement from different countries could be mathematically transformed to a universal
curve [23]. This may be possible only giving an unequivocal definition of the density.
Predtechenskii and Milinskii in 1978 gave a density definition based on the project body area,
which also had limitations due to the fact that not all video recording are taken
perpendicularly, which is very rarely performed in field observations. Furthermore, the
cultural setting affects not only the body size, but also the walking speed and the comfort
distance. For example, the fastest average walking speed to walk down 60ft (18,288m) of the
Singaporean population (10,55 s which correspond to 1,73 m/s) is three times higher than
the slowest Malawian one (31,60s which correspond to 0,58 m/s) [55], see Figure 2.
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Figure 2. The cultural setting has effect on the walking speed, comfort distance and body size
distribution, which combined together define the occurrence of high density condition.

Understanding crowd dynamics is essential to design crowd safety [1]. This section has been
developed giving an overview of the complex problem related to the “laws” of crowd motion
in light of this principle.

Complex movement patterns are frequently observed in major public infrastructures, ranging
from uni-directional to multi-directional flows, which may result in increased number of
conflicts, resulting in delay and congestion [56]. Conflict refers here to uncomfortable and
undesired interactions among pedestrians, due to multidirectional movements. Duives at al.
[57] proposed a classification of crowd motion cases based on the flow patterns. These
consists in two main categories, unidirectional flow, i.e., straight flow, rounding a corner,
entering and exiting, and multidirectional flow, i.e., bidirectional flow, two strips crossing
flow, more than two strips crossing flow and random crossing flow without focal point. The
combination of these cases could be able to cover the entire range of complex scenarios [57].
They stated that the simplest pedestrian motion is walking straight in one direction at uniform
speed, unidirectional and uniform movement. Nevertheless, the speed and direction changes
leading to more complex interactions among pedestrians. When the speed changes, internal
conflicts are generated within the crowd [16]. These multidirectional movement types trigger
most of the crowd disasters. In presence of high-density situations, the body movement is
restricted by the interaction with the surrounding pedestrians. A further increase of flow
compression waves may cause accidents [58][59].

The complex movements represent the combination of individual and crowd motions.
Considering similarities with the world of physics, especially with the fluid flow, people have
a choice in their direction, have no conservation of momentum and can stop and start. These
factors make people different from a fluid [1]. Physical movement variable, i.e., speed, density
and flow, might be more easily calculated if the behavioural variable, i.e., desired walking
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manner due to the competition of space and time, were not taken into consideration.
Nevertheless, those variables cannot be neglected. The interaction among behavioural and
physical movement variable become more and more complex at high densities, which makes
the prediction of the movement much more difficult [60].

In order to classify these movements, during the last two decades, research has been carried
out to investigate pedestrian traffic system [16]. The first form to collect physical movement
data concerning crowds was employed by researchers such as Hankin and Wright [61] in 1958
and Predtechinskii and Milinskii [43] in 1969. This method consisted of one scientist walking
within a crowd of moving people, and timing his transition from one test point to the next in
order to estimate the average speed of the group that he was walking with. Another scientist
was counting the number of people passing through a previously located ‘test line’, over a
specific period of time, to calculate crowd flow rates. Recently the data collecting form used
is the analysis of time lapse photographs [60].

Phenomenological description of collective effects

Shi at al. [16] classified the complex movement in two general categories, the Externally
Governed Movement (EGM) and the Internally Driven Movement (IDM) based on the
governing factors of the motion patterns. The EGM is dominated by the interaction between
pedestrians and external factors such as infrastructure constraints, e.g., T-Junctions [45]. The
IDM, which consists in spontaneous configurations due to interpersonal interactions driven
by the willingness of pedestrians to behave in their own manner or following the need for
affiliation, e.g. Lane Formation [62]. The macroscopic effects reflect the individuals’
microscopic interactions, thus give important information for any modelling approach [7].

Figure 4 [16] shows the combination of External and Internal movements. In the graph, the
dotted line represent the interface between EGM and IDM pointing out that may could be
overlapping between these two movements, e.g., merging flow may display ‘lane formation’
or ‘faster is slower effect’. Furthermore, it can be seen in the graph that as soon as the
complexity of the movement increase also the crowd dynamics become more complex. Over
more, the crowd dynamics is affected simultaneously by both EGM and IDM, which are not
absolutely independent among each other.

In Figure 3 is represented the purposed categorization by Duives at al. [57], extended at other
complex movement introduced by Shi at al. [16], i.e., turning, weaving, merging and diverging.
These movements have been investigating theoretically or empirically in literature [16]. The
main point was the investigation of unidirectional flow (straight flow, rounding a corner,
entering and exit) and multidirectional flow (bidirectional flow, two strips crossing flow and
random crossing flow). Starting from a unidirectional movement, the pedestrian motion can
get complex moving in counter flow, merging, diverging, and waving or in presence of random
flow [16]. The more complex become the moving the more uncertain become the prediction
of walking directions and potential conflicts. As can be seen, the hierarchy of the complex
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movement is well defined and it has been possible decompose the EGM in seven main motion
based patterns: straight line, turning, egress (stripping) and ingress (stuffing), opposing,
weaving, merging, diverging and random flow.
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Figure 3. Diagram of external governed complex movement in two dimensions (2D). It represent the
complex movements that have been investigated theoretically or empirically in literature [16]. In case
of 3D spaces, e.g., staircases, the movement may get more complex.

The EGM generate observable flow patterns, which generally occurs at fixed locations. As
shown in Figure 3 these movements can be classified in two subcategories (uni -directional
and multi — directional flow).

The IDM represent more complex patterns due to the possibility to be observed only in
peculiar condition, such as location and flow status. These represent the major causes in the
dynamic of crowd disaster as arises from empirical study [46], where the sudden transitions
from laminar to stop and go and turbulent flow was responsible of a fast and sudden rate of
pressure release comparable with earthquakes.

The graph made by Shi at al., Figure 4, highlight the complexity of the way to classify
pedestrian behaviour and the similarity with physical models. In it are shown the self-
motivated individual and crowd motion behaviour (overtaking [63], evading [64], following
[65], self-slowing [66], queuing [67] and grouping [68]) and the self-organization phenomena
(herding[69], bubble effect [1], lane formation[62], stripe formation [1], zipper effect [70],
oscillatory flow [71], faster is slower [21], freezing by heating [72], stop go waves [73] and
turbulent flow [74]). Some of these concepts have been largely debated in the pedestrian
dynamics community.

14



A
sl
Internal Driven Movements —_— N —
Self-organization phenomena . Turbulent flow
L - - Stop-go wave
P > Freezing-by-heating / Transition
il - .
i Faster-is-slower L/,/ .-
s o’ -
4 » s Oscillatory flow .
- Individual and crowd A ’ -
A C e
g motion behaviors HA -
A i Lane & Stripe formation _.-~
> G
2 J/// Bubble effect s
3 _— G ) PN e Random flow
& p : -
5 // Grouping | erding _ .- -
P - Queuing e Merging
'; r Self-slowing e ] & _—
2 Following Pt Weaving | | Diverging _—
g l:'\‘admg PPt = Counter-flows e
<o Overtaking ar? Ingress J —
0 i
£ FhT & / // //
Z - e
g - Turning 5o e
2 " /// // Multi-directional fl
< o all i = - Multi-directional flows
— Straight line =L N L
- ~ e
// // >
I/L/ ////
-
//
= i I
[//// . g External Governed Movements
Uni-directional flows

Increasing Complexity of Movements

Figure 4. Classification of a complex movement, taken from Duives et al [16]. In the green box have
been highlighted the multidirectional flow observed in the analysis.

The overview of the complexity of motions, which may be present in a field analysis scenario,
it has been considered essential in this work in order to easily and better understanding the
choice behind the developed analysis and the understanding of the results.

1.4 The relations among macroscopic parameters in crowd dynamics
Macroscopic parameters of pedestrian crows include density, speed and flow and their
relationship represent the so called “fundamental diagram”. This diagram is used in
engineering field in order to assess the performance of pedestrian facilities [75][43][76]. It
helps establishing the relationship between volume, speed and comfort at different
pedestrian concentrations [6]. In the results section various “fundamental diagrams” used in
planning guidelines and measurements of two selected empirical studies represent the
overall range of the data. This terminology is not broadly accepted by the research
community, since the comparison among these curves reveals substantial differences [7].
These differences are still under debt and they may depend on several factors, e.g., cultural
and population differences [46], differences among uni and multi-directional flow [77],
influence of psychological factors given by the incentive of the movement and on the type of
traffic [78]. By contrast, Fruin [76] states that the fundamental diagrams of multidirectional
and unidirectional flow differ only slightly. The only agreement among the different studies is
that the speed decreases with increasing density [7].
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The first study concerning the impact of these variables has been developed in 1970 by Fruin
[6]. He defined the Level of Service concept, where the density and speed relationship have
been stated as guidelines for comfort and safety. He has observed/formulated six levels of
service, from A to F, which provide a qualitative method of designing new or evaluating
existing pedestrian environments [79]. LOS describes the "conditions" in which
agents/pedestrian move, e.g., speed, movement time, freedom of movement, comfort and
density. This correlation is highlighted through the LOS scale that goes from level A, where
agents/pedestrians are free to move without altering their travel speed up to F level, where
the speed of movement is severely restricted [80]. It is important to note that Fruin made his
measurements in a pedestrian street environment. Crowd behaviour on a city street with its
many distractions, and in a normal conditions, is quite different from an egress behaviour in
public space or a high density open-air scenarios, and very different from emergency egress
behaviour [79]. On the basis of the Fruin’s definition of LOS, the crowd exhibits marked speed
reduction when space around a person is lower than 1 m?. This is true of a random, non-
directional crowd, such as one would find in a shopping mall or busy city street. Nevertheless,
there are phenomena of high density crowds which fall outside his reported observations [1].
Clearly there is a margin for increased density and flow in a safe and non-threatening
environment.

More recent research [80] highlights the concept behind the definition of Level of Service and
the relation with the Interactive Behaviours, in order to easily visualise the problem.
Pedestrians are influenced by others during their movement, some of these interactions are
helpful to get their targets, e.g., follow effect, while some others may be an impediment, e.g.,
rejections effect. During the process of moving in clusters, common interactive behaviours
will inevitably happen, e.g., over tracking behaviour and evasive behaviour. The
characteristics of this behaviour at different densities are one key element that affect the
pedestrian flow and the ability for pedestrian to evacuate safely. These characteristics are
decisive indicators to evaluate the Leve of Service (LOS) of pedestrian flow. Previous studies
have been mostly focussed on distances necessary for overtaking, evasive and weaving
behaviours to occur at a microscopic level, and on frequencies at a specific density on a
macroscopic level [81].

A review study, concerning the Level of Service based on characteristic of Pedestrian
Interactive Behaviours (PIBs) and developed in 2015, pointed out that available space for PIBs
is the main factor contributing to the intensity features [80]. The intensity of PIBs initially
increases in a moderate density scenario, while decreases in high density condition, due to
reduction in space. In LOS E and F almost no one of the pedestrian interactive behaviours can
occur, due to the high restricted space. Pedestrians can only follow the others. When the
density increases, intensity of PBIs increases to the maximum value at a certain density, 0,5-
0,6person/m?, LOS D. The increasing trend of intensity reflects the increasing interactive
effect among pedestrians and the demand for taking PBI is also rising. For high density the
restriction for taking behaviour becomes stronger and stronger, at a such point that from LOS
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D it turned into LOS F, where the pedestrian flow condition changes from interference with

each other to restraint among pedestrians [80].In Figure 5 it has been shown a schematic

summary of the reviewed LOS related to the PIBs.
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Figure 5. Description of Pedestrian Interactive Behaviour (PBls) and the revised LOS based on Fruin [80]

The LOS standards, as a design criteria, is clearly an ideal guideline to achieve. But flow does

not cease at the Fruin LOS-F. The Fruin Level of Service is a good guideline to be used as a
general rule of thumb. Fruin also states his concerns clearly [1].
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2. Methodology
The workflow of the thesis is presented in Figure 6. The first step of this work was to create a
knowledge background to work on, looking into the state of the art. The literature study has
looked at existing research regarding pedestrian and crowd dynamics. The main methods for
measuring pedestrian density, flow and speed in real observational studies have been
reviewed.

. Crowd Crowd Crowd
Literature
Review Movement Pressure Management
Modelling Analysis Implications

Figure 6. Thesis workflow. It represents the steps and aspects taken into consideration in representing
high-density crowd evacuation scenarios.

Secondly, video observation analysis was performed in high density scenarios. This choice was
made noting that in the literature the available data in this topic are mostly related to low up
to middle densities scenarios [43], i.e., 0,1 to 2 persons/m?, since to get data in high density
conditions is a very complex problem, due to ethical issues, relative to setting up laboratory
experiment and practical problems to perform field study as well. In this way, the macroscopic
parameters of pedestrian crowd, i.e., density, speed and flow, using the hydraulic model and
for a specific case have been found.

The following study has been performed to compare the output obtained from the video
analysis with the output get from the simulations. The objective is to test the program in high
density scenarios setting a model, which can simulate the scenario analysed in the reality, i.e.,
showing the same critical aspects found in observation field, e.g., the local high density. In
this case the investigation has been performed in a bottleneck area. In 2014 an experimental
study on pedestrian flow through wide bottleneck has been made [82]. The statement of this
study was that the density and speed inside the bottleneck do not depend on the bottleneck
width and a linear relation has been found between flow and bottleneck width, up to 5 m.
However, this linear relation does not exist anymore if data from steady state are used in the
analysis [82]. It has been pointed out that the density decreases in the bottleneck if compared
with the recorded density in the front of the bottleneck [82]. The data obtained in the
simulations task mostly agreed with the literature statement. Further details have been
referred in the section 3.4.

Before running a simulation, a model should be selected. Evacuation can be represented in
computer models in different ways, each having its own advantages and limitations according
to the geometry and evacuees representation [83]. There are two fundamentally different
ways of representing people in evacuation models, i.e., macroscopic and microscopic models
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[84]. The microscopic approach is today the most common way of representing evacuees
[83], who are represented by an autonomous agent with certain properties, e.g., pre-
movement time, travel and speed. This approach is more similar to the reality rather than
macroscopic representation, because the crowd movement is the result of individual
movement of people in large group. Concerning the geometry, it should be mentioned three
basic ways of representing the space, i.e., course network, fine network and continuous
models. The most sophisticated method is the continuous models, where the geometry is
represented by a continuous space containing agents. They have coordinates describing their
location and they are not restricted by a grid or network, they can move instead around freely
in the continuous space. This model allow for the closest representation of actual people
movement. For a more comprehensive classification system and an evaluation of the pros
and cons the reader may refer to [85][83].

The method used in this study was the application of evacuation modelling technique [42], to
simulate large scale evacuation scenarios with high level of sophistication adopting a multi
agent based model with continuous modelling approach.

To test the accuracy of the model, a series of 42 tests have been performed. The results have
been summarised in Appendix B - Main results obtained in the Tests” Task.

. This may bring out the problem of the Circle Validation Issue due to the fact that the model
has been set based on a single experimental data set. However, this is not the case since it is
not a proper validation, but a test and in this specific part of the work the main focus have
been the investigation of the parameters, which most affect the local high density in a
continuous model.

Direct consequence of the high density is the increase in interacting pressures among
pedestrians. This topic have been introduced in chapter 4, where prediction of human crowd
pressure will be investigated, but it is not the main topic of this work, and more study is
necessary to better understanding this issues.

To sum up, possibilities concerning how these issues can be managed were introduced in the
discussion part, and possible crowd management strategy for safe evacuation purposes were
discussed.

Uncertainties present in this work

Most of the evacuation models use a probabilistic approach, which means that it is necessary
to take into account the uncertainties related to the variability of human behaviour [86].
During the modelling work, four different types of uncertainties have been considered [87].

Measurement uncertainties, which are directly linked with the data collecting or pedestrian
tracking techniques employed. Video analysis has been made in a crowded outdoor scenario,
and the observation of pedestrian with a camera pointed out several factors affecting the
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accuracy of these values, e.g., the distortion angle, image resolution affected by the camera
and also by the day time of the video recording and especially by the level of the density
reached during the video tracking. In video analysis study, is given as a general rule the
location of the camera perpendicular to the observed area, to reduce the shadow effect that
generally taller people have on shorter people. In this case it has not been possible. The
quality of the video has been found clear during the daylight and with low-density flow, as
can be seen in Figure 10, although has been found extremely poor in the darkness and in
presence of a high-density flow, as already saw in Figure 11. These uncertainties have mostly
been affected the counting of the people during the stripping phase, when the combination
of the angle of the camera, the darkness, the high-density and the dominance of dark clothing
made the counting more difficult.

Model input uncertainties are associated with the post production of the data recorded
during the measurement phase and that has been used as model input. Several assumptions
have been made in order to simulate the observed local density in the real scenario, e.g., the
body size of the agents, the walking speed and the comfort coefficient.

Intrinsic uncertainties associated with the model used for the simulations. Properly, these
uncertainties depend on the physical and mathematical assumptions behind the model. In
this context a continuous model, Pathfinder, has been used [84].

Behaviour uncertainties [88][84], which are linked with the stochastic nature of the human
behaviour .

“In this work behavioural uncertainty has been treated considering the average of the density,
speed and flow with a time interval of 1s. Due to the moving average approach for both the
data processing of the video analysis and the final simulations tests performed, the same test
has not been run several times. It was not necessary to verify the convergence, since they are
moving averaged values, for this reason intrinsically convergence. The moving average is a
method for smoothing time series by averaging a fixed number of consecutive terms.
Generally, the longer the interval of the average, smoother is the resulting series [89]. In this
context a time interval of 5 seconds has been used due to the time analysis of the video, since
the moving average is not defined for the first and the last time series values. In order to
compute the moving average for those values, the series must be back casted and forecasted.
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3. Low Density vs High Density: comparison of two opposite situations

observed in the same study case
The values of density, speed and flow for a wide bottleneck had been investigated here in
free flow movement and congested flow. More specifically, an outdoor situation has been
investigated focussing on a public event, “Festa di San Giovanni” on 24" of June 2018 in
Torino, Italy. In that day the following analysed data had been collected.

3.1 Setup and geometry of the investigated area
The observed case study is a traditional outdoor event in the city involving a large number of
people (around 35.000 people).

The event has taken place in Torino city centre, particularly in the areas of Piazzetta Reale,

Piazza Castello, Piazza S. Carlo and the surrounding zones as shown in the Figure 7. An
inspection to the area where the event has been carried out had been made, in order to locate
the camera location and to become familiar with the walkways in the area.

Figure 7. Framework of the monitored area. The image, taken from Google maps, show the location of
the event, Piazza Castello, and the Analysed Gate, which connect the square to Via Garibaldi. This gate
was used to leave the event place.
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More specifically, the focus is the Gate where Piazza Castello merges with Via Garibaldi, which
represent one of the major way out from the square with its 11,2m wide. The monitoring and
the follow-up have taken place through one camera placed on the balcony of the first floor in
a hotel building located in Via Garibaldi, with the view direct to Piazza Castello as shown in
Figure 9. The camera was a Sony HDR-30 Full HD 1920*1080 50p and it has been placed by
the GAe Engineering srl, which took permission from the municipality to place the camera.

Stuffing Phase

The inflow was headed
to Piazza Castello, before
the starting of the event.
Monitored area 67 m?.
Low density scenario
(peak 0,7 person/m? ).

Stripping Phase

The outflow was headed
to Via Garibaldi at event
over.

Monitored area 13,5 m2.
High density scenario
(peak 6,8 person/m? ).

8.35 p.m. 10.55 p.m.
Via Garibaldi | Piazza Castello
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Standing = affecting the + Stop and go = local
local density / variationin
' speed
Free Flow = at range of
N density less than 0,3 *  Weaving = fluctuation inthe y
- — person/m? direction
Piazza Castello J _ ViaGaribaldi
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Figure 8. Time line of Stuffing and Stripping Phases. The observed times have been the “Stuffing phase”
at 08:35pm, when the inflow was headed to Piazza Castello, before the starting of the event, and the
“Stripping phase” at 10:55pm, when the outflow was headed in the opposite direction at event over.
The monitored area during the “Stuffing phase” has been measured 11,2m*6m instead during the
“Stripping phase” is around 11,2m*1,2m. The difference in covered area is due to the change in angle
of the camera during the recording time.

The two time frames analysed have been selected due to the two extreme opposite
situations, which can be summed up in free flow concerning the “Stuffing phase” and
congested flow in the case of “Stripping phase”, see Figure 8.

In this walkway two exits merge in the studied area, as we can see in Figure 9, people coming
out from/going in other exit increase/decrease the number of the people present in the
control area, which affect the recorded local density.
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Figure 9. Schemes of the analysed area and the flow directions in the two different phases. In the
image, in red is shown the analysed Gate (Bottleneck) and with the dots line the view camera.

Expecting high number of people, a crowd management approach was used during the event,
which included the presence of stewards placed along the back roads jointed to the main
walkway. The stewarding task was to monitor and limit an additional influx, which could have
caused an increase in density, and consequently in pressure. This control was put into practice
thought a hand counting conducted in each gate and communicated at a central system, head
quartier, which was monitoring all the gates in order to control the number of people present
in the square at the time of the event.

Four behaviour/flows have been observed in this event, which in some case coexist in the
control area due to the extension of the same:

1. Standing, which is considered when the people do not move inside the control area
but they will affect the local density;

2. Free flow, that is defined as the flow which occur at range of density less than
0,3person/m? [80], in a more intuitive way, when people move freely in the control
area and overtaking behaviour can be observed;

3. Stop and go flow, the pedestrian slow down the speed until they stop and then they
start again; in this case the local variation in speed becomes important to decide
between starting and stopping [90];
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4. Weaving behaviour, the pedestrian motion is extremely slowed down. Considering a
Cartesian system, the motion of pedestrian is a fluctuation in the y direction without
evident progression in the x direction.

The first two, i.e., standing and free flow, have been observed in the stuffing phase, which is
characterised by low density. The second two i.e., stop and go and waiving, characterise the
stripping phase which is typified by high density.

3.2 Data collection and processing
The geometric layout configuration was measured manually before the event; CAD drawings
have been compared with them and, furthermore compared to the google earth
measurement.

A video player for sport analysis, Kinovea™ version 0.8.15, was used to analyse the data. The
possibility to insert a prospective grid into the video helped to visualise the control area during
the video footage. The arches converged in via Garibaldi and the vanishing line of the floor
have been used to draw the prospective grid and to define the height of the elevation from
the ground. The control volume has been defined geometrically, according to the rules of the

descriptive geometry as we can see in Figure 10.

Figure 10. Definition of the control volume using a prospective grid during the stuffing phase. The dots
white line in the image is the prospective grid used to easily visualise people in the area. The green
solid lines have been used to build the control volume, to draw them the vanishing line of the floor
have been used. The red solid line has been used to measure the flow. The red cross has been used to
count the people inside the control volume.
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Figure 11. Location of the prospective grid used for the counting of people during the stripping phase.
These values have been used to calculate the raw data for the video analysis. The same procedure has
been applied to each data point in a time interval of 1second. The blue cross in the image correspond
to a head in the control area.

The local density has been determined by taking screenshots, for each second in a timeframe
of 60 seconds, counting people inside the control area at that specific moment and dividing it
over the area. The decision of performing a manual counting has been taken due to the
inefficiency to analyse the frame filtering the colour, because of the quality of the camera and
the homogeneous pattern. This limit was relevant in high density scenario, where the
environmental conditions were not favourable, i.e., night, crowd and dark clothes, as can be
seen in Figure 11.

The density in the area has been estimated AN,, number of people inside the control area
divided over the area A.

p=—7 (3.1)

In order to record the number of people leaving the control area, in the same way, a manual
counts has been made. These values were compared with the one calculated using the flow
equation from fluid dynamics. The results have been shown the values measured from
manual counting, due to the greater relevance being observed values and not theoretical
values.

Q:p*v:%*v:ﬁ; (3.2)
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Pedestrian entering and exiting the control area were recorded, and from these data the local
average speed during the transit across the area was computed.

L
V==
t

; (3.3)
The obtained values have been used to draw the “fundamental diagram”.

Once the values of density, speed, and flow for each of the data points were found locally,
the post processing of this data using a moving average approach has been performed.

3.2.1 Assumptions to analyse the video

The control volume analysed is the Gate, area which connect “Piazza Castello” trough “Via
Garibaldi”, red area in Figure 9.

Due to the aim of the event, the kind of people attended is wide and mixed, namely elderly,
adults, youth, person with different disabilities. Observing the videos, this distinction does
not affect the difference in motion, i.e., “free flow” and “congested flow”, since they are two
extremes situations. Concerning the first motion, people move independently of the density
present in the area. Their movement is mostly affected by behavioural variable, increasing
and slowing down the speed according to the action of other people, with whom they are
walking. Here, the highest speed is recorded for induvial. In the second case, almost a single
fluid motion can be seen, due to the high local density recorded in the area.

In order to perform the analysis some assumption have been made:

1. To evaluate the pedestrian speed during the stuffing phase, the investigated flow is
unidirectional, from the Garibaldi street, to the Castello square;

2. To evaluate the pedestrian speed during the stripping phase, the investigated flow is
unidirectional, from the Piazza Castello square, to the Garibaldi street;

3. The presence of strollers has been considered as a further person inside the control
volume, due to the similarity, in terms of projected area, with a person body size
(averaged dimensions 60cm*50cm);

4. The presence of a child carried on the shoulders of an adult has been counted as one
person (adult + child);

5. The area taken into consideration during the stuffing phase is a surface of 67 m?,
according to the view of the camera, location and rake angle;

6. The area taken into consideration during the stripping phase is a surface of 13,92 m?,
according to the view of the camera, location and rake angle;
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The error has been estimated performing a second independent counting, i.e., made by a
second researcher, on a random 10s included in the 60s. This time was previously analysed
two times.

In Figure 12 and Figure 13 schemes of the grids that have been used to analyse the pedestrian
movement in both situations have been represented.

_ 560cm R « 280 cm .
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120cm
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638 cm : 500cm i l
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\\ 500cm
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Figure 12. Scheme of the estimation of the error
in transit length — Stuffing Phase (Low Density).
The red grid have been used to analyse the
pedestrian movement and to help the counting
of the pedestrians present in the area in a
specific time.

Figure 13. Scheme of the estimation of the error
in transit length — Stripping Phase (High Density).
The red grid have been used to analyse the
pedestrian movement and to help the counting
of the pedestrians present in the area in a
specific time. In this case the length of the grid is

shorter due to the view angle of the camera.

The errors have been found for both high and low density. The resulting values have been
shown in the Appendix A (Tables 1-4).

=7,44 in case of
%)
low density and ep(av)(o/) = 13,28 in case of high density. In the transient time and the speed

The error are in the order of: density, which are the more reliable, sp(av)(

have been recorded higher values et(av)( = 21,19 for low density and almost

%) = gv(av)(%)

doubled for high density st(av)(o/) = =40,33.

Ev(av) (%)

3.2.2 Schemes of the flows

The trajectories have been analysed by visual inspection and mostly focused, not on the
individual movement, but on the whole flow.

The grid used to subdivide the Gate helped to develop the counting process as well as to
identify the flow trend. In the analysed time interval, which has been the time frame 1:10:98
m.s.mms from the starting of the video recording at 03:29:12 m.s.mms, three relevant frames
have been extracted, at 10s, 30s and 50s accordingly. They are respectively shown in Figure
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14, Figure 15 and Figure 16, schematically, to point out schematically the complexity of the
flow in this bottleneck.

The sinusoidal shape of the arrows represents an uneven movement, i.e., weaving and stop
and go movements. Due to the high density, pedestrians tend to move as a wave front, thus
they present the same travel time. This behaviour is pointed out in the Figure 14 where, in
the bottleneck area, it has been noted a complex but organised flow.

In the Figure 15 due to the superposition of several multi-directional flows, i.e., opposing in
the first grid, weaving, intersecting and merging in the other cells, the movement becomes
more and more complex. This complexity increases the local density in the central area, which
then becomes a congested area, where the crowd remain completely still. The presence of
still people in the area affects the density, for all the analysed time frame. In the frame Figure
16 at time 70s, the configuration is almost unchanged compared with the previous one at 50s.

It is interesting to point out that it has been noted an even flow inside the control area, which
lasts longer in case of the high density rather than in case of the free flow at low density.

t=10s:
Piazza Castello
1 2 A 3 4
BlZOcm { % { g
. & N\ \% v
Arches — ) _ Arches
Strong inflow ; Strong inflow
Via Garibaldi
1120cm

Figure 14. Flows scheme of the gate referred to the Stripping Phase at the 10s of the time frames
observed. The shape of the arrows represents an uneven movement, i.e., weaving and stop and go
movements. In the front of the bottleneck the two arrows indicate the intersecting movement of the
crowds. The two straight lines in the opposite side indicate the lateral inflow and the shape of the thin
arrows indicate the merging flow among the crowds.
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t=30s:
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Figure 15. Flows scheme of the gate referred to the Stripping Phase at the 30s of the time frames
observed. The shape of the arrows represents an uneven movement, i.e., weaving and stop and go
movements. In the front of the bottleneck the two arrows indicate the intersecting movement of the
crowds. The two straight lines in the opposite side indicate the lateral inflow and the shape of the thin
arrows indicate the merging flow among the crowds. In the centre of the bottleneck in red oval is shown
the congested area due to the combination of the multidirectional flows, i.e., merging, intersecting, in
several point of the bottleneck region and both in the front and after it.

t=50s:
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B NI

Congested area
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Strong inflow Strong inflow

Via Garibaldi

« 1120cm

Figure 16. Flows scheme of the gate referred to the Stripping Phase at the 30s of the time frames
observed. The shape of the arrows represents an uneven movement, i.e., weaving and stop and go
movements. In the front of the bottleneck the two arrows indicate the intersecting movement of the
crowds. The two straight lines in the opposite side indicate the lateral inflow and the shape of the thin
arrows indicate the merging flow among the crowds. In the centre of the bottleneck in red oval is shown
the congested area due to the combination of the multidirectional flows, i.e., merging, intersecting, in
several point of the bottleneck region and both in the front and after it.
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It has been observed that pedestrians try to exhibit self-organised behaviour by avoiding
conflicts among each other. Despite their desire to stay in their current path, local interactions
occurred at the merging point, which is demonstrated by the mix of trajectories [45]. The
interactions slow down the speed at the merging points. The still crowd between the merging
points highlights that the direction of the inflows may have an influence on the speed and on
the outflow of pedestrians. The presence of a still crowd is probably due to the slowdown in
speed, related with the mixing of trajectory.

3.3 Simulation work
The simulation work is made in order to evaluate the performance of a typical continuous
agent-based evacuation model in high density scenarios. Results obtained from the analysis
have been used to set up the models. The goal is to reproduce the local density and the flow
recorded during the real event.

Considering this, two different approaches have been followed using the output from the
video analysis, as an inputs in the simulation analysis:

1. By setting the body size of the agents to achieve certain density in the area and using
as input the averaged flow observed in the video analysis. To evaluate the possibility
to reach the high local density previously observed in the video analysis phase, a series
of tests have been performed.

2. By setting the body size of the agents to achieve certain density in the area and using
as input the averaged speed observed in the video analysis. Also, in this case a series
of tests have been performed to evaluate the possibility to reach the averaged flow
shown in the video analysis section.

3.3.1 Assumptions and Sensitivity Analysis to set up the model

The sets of simulations has been performed using Pathfinder [91]. In the following Table 1
and Table 2 have been shown respectively the scenarios and the main assumptions that have
been used to run the tests.

SCENARIOS
TYPE Schemes Description

From test T1 up to
T30 the geometry
used to run the
simulations was a
simple T-junction.

Uni-directional flow.
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From test T31 up to
T38 the geometry
used to run the
simulations was a T-
junction combined
with the inflow from
both sides.

Multi-directional
flow.

Test T39 geometry
used to run the
simulations was a T-
junction combined
with the inflow from
both sides.

Multi-directional
flow.

The holding area has
been doubled.

Test T40 and T41
geometry used to
run the simulations
was a T-junction
combined with the
infow from both
sides.

Multi-directional
flow.

The holding area has
been tripled.

Table 1. Scenarios run in the simulation task. The lateral inflows have been simulated using the
Occupant source. The movement group template has been set 90% Movement Group and 10%
Ungrouped. The maximum distance allowed, due to the case, has been set 0,3 m with slowdown time
of 2s. The number of the group members is in the range of 2 up to 10 agents.

The first set of the simulation run, from T1 up T18 in Table 2, had as input the parameters
calibrated, using uniform distribution, in order to cover a wide range of the sets parameter.
This had the effect of making the evacuation scenario as realistic as possible, considering also
the presence of locomotion disability giving the range of velocities of 0,4 m/s up to 1,2 m/s.
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These threshold values closely approximate the minimum and the maximum value of the
interquartile range of the speed found by Boyce [92], on horizontal by presence of locomotion
disability. In the safety plan, on the square were forecast 20.000 agents, which correspond to
an initial density of the area p=1,79 persons/m?2. This density value has been used as a starting
point of the simulations set and it was increased up to 6 persons/m?2. Concerning the body
size, it has been first used the default constant value, 45,58cm.

In the second set of simulations, from T19 up to T24 in Table 7, the uniform distribution has
been used also to set up the body size of pedestrian in the range of 33 cm up to 35,34 cm,
due to the limit in representing high local densities, as shown in details in Figure 17.

In the third set, from T25 up to T41 in Table 7, as input values they have been used the output
values from the video analysis, combined with the uniform distribution of the body size, i.e.,
33,00 -35,34 cm. Using experimental data rather than only default settings had the effect to
make the evacuation scenarios as realistic as possible, while limiting the user effect [93], i.e.,
results affected by the choices of modellers during the process of input calibration [42]. All
the process behind the development of the tests has been shown in the flow chart Figure 18.

More details concerning the tests have been presented in Appendix B - Main results obtained
in the Tests’ Task.

MAIN ASSUMPTIONS
SCENARIO N° Geometry Shoulder Averaged Comfort Imposed Imposed
Gate (m) Width Density in Distance Flow Speed
(cm) the Area (m) (person/ (m/s)
(person/m?) m*s)
1 [T1-T6P] 6,2*6 45,58 1,79 0,080 X unif. 0,4-
and 1,2
0,347
1 [T7-T12] 7*6 45,58 1,79 0,347 X unif. 0,4-
up to 1,2
11,2*6
1 [T13-T18] 11,2*%6 45,58 1,79 0,001 X unif. 0,4-
up to up to 1,2
6,00 0,164
1 [T19-T24] 11,2*6 33,00 - 1,79 0,08 X unif. 0,4-
35,34 up to and 1,2
6,00 unif.0,05
27-0,076
1 [T25-T26] 11,2*%6 33,00 - 4,00 unif.0,05 X const. 0,07
35,34 and 27-0,076
5,00
1 [T27-T30] 11,2*6 33,00 - 3,00 unif.0,05 0,2137 const. 0,07
35,34 up to 27-0,076
5,00
2 [T31-T35] 11,2*%6 33,00 - 3,00 unif.0,05 X const.0,07
35,34 up to 27-0,076 unif.0,05-
5,00 0,08
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const.
0,045
2 [T36-T38] 11,2*6 33,00 - 4,00 unif.0,05 X const.0,08
35,34 27-0,076 const.0,05
5
const.0,07
3 T39 11,2*%6 33,00 - 4,00 unif.0,05 X const.0,07
35,34 27-0,076
4 T40 11,2*6 33,00 - 4,00 unif.0,05 X const.0,07
35,34 27-0,076
4 T41 11,2*6 33,00 - 4,00 unif.0,05 X const.0,07
35,34 27-0,076

Table 2. Main assumptions to set up the tests. The green box in table highlight the main assumption
related to series of tests, in which the recorded local high density in the bottleneck was almost the
same get from video analysis. In the light blue box have been underlined the input related to the tests
where the measured averaged flow found was in the range of the one found in the observation task.
Finally, the lilac box points out the set, which allow to get both local high density and averaged flow.
For details see Appendix B - Main results obtained in the Tests’ Task.

The investigated aspect with this set of simulations was mainly the local density and the flow.
Due to the cylindrical shape of occupants used in Pathfinder, the diameter of this cylinder
represents the occupant and the value, which affects the number of people that can be added
in @ Room without overlapping [94]. This assumption makes a well representation of the
reality in case of low density, but did not allow to represent real condition in case of high
density, as shown in the simulation results. It has been observed that, the characteristic
density cannot be reached with the default body size, setting properly the Comfort Distance,
as shown in detail below.

The subsequent approach has been to change the size of the cylinder in a uniform
distribution, 33 + 35,34 cm, so that to reach the specific local density.

A raw analysis was performed from a geometrical approach. According to the averaged
density p = 6,43%, which was found, the disks with a uniform distribution of 33 cm <

d < 35,34 cm have been fitted in a square metre of surface, as shown in Figure 17.

QNG

C/U\_/ IR,

100 cml

100 cm

Figure 17. Setting of the cylinder’s size. It represent the raw analysis made from a geometrical
prospective to verify the reasonable body size of the agents in the model.
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More specifically, in order to simulate the high density, found in the video analysis, it has been
observed in the Pathfinder that is essential to set up:

The Comfort Distance, which is a parameter that specify the desired distance one agent will
try to maintain in time with others, when he is within the range of them, enabled these
occupants to be close enough when they are queued. This parameter was found, starting from
an occupant area or an occupant density, based on a sphere packing, according to the
equation below:

2
C—%\/a—d, (34)

Where c is the comfort distance, a is the occupant area, and d is the occupant’s shoulder
width. In the specific case, it was assumed as a starting point the maximum occupant density

and a = % where p is the occupant density [94].

First, a simplified model has been tested by keeping unchanged the default parameter of

pathfinder constant d = 45,58 cm, which is in line with the average shoulder width of an

Persons
m2 '’

adult [95]. Concerning the density, it has been used as an upper limit value p =7

which correspond to the maximum local density found by analysing the video. Here, they have
been referred here only the parameters, which affect this analysis.

It is interesting also to note that this formula relates the allowed density in a certain area with
the dimension of the agent in the area. Critical values have been found. These critical values
have been observed as a transitional point between a positive value and a negative value,
which makes the correlation to tell us that a pedestrian with a specific size cannot fit inside
an area with that density. This is due to the way the program models the agents, as a stiff
cylinder, without allowing deformation of the body. Over more, keeping d unchanged, the
maximum density was allowed in that area by defending the default body size as
5,55person/m2. On the other hand, unchanging p, the maximum occupant’s shoulder
dimension is d = 40 cm.

According to the analysis above, and further considerations given below, a total amount of
42 tests, reported in Appendix B - Main results obtained in the Tests’ Task, have been run in
order to achieve the enhanced levels of approximation to the real case, being able to simulate
the level of local density and flow.

It is given below a detailed scheme concerning the approach and the considerations behind
this process:
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Objectives Assumptionsin the model Observations

Definition of a simple Initial Geometry

layout using all the Pathfinder default Pathfinder default
parameters parameters
. . Set up the Comfort Distance (CD) The (CD) parameter affects the
Investigation of the Comfort Dlstf:mce according to the formula shown e g e e
parameter effect on the simulation i id . o .
density results in the user guide body size and the initial density of the
| area
Comparisons of the resulting flow Door’s location Door’s location . .
according to the location of the door following the before the LU G L) tiot:.r L0
and the location of this in relation to Measurement Measurement affects the density in the
the Measurement Region Region Region Measurement Region
Investigation of the Width (W) effect of the .
bottleneck on flow and density in the area. The width increased (one The flow increases not exactly
A series of tests have been run changing the W SR E tir:ne] up to the real linearly. The following tests were run
dimension with real dimension of the bottieneck

parameter.

Increasing the initial density and
setting up the CD parameter, according
to the maximum desired density, the
target has not been reached.

Increasing the Number of
agents in the Holding
Area

Increasing the initial density of the
Holding Area

To reach the desired local density in the bottleneck, according to the data from the video analysis, the body size of the
agents has been changed. In the program, to simulate very high density scenarios, it is necessary to find a balance
among the agent’s body size and the Comfort Distance parameter.
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A series of tests have been run
6 changing the Body size, Comfort
Distance and initial density of the

Changing the €D parameter and reducing
Set up of the body size the body size do not guarantee the
“desired” local density in the bottleneck

Holding area
Introduction of a waiting time in the The exit door set with a Thelwa.'tf:g e I’:‘ V:;h'Ch.th? dcr)]or 15
exit door, to increase the density waiting time close) do not affect the density in the

measured area

To reach the desired local density in the Bottleneck, according to the data from the video analysis, a series of tests set with
those parameters, i.e., averaged velocity and the averaged flow, have been run

Setting the model with the found

parameter, a series of tests have been Input parameters from video Imposing the flow the initial density
run to investigate how the initial analysis (v=0,07m/s; slightly affect the local density in the area,
density of the Holding area affect the Q=0,2137P/m*s) which was reached in all tests

local density in the Bottleneck

Changing the agent’s body size, the comfort distance and introducing the output from video analysis
(v=0,07m/s; Q=0,2137P/m*s) the program has been able to reproduce the local density found in the
Bottleneck analysing the video.

It has been introduced the lateral N

inflow from the arches and the
9 averaged velocity found from video
analysis, no imposed flow has been
considered J

The flow was not used as
input parameters

A series of tests bave bet'en run Changing the initial density 1 The initial density, as expectation, affect the
10 changing the initial density, the in the holding area and the flow. The desired flow has been reached onl
averaged velacity and the comfort & : . S Y
distance bottleneck ] for a certain density, i.e., 4 person/m>

Changing the

Changing the The averaged velocity and the CD slightly
comfort affect the flow and the local density
distance measured in the Measurement Region

11 averaged
velocity

Increasing the HA, the local density in the
Bottleneck has been increased reaching the
Second test the HA tripled desired value. However, the total averaged
flow was respectively doubled or tripled

Changing the geometry, the holding First test the HA doubled
12 area (HA) due to the bottleneck

already had the real dimensions

Setting the body size, the initial density and the averaged velocity according with the output from video analysis the
program has been able to reproduce the flow observed in the Bottleneck.

Both flow and local density related to high density scenario can be simulated by the program. According to the physic, increasing
the density for a fixed averaged velocity, also the flow will increase. It has been possible to reach, from a single simulation, both
flow and local density imposing the velocity, the agent’s body size, the comfort distance and the initial density.

Figure 18. Flow chart related to the developed tests. It shows the steps followed to investigate the
better setting of the simulation model to run in order to achieve, at the same time, flows and local
densities found in the monitoring task (video analysis).
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A further analysis has been made in order to evaluate the different densities observed in the
area of the gate and the vicinity of this one. These values have been measured using a set of
small Measurement Region, in order to get more reliable results. The partitions is due to the
concept behind the MR, which is based on the integration over the interested area, for this
reason and due to the extension of the interested area, more accurate results can be
obtained.

Results and further details have been provided in the following paragraph 3.4.

3.4 Results and critical points (Hotspot)
In this section both results concerning the video analysis and the simulations test have been
presented.

The statistical analysis of the data has been performed by using moving averages.

3.4.1 Video analysis results

Due to the high-density condition the pedestrians assume a waiving behaviour, which causes
trajectories to oscillate along the centre of mass movement of the body. As observed in the
video, this effect become stronger and stronger, as soon as the speed has been reduced,
reaching the maximum when pedestrians are waiting in the same spot and the only
movement allowed is the leg swings. This motion has been interrupted, in some areas, by the
collective phenomenon of the lane formations during the analysed time, as it has been set
out in the paragraph 3.2.2. It is a self-organised phenomenon, due to the extension of the
examined control area.

As expected from the analysis, it is evident that in the Stuffing phase, with the density ranging
between 0,4 <p< 0,7 persons/m?, the speed is higher, 0,3 < v < 1,2 m/s, compared to the
Stripping phase, which has a density range of 6,1 <p< 6,8 persons/m? (see Figure 22), and the
speed is lower, 0,02 < v< 0,08 m/s (see Figure 23). By contrast, it is interesting to point out
that in both cases the flow, Q, does not differ substantially. In the first case was found 0,09 <
Q < 0,25 persons/m*s with an averaged flow value of 0,16 person/m*s or 9,58
persons/m*min. In the second case 0,08 < Q < 0,27 persons/m*s (see Figure 21 and for the
flow Figure 19 and Figure 20) with an averaged flow value of 0,21 persons/m*s or 12,85
persons/m*min.

The results are shown in the following graphs.

Specific Flow and Flow Rate
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Figure 19. Flow-Rate diagram at high density scenario from the video analysis, time interval 5s
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Figure 23. Speed diagram at high density scenario from the video analysis
Fundamental diagrams
As we can see from the graphics below, Figure 24 and Figure 25, it was not possible to build

a fundamental diagram collecting these data. Probably this is linked with the choice to
develop a detailed analysis in a short time frame.

A trend can be seen in the Speed — Density diagram (see Figure 24). In this case, an R? value
equal to 0,82 has been obtained using a polynomial curve of the third order. The speed
decreases by increasing the density.

39



The dotted blue line in Figure 24 represents the function R?, which has been used to
determine the trend line. This factor is a statistical measure of how well the data fit the
regression line. In a range of [0,1] the higher the R?, the better the trend line fits the data.
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Figure 24. Speed-Density diagram at high density scenario obtained from the video analysis

No clear trend can be identified in the Specific Flow — Density diagram. The average specific
flow stands at about 0,21 persons/m*s. The increase in flow according to the increase in
density, at steady speed - corresponding to the few spots in Figure 25 - is probably due to the
lateral inflow from the arches in a certain period of time, which might cause this jump in the

graph.
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Figure 25. Specific Flow-Density diagram at high density scenario obtained from the video analysis

3.4.2 Modelling results and comparison with the video analysis data

In the series of tests that have been performed, it has been shown that increasing the width
of the bottleneck, keeps unchanged the other parameters, while the average speed increase.
The results agreed with the values from laboratory experiments [82], but the maximum that
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was reached speed shows a fluctuating trend. Until 7m width the maximum speed increases,
for 8 mand 9 m width the maximum speed decreases, in 10 m increases and, finally, to reverse
once again in 11 m. More details have been shown in Appendix B - Main results obtained in
the Tests’ Task.

Table 7 from test T6 up to test T12.

The results shown in the graphs below are referring to the more interesting tests carried out,
which correspond to the tests T40 and T41 shown in Appendix B - Main results obtained in
the Tests’ Task.

Both these tests have been set with input parameters corresponding to the analysed data and
the real scenario, such as the geometry of the gate, the initial density of the area and the
constant averaged speed. The initial density of the area corresponds to p = 4persons/m?,
which have been found from iteration in the previous tests. The constant speed corresponds
to the averaged speed v = 0,07 m/s, which has been found from video analysis. The body size
of the pedestrians is in the range of 33 cm up to 35,34 cm. All the other values presented in
the table are outputs obtained from the simulations. According to the real geometry, where
the event took place, in both these tests, the increase of the local density in the bottleneck
has increased the distance between the bottleneck and the holding area. This has been
possible since this distance affects the density of the inflow to the bottleneck and this effect
is similar to the increase of the initial density.

Due to the high densities and the resulted very low speed from the experiment, which is close
to zero, and almost unchanged, the related graphs have not been shown. The values are
mentioned in Table 7 (Appendix B - Main results obtained in the Tests’ Task).

Specific Flow and Flow Rate

In order to measure the flow from the simulation, according to the position, where the flow
has been analysed, a Door has been located 2m far away from the entrance of the bottleneck.
In the schemes, Figure 28 and Figure 33, and in the Table 7 it is shown this section, which
corresponds to the Door 05.

In the video analysis, it was chosen to analyse the time frame of the maximum density. In light
of this choice, the following considerations pay attention to the “peak” of the simulations
results.

The choice of the time frame in the video to investigate the peak has been confirmed by the
results from the simulations. In fact, the averaged specific flow measured in the video analysis
corresponds to the averaged peak value obtained from the simulations, which is around 0,2
persons/m*s, see Figure 27. Concerning the Flow Rate, the results are slightly different but in
the same order of magnitude, compared with the data from the video analysis, which have
been shown in section 3.4.1. In the video analysis, it has been obtained a range of values
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between 1,8 up to 4 persons/s, whereas in the simulation the range value is 1,0 up to 3,0
persons/s, see Figure 26. This slight discrepancy seems acceptable, in light of the
uncertainties, which affect the type of work, as it has been mentioned previously in Chapter
2. Furthermore, according to the literature, as it as has been shown in laboratory experiment
that the calculated flow, by using all data, can be different from the one by using the data
solely from steady state exclusively [82]. This difference is present in this work, due to the
difference in time frame analysed. Specifically, the video analysis has been performed in a
quite steady state condition. By contrast the simulation analysis has been developed for all
the period necessary to evacuate the analysed area.
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Figure 26. Flow rate for section Door 05
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Density

Referring to the density results, one prefatory remark should be called back from the
uncertainties section. The density has been extracted from the simulation introducing a
Measurement Region in the model, which, in light of the parallelism with the video analysis
performed, corresponds to the control area observed in the video analysis. This density
output has been measured by the program, by integrating the quantity over the entire region,
using an implementation of Steffen and Seyfried’s Voronoi diagram-based method [94][96].
For this reason, the model with the same input parameters has been run, introducing a
different area subdivision, to obtain more accuracy in the results.

The averaged density measured in the video analysis has been found 6,45 persons/m?, with a
peak value of 6,8 persons/m? From the simulation run with a raw area, the subdivision with
the peak averaged value has been found 5,5 persons/m?, see Figure 29. In the more accurate
area subdivision of the same region, the peak value of 6,4 persons/m? was found, see Figure
35. Below, it is presented the scheme and the density graphs related to the investigated area
concerning the raw data, Figure 28.

The red area corresponds to the interface area between the large area in front of the
bottleneck and the bottleneck itself. In Region 02 the density, see Figure 31, is higher, while
the speed is lower than the ones in Region 00, see Figure 29, and of course in Region 01, see
Figure 30, where the congestion starts decreasing [82].

The yellow area represents properly the bottleneck area, which has been investigated in the
video analysis. In this area a peak of 6,6 persons/m? has been recorded. This value has been
confirmed also from the video analysis, where a value of 7,06 persons/m? was calculated from
the frame, and a value of 6,71 persons/m? calculated as the dynamic density, according to the
movement of the pedestrian inside the area and the time frame.

The green area is the area, where the bottleneck has been overcome. It is relevant to point
out that, in a so crowded situation also when the bottleneck has been overcome the density
recorded is still high, 4,4 persons/m?2.
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Figure 28. Scheme of the subdivision of the investigated area. In the red regions highest value of density
were observed with a maximum value of 5,8 persons/m?. In the yellow area, the observed peak values

of 5,45 persons/m? was recorded. In the green region the peak value has been observed of 4,2
persons/m?.
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Figure 29. Averaged Density measured in the Bottleneck, Region 0O.
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Figure 30. Averaged Density measured in the exit of the Bottleneck, Region 01.
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Figure 31. Averaged Density measured in the front of the Bottleneck, Region 02

In the following graph, Figure 32, the densities curves measured in the three different area
have been overlapped in order to have a clearer view concerning the density distribution in
the different regions.
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Figure 32. Averaged Density measured in the front of/ in/after the Bottleneck region. The comparison
among the three different regions show that the front region is the critical area where a peak value of
5,8 persons/m? was recorded. A similar value, peak of 5,5 persons/m? was recorded in the bottleneck
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area, except that suddenly the density dropped below 4 persons/m?. In the region after the bottleneck,
green region, the bottleneck effect it is over, and the density dropped fast from a peak value of 4
persons/m? to a value of around 2 persons/m?.

As we can see from the following graphs, more accuracy has been obtained from a further
subdivision of the areas, which is linked to an increase in the recorded local density values. In
Figure 33 has been shown the further subdivision of the area, where the different colours
point out the difference in recorded densities. From the red regions, square 1 and 6, the
highest absolute density has been recorded, at around 8,8 persons/m?, see Figure 34. In the
yellow regions the highest density has been recorded in the in the squares 7 and 10, with a
value of 6,4 persons/m?, Figure 35. It is interesting to point out that this value is higher than
the peak value reached in the area 2 and 5, which are in the front of the bottleneck. In area 2
and 5 a peak value of 5,4 persons/m? has been recorded, see Figure 36, which remain the
peak also in the green zone, squares 3 and 4.

8,8 persons/m? 8,8 persons/m?

1 2 3 L) 5 6
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8 ] 10
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>
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Figure 33. Scheme of the further subdivision of the investigated area and related peak density values.
In the red regions highest value of density were observed with a maximum value of 8,8 persons/m?. In
the yellow area, the peak values have been observed in the square 7 and 10 with a value of 6,4
persons/m?. In the squares 3 and 4 in the green region the peak value has been observed of 5,6
persons/m?,
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Figure 34. Detailed Averaged Density measured in the front of the Bottleneck region, Region 02. In the
red regions highest value of density were observed with a maximum value of 8,8 persons/m?
corresponding to the lines RO6 and RO1. In these areas the wall effect in combination with the merging
flow have increased the density, which jumped from a static density value of 4 persons/m? to a value
of 8,2 persons/m? in the first 400 seconds (6,66 minutes).
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Figure 35. Detailed Averaged Density measured in the Bottleneck region, Region 00. The peak values,
6,2 persons/m? have been recorded in the regions next to the walls, RO7 and R10.
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Figure 36. Detailed Averaged Density measured in the exit of the Bottleneck region, Region 01. The
peak values, 4,2 persons/m? have been recorded in the regions next to the walls, R11 and R14.

In light of these results, it may be concluded that it is possible to perform a good
approximation of the increasing rate of local density, by changing the body size and the
comfort distance parameters, and introducing a specific initial density in the area, as well as
one of the parameters found in the video analysis, which are either the averaged speed or
the averaged flow. As previously mentioned, the comfort distance needs to be set according
to the desired density.

Concerning the specific initial local density, it should be noted that this is a value that in public
events should be fixed by the emergency and safety management plan, and strictly observed,
in order to avoid high density phenomena in the critical points.
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4. Interacting forces among pedestrians
The focus of this chapter is the approach at operational level of a force model to represent
crowd pressure. This is based on variations of models from physics, due to the similarity of
the motion of pedestrian crowd with fluids, flow granular materials or body in static
equilibrium [7]. The goalis to develop a model based on existing modelling approaches, which
are as simple as possible, but at the same time can reproduce an “approximatively realistic”
behaviour, in the sense that the empirical observations can be approximated.

4.1 A simplified model to evaluate the frictional force among pedestrians
The workflow of this model is shown in Figure 37.

Leaning crowd ¢ Introduced to estimate the loads generated on a barrier.
model ¢ Equilibrium of the person on the step.

¢ Introducing some assumptions the model was applied to a flat
scenario.

¢ Alinear relation between force and density came from the
equilibrium.

¢ A frictional parameter was introduced to correlate
the applied force to the frictional forces generated
among pedestrians.

Drained discontinuous | o
assemblies of particles
under load similarity

A particles equilibrium system
using the frictional parameter

The resulting force

actingona
:> particles has been

found

Figure 37. Flow chart related to the model. Starting from the Leaning Crowd model 5 assumptions have
been made in order to extend it to a flat scenario. A linear relation among force and density in the area
has been made solving the equilibrium. Introducing a frictional parameter, the frictional force has been
found in relation to the applied force. From the similarity among crowd in high density and drained
discontinuous assemblies of particles a resulting force acting on a pedestrian in the crowd has been
found.

The simple model, which has been shown in this section represents an adjustment of a
previous model that has been developed from a “leaning crowd” in 1990 to estimate the loads
generated on a barrier. Originally, this model has been made in order to investigate the level
of comfortable loads for people against crush barriers [97]. Introducing some simplifications,
it has been possible to apply the model in a different scenario from the formulated one in the
experiment, making possible to apply the same model outside the initial delimitations work.
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The equations (4.1) and (4.2) have be taken from a previous work [97]. They have been
reported in this section for a better understanding of the model itself and the assumptions
made below.

P, represents the force on the barrier and n represent the number of steps behind the barrier
in question, which can be directly formulated:

P, = mg (5) tanf + P,_, (%029); (4.2)

To simplify the writing can be seen the equation as follow:
P, =Atan6 + P,_;B; (4.2)

It has been assumed that the pedestrian in the middle of the crowd can be seen behaving as
a barrier in order to find the force acting in this point.

Assumptions made in the model:
1. The forces have been assumed acting on the chest;
2. Height of people is given as averaged value calculated among women and men;
3. The push height has been considered as the height of the chest from the ground;

4. In order to make the model working in a flat field the height of the stairs has been
assumed equal to 0 and consequently the acting force is horizontal. This assumption
simplifies the equilibrium because the term B=1;

5. The flow has been assumed moving in only one direction, which is a strong assumption
that has made possible to assume P,.1= 0.

H Centre of mass height

H' Push height

mg Weight of pedestrian

P,, Force on the barrier

Figure 38. Equilibrium of the person in a row.
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Introducing this assumption, a linear relation between force and density coming from the
equilibrium of the person has been made, equilibrium moment with respect to 0, see Figure
38.

P, =mg(H/H")tan@; (4.3)

If the density is linked with the number of people in the area, it would also mean that there
is a certain amount of people per unit length. By multiplying the force on the barrier P, for
the number of people, the force per unit length on the barrier has been obtained.

L N o= ,
Ny=o5p=—0 W=41/p; (4.4)
P, = N,mg(H/H')tan6; (4.5)

In this way the force acting in a linear way from the back side to the front has been found. In
a highly crowded situation, even if the crowd is acting and behaving as a continuum in terms
of motion, frictional forces acting among pedestrians exist.

F=uN; Py = usPy;

F frictional force P, frictional force

i coefficient of friction p friction parameter

Gravity .
P, applied force

N normal force

Frictional force l

sy Normal force &=

Figure 39. Conceptualization of the forces acting among pedestrian in a row. Scheme of a simple
method to represent the frictional force. In the first configuration the frictional force is acting on the
ground, plane x-z, due to the creeping of the box. In the second configuration the frictional force acting
against the movement is the force in the plane x-y, which is caused by the packing among pedestrians
in the crowd.

Then, a simple method to evaluate this frictional force should be introduced for a more
precise evaluation of the forces. It can be seen as a proper frictional force acting in the x-y
plane rather than x-z, as highlighted in Figure 39. It has been assumed that P,, works as an
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applied load [98], which generates the frictional forces P,, among particles. By referring the
correlation between applied force and frictional forces.

Pqg = 1Py (4.6)

Where i, represents the frictional parameter, which can be interpreted as an internal local
pressure between the pedestrians. This becomes really important in regions of high density
[99]. In fact, many conflicts occur in this region and the outflow is strongly suppressed for
large value of ps. This parameter can reach the maximum value of 0,9. In this case the
pressure between the pedestrians becomes so strong that any motion is almost impossible
[99]. This behaviour has been observed in crowded situations and also in simulations using
the Social Force model [21].

A granular flow approach has been introduced to find these interacting forces. The stress has
been found in response to a localised overload and it is sensitive to the packing arrangement.
The similarity with this system of “grains” has been used since the grains reach a mechanical
equilibrium after the particles have reached the jammed configurations [98].

More precisely, a drained discontinuous assembly of particles under load is a very similar
scenario to the high density packing, due to the configuration itself. In light of this issue, an
approximation of the local pressure and stress could be found applying this model to the
crowd. Detailed information about the above mentioned model have been provided in “The
stress-dilatancy relation for static equilibrium of an assembly of particles in contact” [18] and
in “Comportamento meccanico dei terreni non coesivi” [100]. The main problem is that the
parameters used in these models to characterise the triggered stress, such as the true angle
of friction, have been found carrying out tests on granular assemblies. This should imply the
setting of some parameters, by performing loaded experiment in high density on a crowd. It
is easy to imagine that this would imply ethical issues. For this reason, the model has been
simplified, by integrated the previous model set up to find the force acting on the crash barrier
with a particles equilibrium system using the frictional parameter. In order to set the
equilibrium, a lateral force should be found. This lateral force is the P, previously found.
Having P, and P, may be conducted the equilibrium. As has been shown in Figure 40.
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Figure 40. Schemes of investigated force in a crowd scenario. The combination of P,, applied
load, and P,, frictional force, on the plane x-y generate the resulting force acting on the pedestrian.
The red X on the pedestrian investigated are the assumed contact points with the nearby pedestrians.

It has been assumed that each side of a particle has four contact points in direction X and two
contact points in direction Y so that the resulting force acting on a particles has been found

as follow R = \/(P,/4)2 + (P,/2)2.

To sum up, a crowd line acting behind the pedestrian under consideration equal to 9,6m
(around 30 people in a line) has been considered. In addition, a frictional crowd line of 5,6m
(around 10 people in a line) acting on the same pedestrian is taken into account. The
hypothesis of acting force in the thoraces has been made as conservative approach since this
is the most sensitive part to the crush force of the body [25]. The found value is around 550N
(56kg), which seems a reasonable value, due to the number of interacting particles in the
“cascade effect”. People feel discomfort when the loadings exceed 400N for more than 30s.
When they sustained loadings at an average of about 600N/m, the maximum time people can
endure is about 40 min [97]. Experiments to determine concentrated forces on guardrails due
to leaning and pushing have shown that force of 30% to 75% of the weight of participants can
occur. Ina US National Bureau of standard study of guardrails, three persons exerted a leaning
force of 792N (80,76kg) and 609 N (62kg) pushing [101]. In a similar Australian Building
Technology study centre, three persons in a combined leaning an pushing posture developed
a force of 1370 N (139,7 kg) [102]. Studies on the magnitude of loadings that could cause
crush asphyxia found that death was estimated to have occurred in 15s or 4-5 minutes after
a load of 6227N (635 kg) and 1112N (113,4 kg) was applied respectively [103]. It has been
referred values of force and it should be ad that tolerable force is different for each group,
i.e. children, female, weak people. In a real scenario, an additional rate of energy due to the
rearranging of loose packings should be considered, as well as dealing with the fact that the
forces are not uni-directional only.
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5. Discussion
Nowadays, there are many events in which a large number of people are gathering in confined
areas. Large events related to sports, entertainment, cultural and religious are held all over
the world. These events are linked to safety issues for participants and for organizers who
must be prepared for “any kind” of emergency and critical situations [7]. Crowd management
includes all measures taken in the normal process of facilitating the movement and
enjoyment of the people [26][104].

The main objective is the reduction of hazard exposure time, as in risky situations people may
need to be guided away as quick as possible. Furthermore, evacuation scenarios may become
very complex, due to the space design (e.g., combination of large square and T-junction with
the addition of arches merging in the same junction point) and the interactions among
pedestrians. It could be stated that the goal of crowd management is the fulfiiment of the
evacuation time in a challenging scenario.

The results obtained from the video analysis performed in this work have been found mostly
in accordance to the results obtained from the literature, although universality of the
fundamental diagram in high density scenario has been already questioned.

As shown in Figure 41 and Figure 42 the same flow can be found for very different velocities
and densities. Following, in the same graphs (Figure 41 and Figure 42) from literature, has
been included the averaged value of density, speed and flow found in the video analysis for
both low density (LD) and high density (HD). In case of free flow, the average density found
has a value of p=0,7 persons/m?, in accordance with the graph. By contrast, the averaged
value in case of congestion p=6,4 persons/m? is higher than the theoretical literature values.

In Figure 41 and Figure 42 have been referred the fundamental diagrams of pedestrian flow
characteristics from literature (Daamen et al.) [105] and (Vanumu et al.) [106] in combination
with the averaged value obtained in the analysis of this work.
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Figure 41. The fundamental diagrams of pedestrian flow characteristics have been taken from
literature (Daamen et al.) [105] and (Vanumu et al.) [106] and they have been combined with the
averaged value obtained in the analysis of this work. It is present the comparison with the fundamental
diagram from literature, Fruin [6], Weidmann [2], Virkler [107], Older [108], Sarkar [109] and
Tanariboon [110].
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Figure 42. Fundamental diagrams for pedestrian movement in planar facilities taken from (Daamen
et al.) [105] and (Vanumu et al.) [106]. The lines refer to the SFPE Handbook [72], Predtechenskii and
Milinskii [22], Weidmann [2]. Data points refer to experimental measurements Older [4] and Helbing
[24].

It is interesting to point out that the values observed in high density are close to the
experimental measurements found by Helbing at al. [74] for both the speed-density and flow-
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density relationships. By contrast, they are far from the values observed in the experimental
measurements by Older and from other (in some cases design) curves, i.e., SFPE Handbook
[75], Predtechenskii and Milinskii [43], Weidmann [2].

From Seyfried at al. [82] the density and the speed change with bottleneck width in front of
the bottleneck. However, inside the bottleneck area, pedestrians’ speed and density are not
affected by this width. This parameter influences the dynamic in front of the bottleneck only
[82]. Wider bottleneck provides lower density and higher speed. According to the research,
jam condition appears in front of the bottleneck, where the pedestrian can only slow down.
In this way, the bottleneck limits the inflow, by diminishing the density in the area, so that
pedestrians are able, at this point, to move faster, after entering in the bottleneck. It has been
found that densities higher than 5 persons/m? appear in front of but not inside the bottleneck,
where the recorded density does not exceed the value of 3,5 persons/m?. By contrast, in the
field observation analysed in this work, the recorded densities are higher and a local density
peak of approximately 7persons/m? has been reached inside the bottleneck itself. The data
arisen in the simulation task highlighted a difference with the experimental data recorded in
the bottleneck investigation [82]. The simulation results, from the further discretized space,
shown that the more severe conditions are observed in the corner outside the bottleneck,
and in the regions running along the walls, inside the bottleneck. In this real case study the
condition is different, due to the presence of arches, which have been used as a further path.
All this area become a critical volume, due to the convergence of a further lateral flows. In
light of this, even though there is high density in the bottleneck area, the flow has not been
increased, due to the further compression from the income lateral flows. By contrast, in the
referential laboratory experiment [82] no other restrictions were present and the critical
point has been found at the surface of interaction between the area of the bottleneck and
the same surface, but located right before the bottleneck region. This transitional area,
interface between the bottleneck and in the front of that, according to laboratory experiment
[82], represents a critical point. More in detail, these interaction areas have been investigated
in the results of the modelling section 3.4.2.

Furthermore, it is interesting to point out the similarity in results according with a further
experimental study [111]. It is an experiment, in which a large number of people (270 people)
enters a concert hall through two different spatial barrier structures, i.e., a semicircle setup,
which is an entry without guiding barriers, and a corridor setup, which is an entry with guiding
barriers. The similarity was found with the experiment developed in a corridor set up, where
the movement is homogenous, the progress speed does not change in the exanimated time
and it is an averaged value of 4,17 m/min, whereas according to the data from literature,
which correspond to an averaged value of 4,98 m/min. It might be explained since in the
bottleneck region we are already in an almost ordered setup of the crowd. Apparently, this
scenario is not exactly the same with the case study of this work, however similarities can be
made, due to the homogeneous movement in the area due to the packing effect of the high
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density. The high density is a result of the constriction effect, in the moment, when the event
ended the subjects moving fast forward, filling up the space, so that no gaps exist anymore.

Comparing the results with previous observed data in high density scenarios, some similarities
and differences can be pointed out. Referring the Hajj pilgrimage of 2014 and 2015 to Mecca
analysis [23][112], there has been recorded value of density higher than previous analysis
carried out. It was observed that at a density of 6 person/m? the speed does not vanish,
despite the high densities. Even if there was similarity in density with the present study, the
difference in speed should be pointed out. This discrepancy may be caused by the difference
in flow motions. In the Mecca study pedestrians show an organised-unidirectional flow, on
the contrary to the flow conditions considered in the present thesis, which presents a more
complex scenario, due to the multidirectional flow, which might be the cause of this observed
difference in speed. The universality of the fundamental diagram at high density had been
already questioned in the Hajj pilgrimage to Mecca [7].

City evacuation safety may often be based on the respect of given threshold values of design
average density levels, while flow and local densities are important factors considering the
exit capacity. In this perspective, evacuation models can be used to obtain qualitative and
guantitative information on evacuation times and space usage in different scenarios [113].

Based on discussion with festival organisers and according to the regulations, it should be
assumed the starting design average density levels of the area, both from a static and dynamic
perspectives. It is very important that the allowed maximum density of each area is estimated
for the purpose of the evacuation safety [42]. To have a more reliable scenarios, safety
designers need to understand how the crowd can plausibly spread on the area according with
the type of event, e.g., in case of concerts the indoor stages may be more crowded than the
outdoor stages [114]. In case of festivals such as the “San Giovanni”, high crowd densities are
expected in the areas with greater visibility. To determine the densities and consequently, the
number of people, different strategies can be investigated.

Possible scenarios:

1. Initial starting point of the evacuation. This may be related to different initiators,
which affect the initial movement of the crowd, i.e. circular wave front if something
happens in the heart of the crowd, or linear wave from the front if something happen
in the front area.

2. Partial evacuation of the event population. According to the initiator and the related
kind of hazard it may be necessary evacuate partially the area.

3. Total evacuation of the entire area at the same time. This should be performed
without interfering in exit directions, i.e. dividing the area in subsectors, which of them
strictly related to specific exits. This division should be performed according to the
availability exits and the characteristic of the main area of the event.

57



4. Phased evacuation. Referring to the fact that the process is divided into separate
phases for different group of the persons within the building or in the same area. This
is mainly applied for high rise buildings since the stair capacity is not designed for an
immediate and concurrent evacuation [9]. The same issue appears in large outdoor
events in historic cities due to the discrepancy between the capacity of the streets and
the capacity of the squares. This type of evacuation can be managed by stewarding to
provide assistance and guarantee the access in the correct way to the crowd, if one
exit has been “drown up” only has an exit cannot be used as an entrance and vice
versa.

All these scenarios may be simulated using a multi-agent evacuation model, based on a
continuous approach. These models are able to represent, implicitly and explicitly, the
behavioural factors that affect people’s decision making during a complex evacuation
scenarios [42]. As Ronchi at al. suggested, evacuation modelling can be used to identify the
critical factors that affect evacuation process under different conditions, to evaluate different
evacuation scenarios identifying the impact that different threats may have on it and can also
be used to evaluate different evacuation strategies including the simulations of different
levels of controls on the process, i.e., spontaneous evacuation up to completely controlled
evacuation by the staff [42].

Even if, generally, the focus is to reduce the total evacuation time in the crowd evacuation
management [7], the use of an evacuation strategy that reduces the average total evacuation
time does not necessarily lead to an increased level of safety [42]. In these scenarios local
phenomena should also be taken into account. The increase in local density related to the
increasing local pressure represents a serious issue in these events, often related to uneven
distribution of people in the area. Different people density is usual in these contexts where
there is no assigned location for people.

The high density itself does not cause hazards [23]. The investigation on the pilgrim flows
entering the Jamarat Bridge in Mina [23] was performed according to the fluid similarity and
taking into consideration the density parameter. Further to that, the turbulent waves can be
observed in several public events. The analysis of all these cases showed that the average
density rarely exceeds 6 person/m2 [43], in contrast to the local density that can be twice as
larger [23][1]. In practice, this phenomenon has been observed in several tests, e.g., the
BaSiGo tests [115], which have been developed in 2013 in Disseldorf, Germany. These
experiments focused on the entrances to music events where pushing by highly motivated
fans can lead to dangerous situations. More than 2000 test subjects were performed in all the
exhibition site. Those tests showed that starting from an initial density of 3,8 person/m2, it is
possible to suddenly reach the value of 8person/m2 during the first 10 seconds, as soon as
the gate had been opened. It has been found, however, that even evaluating the local
densities is not enough to identify the critical time and locations of the potential hazard
[5][115]. The key quantity seems to be rather the “crowd pressure”, the density multiplied
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with the variance of speeds, which represent the density change in time in the moving system.
This quantity is important because it may allow to identify critical locations and times [23].

Furthermore, calculating the entry capacity of the Wembley Stadium (Old) following the
Green Guide, allowed the packing density of the area above the limit of 4 persons/m2
[1][116]. The entry capacity is the number of people who can pass through all the turnstiles
or entry points serving the whole ground of one section, within a period of one hour [116].
Once again the average density did not exceeded the value of 6 persons/m2 and the local
density can reach higher peaks but no one of them caused injuries in itself. The exposure time
to a certain level of density is often the cause of pedestrian safety issues. How long high
density can be sustained is related to the sustainable pressure acting on the chest cavity
where breathing is restricted. From the Green Guide [116], as already mentioned, there is the
limit of 4 persons/m2 set as a safe density for a moving crowd, which may be exceeded during
ingress and egress phase. The exposure time defines the hazard. This is the time that an
individual would take to navigate a high density area. A reasonable time exposure to high
density is around 6 minutes. A higher threshold value would lead to a safety alert [1]. In the
San Giovanni case study the time exposure to a local density, in the range of 5,51 persons/m?2
up to 7 persons/m2, is around 6 minutes. In this time no injuries have been shown but warning
signs of critical crowd conditions have been observed. In this specific case the transition from
laminar flow to stop-and-go waves has been evident. This transition is related to the drop of
the flow which may cause a further compression of the crowd exceeding the limit exposure
time.

The relation of the crowd pressure with warning signs of a critical crowd conditions is
important from a crowd control perspective. This could be evaluated on-line by a video
analysis system, allowing to gain time for corrective measures like flow control, pressure relief
strategies or the separation of a crowd into blocks to stop the propagation of the shockwaves,
increasing the level of safety during mass events [23]. The warning signal [46] consists on the
breakdown of the pedestrian flows under congested conditions, which causes stop and go
waves and a further compression of the crowd. Another very serious indicator of criticality is
the occurrence of high values of the pressure, which relate to the occurrence of turbulent
crowd motion [74].

In case of exposure for longer time to high density, this may lead to over critical compression
[46]. The issue related to overpressure in high density scenario point out the necessity of
evaluating the contact force among pedestrians. Due to the occurrence of people crush,
mostly related to local increase in pressure, it becomes essential to investigate and evaluate
the forces reached in a scenario. Until now, no contact force modelling have been developed,
despite the prominence of this factor in safety evacuation and in order to provide an
invaluable support in the crowd management decision.

In light of this complexity, it has been observed the necessity of carefully calibrating inputs.
This can be done based on video observation of similar events in a similar context. This is

59



needed, as models employed with their default values may not be able to reproduce high
local densities observed from the video recordings or in laboratory experiments.

Running a model before an event can be important to better understanding the magnitude
of the critical points, with the aim of taking appropriate safety measures. It can improve
successful safe egress, by informing event management and allowing the estimation of the
impact of the staff actions or inactions on successful safe egress [42].
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6. Conclusion
Understanding the crowd dynamics in high density scenarios is essential to design crowd
safety [1]. The validity of a physical model of crowd movement, in case of high densities,
seems to be strictly related to the information needed by the safety designer.

The use of a hydraulic modelling approach may not be valid, if the objective is to consider
high density scenarios, where the interacting physical forces among pedestrians can play a
significant role. In this case a particle model that considers contact interactions becomes
necessary. The combination of the “leaning crowd”, based on the equilibrium of the human
body, i.e., moment around the contact point with the ground, with the granular flow
approach, made it possible to come up with a simple model to evaluate the interacting forces
among pedestrians. In this context, a simplification, which introduces the frictional
parameter, is necessary, so that to find the frictional force. It would be interesting, in future,
to develop a more detailed model along the line of discontinuous assemblies of particles
under load, in order to properly calculate the shear force among pedestrians. The main issue
is the empirical aim of these correlations in the granular flow. For this reason, it would be
necessary to perform tests to obtain empirical values, e.g., the frictional angle among
pedestrians, like for the geotechnical model. In a more ethical way, it would be advisable the
development of programs that can record the interacting pressure among agents to avoid
tests on pedestrians.

Concerning the data and because of the limit of benchmark data in extreme high density
scenarios, i.e., p > 6person/m?, further studies and field observations are necessary, in order
to reach a wide data set to perform better simulations. More reliable previsions can be
obtained performing more consistent assumptions in the analysed model. This is a key issue
in public event safety in large areas, as generally the management safety plans are focussed
on the maximum capacity of a place on exits looking at these issues as a static problem.
However, in this way the issues of the local high density connected with the mass dynamics
have been neglected. Oftentimes this is the cause of injury in many crowded scenarios. The
high density can be investigated using a continuous model, (e.g., Pathfinder has been used in
this work), and useful output can be obtained if calibration allows to reach high densities. In
the present case study, it has been possible to achieve at the same time the observed flow
and the local high density, by imposing the speed, the agent’s body size, the comfort distance
and the initial density. Finding a good approximation of the output values, without running
several simulations, even though the input values are based on distributions, could make the
stochastic approach more affordable from a practitioner perspective.
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Appendix A - Uncertainty

In this section he method used to evaluate the uncertainty in high density and low density
scenarios is whom.

The averaged recorded speed is given by:
L
U(av) = ?; (a1)

where L represent the length of the grid cell, as shown in Figure 12 and Figure 13, and t
represent the transient time.

The path length has been calculated using a CAD tool. It is necessary to point out that
trajectories were very irregular. Paths outside a single cell for high density scenario, and
outside two cells for low density scenario have not been taken into consideration.

The error in the transient time measurement has been found calculating the difference in
transient time, which is given from the difference between the two different measurement
A(At) and the averaged measurements in transient time A4, (At), as follow:

_  AAt)
B %) T Ay (D) (a:2)

The error in the speed measurement has been found in the same way has shown above.
Calculating the difference in speed, which is given from the difference between the two
different speed measurement A(Av) and the averaged measurements A,y (AV), as follow:

A(AvV)

Ev (o) = Dany (V)-; (a.3)

The error in the density measurement has been found according to the previous one, as
follow:

ANp,
Ep oy = ;
(%) A(av) Np

(a.4)

Where N, is the number of pedestrians in the region and AN, is the difference between
the two different measurement and A,y Ny is the averaged measurements.

As shown in Appendix A for both low density and high density scenarios the error is above
the 5%, which is the general criteria accepted in the evaluation of the discrepancy of results
obtained in well controlled laboratory experiment. In this context, due to the field
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experiment and the several uncertainties which should be taken in to account, it is not

unexpected that the error is higher. It is relevant to point out that the highest error has

been recorded in the speed found in high density scenario.

LOW DENSITY
TRANSIENT TIME AND SPEED ERROR IN A RANGE OF 0,61<P<0,73

A(AT) A(av) (A1) gt(%) gt(av) (%) A(AV) A(av) (V) ) (%) gv(av) (%)
3,88 10,94 35,47 21,19 0,05 0,14 35,47 21,19
2,58 10,25 25,17 0,04 0,15 25,17

0,94 10,93 8,60 0,01 0,14 8,60

1,15 10,58 10,87 0,02 0,14 10,87

0,23 11,29 2,04 0,00 0,13 2,04

0,90 11,85 7,59 0,01 0,13 7,59

0,64 3,74 17,11 0,07 0,41 17,11

3,40 12,44 27,33 0,03 0,12 27,33

2,16 10,20 21,18 0,03 0,15 21,18

2,56 9,72 26,34 0,04 0,16 26,34

3,75 5,42 69,25 0,22 0,32 69,25

1,58 14,21 11,12 0,01 0,11 11,12

0,16 12,40 1,29 0,00 0,12 1,29

3,84 11,56 33,22 0,04 0,14 33,22

1,52 7,16 21,23 0,05 0,21 21,23

Table 3. Transient Time and Speed error in Low Density scenario
HIGH DENSITY
TRANSIENT TIME AND SPEED ERROR IN A RANGE OF 5,5<P<6,92

A(AT) Acav) (At) &t (%) Et(av) %) A(Av) A(av) M) &y (%) Ev(av) (%)
13,38 40,73 32,85 40,33 0,05 0,14 32,85 40,33
24,28 28,48 85,25 0,21 0,24 85,25

4,50 27,83 16,17 0,03 0,21 16,17

2,04 31,10 6,56 0,01 0,18 6,56

15,54 42,81 36,30 0,05 0,14 36,30

22,37 36,04 62,08 0,11 0,17 62,08
48,77 49,22 99,10 0,15 0,15 99,10

12,00 41,84 28,68 0,04 0,14 28,68

0,37 39,18 0,94 0,00 0,15 0,94

24,49 31,12 78,71 0,17 0,22 78,71

9,77 21,57 45,30 0,13 0,28 45,30

1,83 27,33 6,70 0,01 0,21 6,70

12,34 32,57 37,89 0,07 0,18 37,89

15,22 41,87 36,35 0,05 0,14 36,35

8,78 27,33 32,13 0,07 0,21 32,13

Table 4. Transient Time and Speed error in High Density scenario
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LOW DENSITY HIGH DENSITY

DENSITY ERROR IN A RANGE OF 0,61<P< 0,73 DENSITY ERROR IN A RANGE OF 5,5 <P<6,92

ANp A(av) Np €p (%) €p(av) (%) ANP A(av) Np Ep(%) €p(av) (%)
2 35 5,71 7,44 13 82,5 15,76 13,28
4 34 11,76 8 86 9,30
2 35 5,71 3 85,5 3,51
2 34 5,88 4 83 4,82
2 36 5,56 8 82 9,76
1 39,5 2,53 9 83,5 10,78
2 37 5,41 15 81,5 18,40
4 38 10,53 22 81 27,16
5 38,5 12,99 20 83 24,10
5 38,5 12,99 12 85 14,12
1 36,5 2,74 7 83,5 8,38

Table 5. Density error in Low Density scenario Table 6. Density error in High Density scenario



Appendix B - Main results obtained in the Tests’ Task

TESTS
N° | Geometry n°of Shoulder Averaged Maximum Comfort Measured Measured Measured Imposed Maximum Averaged Imposed
gate Agents Width Density in Local Distance averaged averaged averaged Flow Speed Speed Speed
the Area Density in flow D02 flow D04 flow D05
the Gate

1 6,2*%6 835 45,58 1,79 2,46 0,080 4,304 X X X 0,347 0,348 unif. 0,4-
2 6,2*6 835 45,58 1,79 2,12 0,347 4,217 X X X 0,379 0,380 uni%.’%)A-
3 6,2*%6 835 45,58 1,79 2,28 0,347 4,196 4,1514 X X 0,378 0,379 uni%.’f),4—

1,2
4 6,2*6 835 45,58 1,79 2,54 0,080 4,446 4,3390 X X 0,342 0,342 unif.’ 0,4-
5 6,2*6 835 45,58 1,79 2,63 0,080 4,282 4,2905 4,2757 X 0,470 0,348 unii.’f)A-
6 6,2*6 835 45,58 1,79 2,31 0,347 4,181 4,1739 4,1852 X 0,520 0,384 uni%.’f)A-

1,2
6P 6,2*%6 835 45,58 1,79 2,34 0,347 4,245 4,1739 4,1852 X 0,590 0,389 unif.’ 0,4-
7 7*6 845 45,58 1,79 2,28 0,347 4,817 4,7407 4,7545 X 0,660 0,386 unii.lf),4-
8 8*6 855 45,58 1,79 2,18 0,347 5,439 5,3706 5,4082 X 0,570 0,387 uni%.’f)A-
9 9*6 866 45,58 1,79 2,16 0,347 5,966 5,9077 5,9259 X 0,415 0,402 uni%.l%)A-

1,2
10 10*6 876 45,58 1,79 2,15 0,347 6,380 6,2951 6,3307 X 0,880 0,415 unif.’ 0,4-
11 11*6 887 45,58 1,79 2,13 0,347 7,072 6,8571 6,9569 X 0,700 0,422 uni%.li)A-
12 11,2*6 890 45,58 1,79 2,19 0,347 8,000 12,0000 7,0000 X 0,660 0,427 u nii.’%)A-
13 11,2*6 1490 45,58 3,00 3,04 0,164 7,805 7,3543 7,5278 X 0,640 0,330 unii.l%),4-

1,2
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19
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24

25

28

29

30

31

11,2*6
11,2*6
11,2*6
11,2*6
11,2*6
11,2*6
11,2*6
11,2*6
11,2*6
11,2*6
11,2*6
11,2*6
11,2*6
11,2*6
11,2*6
11,2*6
11,2*6

11,2*6

1490

1985

2468

2468

2639

1985

1985

1985

1985

2480

1985

1985

2480

2480

2001

1489
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45,58

45,58

33,00 -
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33,00 -
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33,00 -
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33,00 -
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33,00 -
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33,00 -
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33,00 -
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33,00 -
35,34
33,00 -
35,34
33,00 -
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33,00 -
35,34
33,00 -
35,34
33,00 -
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3,00

4,00

5,00

5,00

6,00

4,00

4,00

4,00

4,00

5,00

4,00

4,00

5,00

5,00

5,00

4,00

3,00

3,79

3,15

4,01

4,27

4,82

5,06

4,08

4,05

4,06

4,06

4,06

4,03

4,03

4,05

7,66

7,37

7,39

7,46

4,13

0,080

0,081

0,024

0,080

0,001

0,080

0,0527-
0,076
0,0527-
0,076
0,0527-
0,076
0,0527-
0,076
0,0527-
0,076
0,0527-
0,076
0,0527-
0,076
0,0527-
0,076
0,0527-
0,076
0,0527-
0,076
0,0527-
0,076
0,0527-
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7,724

8,036
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7,835

7,925

7,576

7,548

7,462

6,965

7,337

0,493

0,852

0,890

0,212

0,214

0,214

0,214

0,309

7,2303

7,2669

7,4044

7,5208

7,4702

7,2984

7,4677

7,0784

7,1344

6,7857

6,3333

6,6746

0,4536

0,7938

0,2248

0,2269

0,2196

0,2269

0,2483

0,2137

0,2137

0,2137

0,2137

0,600

0,620

0,820

0,690

0,690

0,830

0,740

0,810

0,970

0,970

0,040

0,070

0,070

0,030

0,030

0,040

0,060

0,070

0,363

0,348

0,357

0,346

0,355

0,403

0,401

0,412

0,403

0,403

0,017

0,068

0,068

0,003

0,002

0,012

0,013

0,053

unif. 0,4-
1,2
unif. 0,4-
1,2
unif. 0,4-
1,2
unif. 0,4-
1,2
unif. 0,4-
1,2
unif. 0,4-
1,2
unif. 0,4-
1,2
unif. 0,4-
1,2
unif. 0,4-
1,2
unif. 0,4-
1,2
unif. 0,4-
1,2
const. 0,07

const. 0,07
const. 0,07
const. 0,07
const. 0,07
const. 0,07

const. 0,07
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4,00

4,00

4,00

4,00

4,00

4,00
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5,31

4,03

4,07

4,02

6,03

8,79

5,74

Table 7. Main results obtained from the Tests
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0,076
0,0527-
0,076
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0,076
0,0527-
0,076
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0,045
const. 0,07
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const. 0,07
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