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1.2 - From “What is a Crowd?” to a Modeling Strategy

Five key questions waiting for an answer

1. Why a crowd is a “social, hence complex,” system?

2. How mathematical sciences can contribute to understand

the “behavioral dynamics of crowds”?

3. How the crowd behaves in extreme situations such as

panic and how models can depict them as well as large

deviations (black swans)?

4. How multiscale problems can be treated?

5. Which are the most challenging research perspectives?
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1.2 - From “What is a Crowd?” to a Modeling Strategy

Bibliography of a personal quest

• B.N. and Dogb̀e C., On the modelling of traffic and crowds - a survey of models,

speculations, and perspectives,SIAM Review, 53 (2011), 409–463.

• B.N. and Bellouquid A., On the modeling of crowd dynamics: Looking at the

beautiful shapes of swarms,Netw. Heter. Media, 6 (2011), 383–399.

• B.N., Knopoff D., and Soler J., On the difficult interplay between life, “complexity”,

and mathematical sciences,Math. Models Methods Appl. Sci., 23 (10) (2013),

1861–1913.

• B.N., Bellouquid A., and Knopoff D., From the micro-scale tocollective crowd

dynamics,SIAM Multiscale Model. Simul., 11 (2013), 943–963.

• B.N. and Bellouquid A., On multiscale models of pedestrian crowds - From

mesoscopic to macroscopic,Comm. Math. Sci., (2015), to appear.

• B.N. and L. Gibelli, Toward a mathematical theory of behavioral-social dynamics for

pedestrian crowds,arXiv:1411.0907v1, (2014).
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1. - From “What is a Crowd?” to a Modeling Strategy

Why a crowd is a social, hence complex, system?

• Ability to express a strategy:Walkers are capable to develop specific strategies,

which depend on their own state and on that of the entities in their surrounding

environment.

• Heterogeneity and hierarchy: The ability to express a strategy is

heterogeneously distributed and includes, in addition to different walking abilities,

also different objectives and the possible presence of leaders.

• Nonlinear interactions: Interactions are nonlinearly additive and involve

immediate neighbors, but also distant individuals.

• Social communication and learning ability: Walkers have the ability to learn

from past experience. Therefore, their strategic ability evolves in time due to

inputs received from outside induced by the tendency to adaptation.

• Influence of environmental conditions:The dynamics is remarkably affected by

the quality of environment, including weather conditions,and the geometry of the

domain.
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1.4 - From “What is a Crowd?” to a Modeling Strategy

Complexity features of crowds - Definitions

•Definition of crowd: Agglomeration of many people in the same area at the

same time. The density of people is assumed to be high enough to cause continuous

interactions, or reactions, with other individuals.

•Collective intelligence: Emergent functional behavior of a large number of

people that results from interactions of individuals rather than from individual

reasoning or global optimization.

•Crowd turbulence: Unanticipated and unintended irregular motion of

individuals into different directions due to strong and rapidly changing forces in

crowds of extreme density.

•Emergence of spontaneous behaviors: Establishment of a qualitatively

new behavior through non-linear interactions of many objects or subjects. In some

cases it can be defined aBlack Swan.
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1.5 - From “What is a Crowd?” to a Modeling Strategy

Complexity features of crowds - Definitions

• Faster-is-slower effect: Certain processes (in evacuation situations,

production, traffic dynamics, or logistics) take more time if performed at high speed.

In other words, waiting can often help to coordinate the activities of several competing

units and to speed up the average progress.

• Freezing-by-heating effect: Noise-induced blockage effect caused by the

breakdown of direction-segregated walking patterns (typically two or more lanes

characterized by a uniform direction of motion). Noise means frequent variations of

the walking direction due to nervousness or impatience in the crowd.

•Panic breakdown of ordered, cooperative behavior of

individuals: Anxious reactions to a certain event. Often, panic is characterized by

attempted escape of many individuals from a real or perceived threat in situations of a

perceived struggle for survival, which may end up in trampling or crushing.
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1.6 - Scaling Problems and Mathematical Structures

On the Complexity of Social Dynamics: P. Bonacich and P. Lu, Introduction to
Mathematical Sociology, Princeton University Press (2012).

1. Regarding networks and homophily birds of feather flock together, but people are

influenced by those they like. Both these processes result inthe same outcome, but

there is no standard accepted way of separating these these two processes.

2. There are lots of models that show how groups arrive at consensus but no

generally accepted model of how groups become more and more different and

possibly hostile. Moreover, What are the most important mechanism for bringing

about cooperations in groups?

3. We know that people are affected by their positions in networks, but we do not

have a variety of models of how people create their networks.We also do not have

good models for network change and evolution.

4. There are a variety of measures of centrality in networks, but there are no

well-established criteria for when one measure is preferable to another.

5. Are human groups unpredictable because humans themselves are complex

organisms or because there are truly chaotic dynamics in groups?

From Stochastic Differential Gamesand Kinetic Theory Methodsto the Modeling of Behavioral Social Crowds– p. 8/34



1.7 - Scaling Problems and Mathematical Structures

Levels of Description: Micro, Meso, Macro

•Microscale: Walkers are individually identified. The state of the whole system is

identified by their position and velocity, which dependent variables of time, .

Mathematical models are generally stated by systems of ordinary differential

equations.

•Mesoscale: The microscopic state of the interacting entities is still identified by

the position and velocity, but their representation is delivered by a suitable probability

distribution over the microscopic state. Mathematical models describe the evolution of

the above distribution function generally by nonlinear integro-differential equations.

•Macroscale: The state of the system is described by averaged gross quantities,

namely density and linear momentum, regarded as dependent variables of time and

space. Mathematical models describe the evolution of the above variables by systems

of partial differential equations.
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1.8 - Scaling Problems and Mathematical Structures

Geometry

P

T

∂Ω
Ω

P
′

~ν(P)

~ν(P′)

The set of all walls, including that of obstacles, is denotedby Σ.
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1.10 - Scaling Problems and Mathematical Structures

Microscale: Themicroscopic description is represented, for eachi-th

walker withi ∈ {1, . . . , N}, by positionxi = xi(t) = (xi(t), yi(t)) and velocity

vi = vi(t) = (vix(t), v
i
y(t)).



















dxi

dt
= vi ,

dvi

dt
= Fi(x1, . . . ,xN ,v1, . . . ,vN ; Σ).

•Macroscale: Themicroscopic description is represented by thelocal

densityρ = ρ(t,x) and themean velocityV = V(t,x), which is referred to

maximum mean velocityVM of walkers.














∂tρ+∇x · (ρV) = 0 ,

∂t V + (V · ∇x)V = A[ρ,V; Σ] ,

whereA[ρ,V; Σ] is a psycho-mechanical acceleration acting on walkers.
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1.10. - Scaling Problems and Mathematical Structures

Mesoscale

• The overall systems can be subdivided into different groupsof persons, called

functional subsystems, which develop different strategies or express them in a different

way.

• The approach of the so-calledbehavioral crowd dynamicsintroduces an additional

microscopic variableu ∈ [0, 1], which models the heterogeneous ability of people.

Then the overall state of the system is described by thegeneralized one-particle

distribution function

fi = fi(t,x,v, u) = fi(t,w) : [0, T ]× Ω×Dv ×Du → IR +,

such thatfi(t,x,v, u) dx dv du = fi(t,w) dw denotes the number of active particles

whose state, at timet, is in the interval[w,w + dw] of thei-th subsystem, where

w = {x,v, u} is an element of thespace of the microscopic states.

ρ(t,x) =

∫

Dv×Du

f(t,x,v, u) dv du , q(t,x) =

∫

Dv×Du

v f(t,x,v, u) dv du ,
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2.1 - On the Kinetic Theory Approach and Evacuation Dy-
namics

How mathematical sciences can contribute to understand the

behavioral dynamics of crowds?

• B.N. and L. Gibelli, Toward a mathematical theory of behavioral-social dynamics for

pedestrian crowds,arXiv:1411.0907v1, (2014).

• The overall system is subdivided intofunctional subsystemsconstituted by

entities, calledactive particles, whose individual state is calledactivity;

• Each functional subsystem is featured by different ways of expressing their own

strategy;

• The state of each functional subsystem is defined by a time dependent, probability

distribution over the micro-scale state, which includes position, velocity, and

activity;

• Interactions are modeled by games theory, more precisely stochastic games, where

the state of the interacting particles and their outputs areknown in probability;

• The evolution of the probability distribution is obtained by a balance of number

particles within elementary volume of the space of the microscopic states, where

the dynamics of inflow and outflow of particles is related to interactions.
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2.2 - On the Kinetic Theory Approach and Evacuation Dy-
namics

Interactions by stochastic games:Living entities, at each interaction,play a game

with an output that technically depends on their strategy somehow related to adaptation

abilities. The output of the game generally is not deterministic andthe dynamics

depends also on the overall shape of the walls including inlet and outlet doors.

• Testparticles of thei-th functional subsystem with microscopic state, at timet,

delivered by the variable(x,v, u) := w, whose distribution function is

fi = fi(t,x,v, u) = fi(t,w). The test particle is assumed to be representative of the

whole system.

• Field particles of thek-th functional subsystem with microscopic state, at timet,

defined by the variable(x∗,v∗, u∗) := w∗, whose distribution function is

fk = fk(t,x
∗,v∗, u∗) = fk(t,w

∗).

• Candidateparticles, of theh-th functional subsystem, with microscopic state, at

time t, defined by the variable(x∗,v∗, u∗) := w∗, whose distribution function is

fh = fh(t,x∗,v∗, u∗) = fh(t,w∗).
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2.3 - On the Kinetic Theory Approach and Evacuation Dy-
namics

Mathematical Structures of the Kinetic Theory for Active Particles

H.1. Candidate or test particles inx, interact with the field particles in the interaction

domainx∗ ∈ Ω. Interactions are weighted by theinteraction rate ηhk[f ], which

is supposed to depend on the local distribution function at the position of the field

particles.

H.2. A candidate particle modifies its state according to the probability density:

Ci
hk[f ](v∗ → v, u∗ → u|w∗,w), which denotes the probability density that a

candidate particles of theh-subsystems with statew∗ = {x∗,v∗, u∗} reaches the state

{v, u} in thei-th subsystem after an interaction with the field particles of the

k-subsystems with statew∗ = {x∗,v∗, u∗}.

Normalizeddimensionlessvariables are used by dividing the numbern of people per

unit area with respect to the maximum numbernM corresponding to packing, and the

velocity modulus (speed)vr to the limit velocityv`

ρ =
n

nM
, v =

vr

v`
.
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2.4 - On the Kinetic Theory Approach and Evacuation Dy-
namics

Balance within the space of microscopic states and Structures

Variation rate of the number of active particles

= Inlet flux rate caused by number conservative interactions

−Outlet flux rate caused by conservative interactions,

which corresponds to the following structure:

(∂t + v · ∂x) fi(t,x,v, u) =
(

J
C
i − J

L
i

)

[f ](t,x,v, u)

=

n
∑

h,k=1

∫

Ω×D2
u
×D2

v

ηhk[f ](w∗,w
∗) Ci

hk[f ](v∗ → v, u∗ → u|w∗,w
∗

, u∗)

×fh(t,x,v∗, u∗)fk(t,x
∗

,v
∗

, u
∗) dv∗ dv

∗

du∗ du
∗

dx
∗

−

n
∑

k=1

fi(t,x,v)

∫

Ω×Du×Dv

ηik[f ](w∗,w
∗) fk(t,x

∗

,v
∗

, u
∗) dv∗

du
∗

dx
∗

.
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2.5 - On the Kinetic Theory Approach and Evacuation Dy-
namics

Stochastic Games

1. Competitive (dissent):When one of the interacting particle increases its status by

taking advantage of the other, obliging the latter to decrease it. Therefore the

competition brings advantage to only one of the two. This type of interaction has

the effect of increasing the difference between the states of interacting particles,

due to a kind of driving back effect.

2. Cooperative (consensus):When the interacting particles exchange their status,

one by increasing it and the other one by decreasing it. Therefore, the interacting

active particles show a trend to share their micro-state. Such type of interaction

leads to a decrease of the difference between the interacting particles’ states, due

to a sort of dragging effect.

3. Hiding-chasing: When one of the two attempts to increase the overall distance

from the other, which attempts to reduce it.

4. Learning: When one of the two modifies, independently from the other, the

micro-state, in the sense that it learns by reducing the distance between them.
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2.6 - On the Kinetic Theory Approach and Evacuation Dy-
namics

Stochastic Games- Pictorial illustration of (a) competitive,(b) cooperative, (c)

hiding-chasing and (d) learning game dynamics between two active particles. Black

and grey bullets denote, respectively, the pre- and post-interaction states of the

particles.
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2.7 - On the Kinetic Theory Approach and Evacuation Dy-
namics

Active particles, micro-scale states, and environment

Active particles Walkers

Position

Microscopic state Velocity

Activity

Different abilities

Functional subsystems Individuals pursuing different strategies

Presence of leaders

Unbounded domains

Environment Domains with obstacles and boundaries

Quality of the environment
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2.8 - Models, Problems, and Evacuation Dynamics

Mesoscopic (kinetic) representation in polar coordinates

• The dynamics in two space dimensions is considered, while polar coordinates are

used for the velocity variable, namelyv = {v, θ}, wherev is the velocity modulus and

θ denotes the velocity direction.

• Theperceived density ρaθ along the directionθ:

ρ
a
θ = ρ

a
θ [ρ] = ρ+

∂θρ
√

1 + (∂θρ)2

[

(1− ρ)H(∂θρ) + ρH(−∂θρ)
]

,

where∂θ denotes the derivative along the directionθ, whileH(·) is the heaviside

functionH(· ≥ 0) = 1, andH(· < 0) = 0. Therefore, positive gradients increase the

perceived density up to the limitρ = 1, while negative gradients decrease it down to

the limit ρ = 0 in a way that

∂θρ → ∞ ⇒ ρ
a → 1 , ∂θρ = 0 ⇒ ρ

a = ρ , ∂θρ → −∞ ⇒ ρ
a → 0.
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2.9 - On the Kinetic Theory Approach and Evacuation Dy-
namics

Modeling the decision process of velocity adjustment

1. In unbounded domains three types of stimuli contribute tothe modification of

walking direction: (i) desire to reach a well defined target,namely a direction or a

meeting point; (ii) attraction toward the mean stream; (iii) attempt to avoid

overcrowded areas (in domains with boundaries also the presence of walls induce

an additional stimulus to avoid them).

2. Walkers moving from one direction to the other adapt theirvelocity to the new

local perceived density conditions, namely they decrease speed for increasing

perceived density and increase it for decreasing perceiveddensity.

3. The activity variable according to a social dynamics based on attraction and/or

repulsion of social behaviors.

4. The dynamics is more rapid in high quality areas; moreoverrapidity is

heterogeneously distributed and increases for high valuesof the activity variable.
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2.10. On the Kinetic Theory Approach and Evacuation Dy-
namics

Dynamics at the microscopic scale

v* v* v*

ν(p)
i ν(p)

i ν(p)
i

a aρ < ρ 
*

a aρ > ρ 
*(2)(1) (2)

Interactions modify the dynamics of walkers in three steps:

1. direction of movement is changed depending on local density, mean velocity, and

trend to the exit;

2. modulus of velocity is decreased (increased) depending on the perceived density;

3. activity variable is varied according to a social dynamics based on attraction

and/or repulsion of social behaviors.

From Stochastic Differential Gamesand Kinetic Theory Methodsto the Modeling of Behavioral Social Crowds– p. 23/34



2.11. Models, Problems, and Evacuation Dynamics

• Three types of stimuli contribute to modify the walking direction:

1. desire to reach a well defined target,ν
(t)
i ;

2. attraction toward the mean stream,ν
(s);

3. attempt to avoid overcrowded areas,ν
(v).

• The preferred direction is defined by

ω =
(1− ρ)ν

(t)
i + ρ

[

βν(s) + (1− β)ν(v)
]

∥

∥

∥
(1− ρ)ν

(t)
i + ρ [βν(s) + (1− β)ν(v)]

∥

∥

∥

, β ∈ [0, 1],

where

ν
(s) =

V

‖V‖
, ν

(v) = −
∇ρ

‖∇ρ‖
,

and the parameterε accounts for panic conditions.
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2.11. Models, Problems, and Evacuation Dynamics

A further adjustment in the presence of boundaries follows:

• The candidate walker changes in probability the direction of motion on the basis

of the rules elaborated in unbounded domains;

• If its distance from the wall,d, is within a given cut-off,dw, walker velocity is

rotated so as the velocity component normal to the wall is decreased linearly with

d.

v (2)

v (1)

d
dw

v
(2)
n =

d

dw
v
(1)
n

v
(2)
t = sign(v(1)t )

[

v
(1)2 − v

(2)
n

2
]1/2
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2.12. Models, Problems, and Evacuation Dynamics

Individuals walking in a corridor with opposite directions

� � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � �

Ly

Lx

exitexit

wall

wall

• The kinetic model of pedestrian crowds is applied to the problem of two groups of

people walking in opposite directions.

• The segregation of walkers into lanes of uniform walking direction is

quantitatively assess by computing the band index

YB(t) =
1

LxLy

∫ Ly

0

∣

∣

∣

∣

∫ Lx

0

ρ1(t,x)− ρ2(t,x)

ρ1(t,x) + ρ2(t,x)
dx

∣

∣

∣

∣

dy
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2.13. Models, Problems, and Evacuation Dynamics

Pedestrians walking in a corridor with opposite directions
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2.14. Models, Problems, and Evacuation Dynamics

A: Low density flow; B: high density flow; ε = .8
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2.15. Models, Problems, and Evacuation Dynamics

The role of the “selfishness” parameterPanic: Breakdown of ordered, cooperative

behavior due to anxious reactions to a certain event.
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9. From EU Projects to Security Problems “SAFECITI”

• The SAFECITI project proposes the creation of a simulation system for Police

analysts to predict the behaviour of crowds in urban environments threatened or

stressed by specific events, using a known and easily accessible serious game

platform. The serious game platform will be enriched with specific simulation

modules, logic and custom user interfaces to meet the requirements of the project.

• The “serious game” platforms with the enrichment of advanced simulation

systems provide the intelligence analysts with a modern platform for training and

decision-making purposes. This new kind of platform can improve their skills

facing a wide-range of situations and learning how the simulation evolves

depending on the actions taken. Those systems can also encourage the

development of new security plans.

• Simulation is a very powerful tool to analyze very complex systems like the

interaction of thousands of social agents in a urban environment under the stress

of specific threats (violent groups, fire, bombs, etc.). The instructor can set the

initial conditions of the scene, number of people, city area, weather, etc. and

introduce new threats or other type of events in real time.
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10. From EU Projects to Security “EVACUATE”

• eVACUATE project is required to develop an intelligent fusion of sensors, a

spatial and contextual information, together with advanced multi-scales crowd

behaviour detection and recognition shall be developed. The structure3d harness

of fused sensing information with dynamically estimated uncertainties on

behavior at micro- and macro-scale will advance eVACUATE crowd dynamic

models to simulate realistic crowd behavior, represented with advanced virtual

reality simulations of crowds in specifically confined environments.

• The dynamic capture of situational awareness concerning crowds in specific mass

gathering environments and its intelligent entablement into emergency

information systems, smart communication devices and spaces is of paramount

importance for achieving very rapid, timely guidance and evacuation of people out

of dangerous areas safely. Humans could be overwhelmed by fast changes of a

potentially dangerous incident occurring at a mass gathering event and particularly

confined environment. As a result, they could probably fail to make objective and

correct decisions to find their way to safety areas. This condition in which people

could be may lead to mass panic that makes the management of such situation by

emergency services even more challenging.
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3.3 - Challenging Perspectives

Challenging Perspectives

Which are the most challenging research perspectives?

• Modeling a variety of not usual behaviors and computing their propagation

in space.

• Modeling evacuation dynamics in complex venues including passages from

one area to an other.

• Qualitative analysis of the initial-boundary value problems for the dynamics

in domains with boundaries.

• Derivation of macroscopic models from the underlying description at the
micro-scale for dynamics in domains with boundaries.

• Others ?
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3.4 - But where is the Chess Tower?

Thank You!
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