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1. Introduction

The survey [13] presents an overview and critical analysis of the existing literature on the modeling of crowd dy-
namics related to crisis management toward the search of safety conditions. Out of this general review some rationale 
on research perspectives have been brought to the attention of the reader.

The content of this paper is also related to the authors’ knowledge acquired in the EU project [50] which focuses 
on security problems during evacuation from complex venues. Crisis management should assure that the evacuation 
process occurs in a reasonably short time and that the local density of the people involved in the evacuation remains 
below a safety threshold.
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The whole content of [13] relies on the concept that a crowd is a living system. Hence, human behaviors have to be 
taken into account both in crowd modeling and in crisis management. The analysis has shown that an interdisciplinary 
approach is necessary to tackle the aforementioned security problems.

Since the readership is broad, the modeling sections of [13] have been organized into two parts to deal, respectively, 
with general theoretical concepts and formalized equations. Therefore, devoted mathematicians can intensively focus 
on Section 4 and related bibliography, while the reader interested in applications can skip over this section and go 
directly to the following sections.

Focusing on modeling topics it has been shown in [13] that the mesoscopic approach based on theoretical tools of 
the kinetic theory and of evolutionary stochastic games appeared to be more flexible as the approach can capture the 
complexity features of living systems and overcome, at least in part, the drawbacks of the modeling at the microscopic 
and macroscopic scales.

Focusing on crisis management, paper [13] has examined the existing literature, at the level of both scientific papers 
and technical reports, on databases repository of simulations and has proposed some guidelines toward the design of 
a predictive engine to support the decision making. A new science is recently developing on this topic [38]. Indeed, 
researchers strongly motivate the design of devices to support and optimize the process of decision making [58], 
where, according to the approach reviewed in our paper, interactions are modeled by theoretical tools of game theory.

The sequential steps along which the content of [13] has been developed can be summarized as follows:

1. Analysis the main features of a human crowd viewed as a “social” hence complex, system;
2. Strategy by which mathematical sciences can contribute to understand the behavioral dynamics of crowds;
3. Development of computational methods to simulate the dynamics through complex venues;
4. Description of crowd behaviors in extreme situations such as stress induced by perception of danger;
5. Detailed analysis of what has been done and should be done to respond to crisis situations.

The comments proposed by various authors have shown that the aims of paper [13] have been well understood. 
Some of them also include specific questions and suggestions of research perspectives. The overall set of comments 
represent a valuable contribution to future research plans in the challenging research field under consideration. As it is 
natural, some comments show a conceptual overlap of topics, while some of them refer to different topics. Therefore, 
our reply will focus on the following specific topics:

• Multiscale problems;
• Social and learning models in crowd dynamics;
• Modeling and computational problems toward crisis management;
• Predictive models toward crisis management.

These topics are treated in the next sections which are not limited to a reply to comments, but also suggest a variety 
of possible research perspectives.

2. Multiscale problems

The scaling problem involves several challenging issues such as: Derivation of macroscopic models from the under-
lying description delivered by the kinetic theory approach; Selection of the appropriate scaling, namely hyperbolic [8]
rather than parabolic [9]; Modeling collective behaviors from the underlying individual dynamics; A unified approach 
to modeling at all scales.

This problem has been mentioned in various comments [34,66,69], where the authors have posed some conceptual 
issues on the derivation of macroscopic models of crowd dynamics at the macroscopic scale from the underlying 
description at the microscopic scale. This analytic derivation has been obtained in [6] for a crowd in unbounded 
domain, based on a previous study concerning vehicular traffic [10]. However, a complete analysis of derivation of 
macroscopic models in bounded domains is not yet available.

In more detail, comments [34] and [66] pose the same problem concerning the selection of the hyperbolic scale 
rather that parabolic. We do agree with this comment as propagation of perturbation in a crowd moves with finite 
speed rather than by diffusion. Still, the possible derivation of degenerate parabolic models should be investigated 
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similarly to what happens in multicellular systems [11]. However, we wish to stress that the problem is still open to 
the search of an exhaustive analytic treatment. In fact, only results in unbounded domains are available [6], while we 
know that the presence of walls and obstacles modifies the flow patterns. What is important is that the structure of 
hydrodynamic models is not postulated a priori as in a large number of models, e.g., [14,56].

In addition, comment [66] inquires on what is lost in descriptive ability of hydrodynamic models with respect to 
models developed at the mesoscale. Hydrodynamic models are certainly of interest from the computational standpoint 
as they present less expensive computational problems, but these models do not include specific features of com-
plex systems such as heterogeneity, irrational behaviors, and various others. Still the question posed in [66] deserves 
attention to be viewed as an interesting research perspective.

An important topic, which has not yet treated exhaustively in the literature, is the modeling the links between 
individual behaviors and collective dynamics. The amount of information on this topic is not yet sufficient, although 
some interesting contributions have already been given to develop this challenging problem [63–65]. Therefore, it can 
definitely be considered an interesting research perspective, where the learning dynamics treated in the next section 
can play an important role.

Particularly interesting is comment [76] which introduces the concept of multiple scales. Namely not only micro-
scopic and macroscopic, but also an underlying sub-microscopic scale. The author, due to his research activity, refers 
to multicellular systems, where this low scale corresponds to molecules related to DNA expression [15,33,80]. Crowd 
dynamics presents an analogous feature, where the low scale correspond to the psychological behavior of walkers. The 
content of the next section indicates how additional variables can be introduced to account for this specific feature.

Comment [68] brings some new ideas on the multiscale approach, where the dynamics at the microscopic scale is 
determined by some “rational” optimization of the available energy, see also [46]. In addition, some useful indications 
are given on available empirical data on this topic. The open problem, focusing on the specific aims of [13], consists in 
understanding how the psychology of a crowd is modified by stress in not safe conditions. This topic deserves further 
studies that can take advantage of the existing literature on safety problems, e.g., [36,58,73,79,81].

3. Physics, social and learning models in crowd dynamics

The introduction of models of social and learning dynamics in the modeling of human crowds is an important 
issue treated in [13]. The importance of this issue in evacuation dynamics is clearly stated in the already cited papers 
devoted to safety problems [36,58,73,79,81]. The critical analysis in these papers has shown that the present state of 
the art does not yet provide an exhaustive treatment of this topic, while the survey [13] indicates how the modeling 
approach at the mesoscopic scale [6,7] can take into account, at least in part, this specific issue.

This topic was introduced in paper [16] which suggests to introduce an additional microscopic variable, called 
activity to account for specific aspects of social behaviors. The model selected in [13] simplifies this approach by 
using a parameter β corresponding to stress condition, which is immediately shared by all walkers in the same zone. 
Indeed, we should not forget that this paper refers to evacuation dynamics, where the computational time must be equal 
or lower than the real time. Hence the simplification of [17] is imposed by the need of reducing the time required by 
computations.

If this requirement can be technically tackled by specific computational approach, such as parallel computing, the 
guidelines proposed in [16] can be followed to overcome the aforementioned simplification. Then, β is viewed as an 
internal variable which is modified by interactions and learning dynamics. However, even in the simplest case β is 
not a mechanical variable, rather a “social” variable which modifies the dynamics. Indeed, as reported in [13], when 
“stress” by evacuation increases, walkers increase their trend to follow the stream even if it is not optimal for their 
safety.

The need of using social dynamics is presented in [28], mainly focused on learning dynamics, while [39,57,66] refer 
to more general aspects of social dynamics. Comment [57] enlightens how stress conditions modify the evacuation 
dynamics. We do agree on these comments as well as with their indications of research perspectives. More specifically, 
future research directions are as follows:

• Mathematical models and related computational schemes should include the propagation, in time and space, of 
stress conditions that can have a localized onset and subsequently diffuse in the venue.
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• A crowd can include, in certain circumstances, different typologies of individuals, such as leaders and followers 
or, in public demonstrations, individuals who behave correctly and rioters. Models should depict the transition 
from one group (functional subsystem) to another.

• The description of these dynamics should refer to systems approaches to social systems [2,23,40,41,49], while 
interactions that lead to the said dynamics should refer to the approaches to collective learning theory [29,30].

Although the present state of the art does not yet exhaustively treats these topics, some interesting preliminary 
results are available and, definitely, worth of future research activity. We observe that the kinetic theory methods to 
model crowd dynamics have been only recently initiated, and hopefully several developments will be proposed in the 
next years. Modeling social dynamics in crowds is one of the most interesting perspective. Some ideas toward this 
challenging objective have been already proposed in [13], see Subsection 4.3.

Social dynamics in crowds refers to interaction of walkers that exchange their psychological attitude toward a 
consensus to a common walking strategy. The model takes into account this specific feature focusing on stressful 
conditions that might reduce safety conditions. An interesting topic, still to be developed, is the diffusion of other 
types of behaviors. An example is given by the presence of rioters in a democratic manifestation, when they 
attempt to obtain consensus from the other pacific demonstrators. A deep understanding of collective learning [29]
can contribute to modeling social interchanges that can include violent acts [44] and transition into violence due to 
communications with rioters.

Comment [71] deserves special attention as it introduces a new aspect of the problem that has not been exhaustively 
treated in [13]. Indeed, it suggests to study crowd dynamics in the presence of fire. Let us first focus on two questions 
posed by the author:

Given the practical applications of crowd evacuation models in fire safety engineering, an important follow up 
question arises from the review [13]: How do current crowd evacuation models deal with the interactions between 
crowd behaviors and a physical threat in the environment?

An additional inquiry is the following:

The ability of evacuation models to qualitatively produce results which reflect the current knowledge on human 
behavior in fire.

Both remarks are very important as they precisely focus on the need to adapt models to the specific safety situation 
that requires crisis management. This means that we cannot have a model valid in all possible situations, but we need 
a flexible model to be adapted to different possible situations.

We are very happy of this remark, which goes far beyond the traditional approach of a rational crowd, where 
walkers select optimal paths that minimize the energy which is spent. Therefore, it is worth stressing once more that 
the key problem consists in understanding human behaviors in the presence of fire, namely how the stress modifies 
walking behaviors and propagate in the crowd. The approach reviewed in [13] already provides the description of how 
stress conditions modify the walking strategy including reduction of velocity treated in [72]. However additional work 
is needed toward the modeling of dynamics in complex venues and propagation of stress conditions. A hint toward 
this topic is proposed in the last section.

Focusing again on fire situations, it is worth mentioning that modeling and simulations should tackle, in addition 
to various difficulties, the problem of the interaction of a crowd with the boundary of a domain which evolves in time 
due to fire propagation.

4. Modeling and computational problems toward crisis management

Modeling issues have been treated in the greatest part of comments, see [3,31,34,39,57,66,69,76]. As a matter of 
fact, this topic plays an important role in crisis management. Several papers have put in evidence that the existing 
literature is focused on models where the crowd exhibits rational behaviors, while real situations and stress conditions 
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induced by evacuation situations indicate that irrational behaviors appear thus generating crisis situations. This defi-
ciency in the existing literature is properly described in papers that specifically deal with safety problems [51–53,73,
75,81].

An additional requirement is the need of real-time simulations as the crisis manager must be able to take rapid 
decisions during the evacuation. Monte Carlo particle methods are suggested in [13] as the appropriate computational 
approach to achieve the afore mentioned strategy. This method was first introduced by Bird [22] and subsequently 
developed by various authors by modifying the method to each specific system under consideration, see [4,67] and 
many others.

The influence of social dynamics on crowd behaviors has been already discussed in the previous section. Therefore, 
we will now simply focus on the general features of the crowd model selected for the simulation and safety analysis. 
Accordingly, we will summarizing its specific features referring to the comments as well as to the literature which 
have lead to the selection of the computational model reported in the survey [13]. In details:

• The complexity features of the crowd require a representation which accounts for the heterogeneous behavior of 
walkers as well as the difficulty of their deterministic identification. Therefore, the approach looks at the so-called 
kinetic theory for active particles precisely developed to model large systems of interacting entities [19].

• Walkers (pedestrians), namely the micro-system, are viewed as active particles, that have the ability of expressing 
a their own strategy, called activity. This ability can differ for different groups in the same crowd, as it is under-
stood that the activity is heterogeneously distributed among walkers. The use of this variable has been already 
discussed in the preceding section.

• The overall system is subdivided into groups, called functional subsystems, of walkers who share common “me-
chanical” features, namely walking to the same direction (different for each group). This subdivision can also 
include social functional subsystems of walkers that behave differently from the others. As an example, this 
subdivision can include the presence of leaders who operate to drive the evacuation dynamics toward the most 
appropriate routes. The approach proposed in [16] satisfies this requirement.

• Interactions at the microscopic scale are modeled by theoretical tools of stochastic evolutionary game theory. 
These interactions are non-linearly additive and non-local. This is immediate to recognize as walkers modify their 
trajectory and speed according to the overall geometry of the system including exits, obstacles and walls.

• Particularly tricky is the treatment of boundary conditions as walkers feel the presence of walls at a distance and 
consider the option to modify the trajectory beside the trend to the exit and the search of less crowded areas. 
Also boundary conditions are treated in the framework of stochastic games, for instance the presence of walls 
introduces a trend to move along the wall, this trend decreases with the distance and it is only one of the various 
trends, this means that walkers do not proceed along the wall, but select their trajectories after having taken into 
account all coexisting trends.

• Models take into account the quality of the venue and of the environment which can determine different speed 
of walking as well as different observable dynamics, such as velocity and fundamental diagrams. Namely, these 
diagrams are not a universal property, but depend on the quality of the venue.

• Walkers can communicate and develop a social dynamic. Accordingly, they modify both strategy and dynamical 
rules followed in their dynamics. The output is a collective behavior which can be observed over the whole crowd.

Bearing all the above in mind, the answer to comments (and questions) on modeling topics can be given without 
naively claiming that all problems have been exhaustively treated. As a matter of fact, we believe that several chal-
lenging problems have been posed by the growing needs of safety requirements and that a lot of intellectual energies 
will be involved in the next years to deal with them.

Comment [3] indicates the importance of model validation. Indeed, it is an important aspect of the overall problem, 
which has been treated in Section 3, where it has been indicated that the validation process should take into account, 
at least, the following abilities:

(i) Capture the complexity features of a crowd;
(ii) Reproduction of the velocity and fundamental diagrams;
(iii) Qualitatively description of emerging behaviors including, in evacuation dynamics, severe changes in the dy-

namics of individual interactions and, hence, in the overall crowd behavior;
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(iv) Modeling the role of environmental conditions over the observable dynamics.

Most of these issues have been treated in [17], however the search of appropriate empirical data is still going on 
although various interesting contribution, such as [36,42,74], have to be acknowledged.

Comment [61] brings the attention of the reader the pioneer paper [54], which has the merit of having introduced, 
for the first time, the concept of social force. Subsequently the authors indicate an interesting analysis of the physics 
of crowds [59,60,62]. This comment deserves attention in view of further developments of individual based models, at 
the microscopic scale. Indeed, it is worth looking for a unified approach of crowd modeling, where all scales contribute 
to a deeper understanding of the complexity of crowd dynamics.

As enlightened in [76], particularly important is the link between the scale below that of individuals and the 
microscopic scale. This concept is well understood in biology, where the low scale is that of molecules and their 
expression [5], while it needs still to be clarified at the level of a crowd. Therefore, it is not surprising that two com-
ments [43,76] propose to study the analogies between walkers and cell dynamics. We do agree that it is a challenging 
perspective, where biologists can learn from experts in crowd dynamics and vice versa. The same reasoning can be 
applied to the analogy between crowds and swarms [21].

More in general, it is important mentioning that the approach to crowd modeling needs further improvements such 
as a development of the perspective ideas proposed in [16]. In addition, attention toward future research perspectives 
is deserved by the ideas of developing hydrodynamic models suitable to include some, at least, complexity features 
of living systems, as suggested in [66]. Additional suggestions [69] are focused on the introduction of a long range 
interaction potential not only for mechanics, but also for social behaviors, as and on the modeling of clustering and 
fragmentation phenomena in crowds, as suggested in [31].

The variety of possible improvements of models of crowd dynamics can be more vast than what one can figure 
out. However, the specific aims of [13] cannot skip over the fact that the scientific and technological community is 
waiting for developments suitable to support safety conditions. Waiting for these improvements, we wish stressing 
that a necessary condition for a successful approach is that the three scale problem is carefully treated and that 
computational codes satisfy the requirements of a computational time of the same order, at least, of the real time 
of the crowd moving in each venue.

Comments on computational methods have been proposed in [37] and [66]. In more detail, [37] focuses on the 
need of real time computations and provides some interesting bibliographic indications by which it is enlightened 
how mixed macroscopic and mesoscopic computing can be properly integrated. It is not an easy task, but it is worth 
developing future activity on this matter, where the main difficulty consists in implementing conservation equations 
by dynamical systems modeling particle dynamics.

Comment [66] inquires how far this method is necessary also considering that previous studies used deterministic 
methods [1,7]. Our reply accounts that the simulations proposed in [1,7] have been referred to very simple venues, 
while the interactions implemented in the model were somewhat simpler that those effectively needed by real appli-
cations. However, we do not feel like proposing a drastic decision and leave it to experts in numerical analysis, but 
we need stressing that safety requirements indicate the need of even more sophisticated models. Hence the design 
of codes should follow, in parallel, the derivation of models according to the need of real applications. The aid of 
parallel computing may be necessary to reduce the computational burden. In this respect, the possibility of exploiting 
the massively parallel architecture of modern Graphics Processing Units would be certainly of interest [48].

5. Predictive models toward crisis management

The survey [13] is not proposed, as already mentioned, on general topics of crowd dynamics, but it is specifically 
related to evacuation dynamics and safety problems. Therefore, once a model, or a class of models, has been selected 
among those available in the literature, models and scientific computations have to be used to support the decision 
process of crisis managers. This topic has been treated in Section 6 of the paper concluding with the proposal of the 
rationale to support the design of a predictive engine, where decisions can be extracted from a database repository of 
a large number of simulations to be properly related to possible real situations.

This topic has been object of two comments. In detail, comment [43], after having discussed modeling aspects and 
the need of reliable models, indicates the perspective of developing control theory methods to contribute practically 
to crisis management. Comment [39] enlightens the need of models with the ability of depicting social dynamics and 
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inquires about the possible use of predictive engines as tool to support decision making in situations where safety is 
at risk. Namely both comments refer to the key problem indicated in [13]: “what has been done and should be done 
to respond effectively to crisis situations”.

Our idea is that the design of databases should go beyond the technical problem of compression of data and look for 
engines that have the ability of selecting data useful for crisis management. This idea is now shared by the scientific 
community of statisticians and experts in data mining. The key issue is already expressed in Section 6 of [13] and 
consists in the assessment, for the class of systems under consideration, of the set of variables which appear most 
appropriate to define the state of the system under consideration and, subsequently to define the most appropriate 
metrics to estimate how two different situations are closed each other. Finally, the selection of the actions suitable to 
induce safety needs the design of rules to score the validity of specific actions, so that the crisis manager can select 
the best action among those in the database [2].

These concepts are also well expressed in [39]:

In fact, comparisons between different simulations and real situations cannot be restricted to the geometry of the 
venue and to the mechanical behavior of the crowd. Indeed, different social situations should be taken into account 
so that effectively useful simulations can contribute to decision making that, as it is known, have often to be taken in 
a very short time. This comment specifically refers to the design of predictive engine, where both social dynamics 
and its influence on the mechanical dynamics should be taken into account.

Transferring this rationale to a proper theory valid for applications is not an easy task. However, several intellectual 
energies have already been addressed to this objective and hopefully useful results will appear soon.

Some comments [26,43,68] have motivated the need of introducing the study of control problems for sparse systems 
and, in particular for crowd dynamics. Indeed, control actions can be properly addressed to improve safety conditions 
by addressing the decision process of walkers toward a rational way of selecting walking path. This objective can be 
achieved, as an example, by the presence of leaders [68].

Comment [26] provides a brief, however efficiently communicative, description of the possible mathematical ap-
proaches to this challenging problem. Indeed, researchers have perceived that the study of control problems in crowd 
dynamics can effectively contribute to manage dangerous situations.

The first step consists in developing a control theory for sparse systems. This interest is documented in several in-
teresting papers, as examples [27,32,82]. The second step should look more precisely at crowd dynamics, for instance 
to control problems by leaders.

6. Research perspectives

The preceding sections have discussed the various comments which have been proposed on [13]. These comments 
and the related answers have generated further speculations on possible research perspectives. This section summa-
rizes a number of possible perspectives selected, according to the authors’ bias, among several conceivable ones. The 
indication of these perspectives is followed by some very preliminary reasonings on their approach. Pragmatically, 
only one topic has been selected for each of the preceding sections. Hopefully, interested readers can take them as a 
first step to support their own perspective ideas.

• Derivation of models at the macroscopic scale from the underlying “kinetic theory” description at the microscopic 
scale for a crowd in a domain with boundaries and obstacles: The derivation approach of [6] can be followed. 
However, the presence of walls and obstacles, namely � with the notations of [13], induces challenging difficul-
ties. Further, if the model includes a “social” variable, such as “stress” in evacuation dynamics, the influence of 
this variable (or parameter in the simplified approach reviewed in [13]) should be studied to investigate how this 
feature influences the structure of equations at the macroscopic scale.

• Modeling the interaction between social and mechanical dynamics in crowds: Technical operators on safety 
problems are well aware on the importance that social dynamics can have on a crowd [73,75,81]. Due to this 
motivations the concept of social crowd has been introduced in [16]. The survey [2] reports on the existing liter-
ature and research perspectives on systems approach to model large social systems. A possible approach would 
consist in combining the two dynamics, namely by modeling how social behaviors have an influence on the me-
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chanics of walkers and vice versa. An additional difficulty, to be taken into account, is that a crowd can include 
different types of walkers, for instance the presence of leaders, as well as the interplay of different types of social 
dynamics. Previous studies [18,40,41] have shown that this feature can have an important influence on social 
behaviors.

• Development of the three scale approach outlined in [76] to implement the modeling of interactions between 
walkers focusing on the input of psychological status to individual dynamics: The literature reviewed in [13] has 
shown that the four stimuli accounted for in the games, namely avoiding overcrowded areas, attraction from the 
stream, aim to reach the exit doors, need of avoiding walls and obstacles, generates well defined and observable 
flow patterns. In addition models derived within such framework have the ability to reproduce the fundamental 
diagrams as well as some emerging behaviors observed in reality [17]. It is a good point to start but now theoreti-
cians are waiting for empirical data to be used for model tuning. Empirical data, such as those mentioned in [68], 
can provide a useful contribution to this objective.

• Design of predictive engines to support crisis management: As we have seen, the structure of the database and 
the design of the predictive engine march together. The challenging problem is that the overall design needs 
a common characterization of the social systems approach, the modeling of the venues, the modeling of the 
crowd dynamics, and development of a learning theory for crowds. The state of the art does not provides such 
common characterization, which means use of variables and parameters that can be related among themselves 
for all four components. Hence, research perspectives should pursue this specific objective. The development of 
control problems, proposed in [26] can constitute an important contribution to enrich the ability of predictive 
engines, as well as their use for training decision makers.

All these topics should not be developed for models in simple geometries such as square or circular rooms, but 
should refer to complex geometries such as crowd over lively footbridges [77,78], complex networks [24,25,45,47,
55], venues with variable geometry due to possible incidents [17]. This means that the present state of the art, as it is 
reported in collection of papers, surveys, and books [12,20,35] needs further improvements and, if possible, also new 
ideas.

Bearing all above in mind, let us return, once more, to [71] and enlighten a challenging perspective that, although 
tangentially treated in the comment, clearly appears in the bibliography. Namely, the role that modeling can have 
in the design of venues during evacuation induced by possible terrorist attack [70]. Our interpretation of the letter 
to the journal “Nature” is that one has to look for highly sophisticated models suitable to link social dynamics and 
mechanics. Hopefully, a new systems approach might link [2] and [16] to support decision making toward safety 
problems for crowds.

Acknowledgements

The research leading to these results has received funding from the European Union’s Seventh Framework Pro-
gramme (FP7/2007–2013) under Grant Agreement Number 313161 (eVACUATE). Project title: “A holistic, scenario 
independent, situation-awareness and guidance system for sustaining the Active Evacuation Route for large crowds”. 
This publication reflects the views only of the authors and the Commission cannot be held responsible for any use 
which may be made of the information here contained.

References

[1] Agnelli J-P, Colasuonno F, Knopoff D. A kinetic theory approach to the dynamics of crowd evacuation from bounded domains. Math Models 
Methods Appl Sci 2015;25:109–29.

[2] Ajmone Marsan G, Bellomo N, Gibelli L. Stochastic evolutionary differential games toward a systems theory of behavioral social dynamics. 
Math Models Methods Appl Sci 2016;26(6):1051–93.

[3] Banasiak J. Kinetic models for crowd dynamics. Comment on “Human behaviours in evacuation crowd dynamics: from modelling to “big 
data” toward crisis management” by N. Bellomo et al. Phys Life Rev 2016;18:22–4. http://dx.doi.org/10.1016/j.plrev.2016.07.008 [in this 
issue].

[4] Barbante P, Frezzotti A, Gibelli L. A kinetic theory description of liquid menisci at the microscale. Kinet Relat Models 2015;8(2):235–54.
[5] Bassetti F, Toscani G. Mean field dynamics of interaction processes with duplication, loss and copy. Math Models Methods Appl Sci 

2015;25:1887–925.

http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B41434B31355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B41434B31355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B41424731365Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B41424731365Ds1
http://dx.doi.org/10.1016/j.plrev.2016.07.008
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42464731355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B425431355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B425431355Ds1


N. Bellomo et al. / Physics of Life Reviews 18 (2016) 55–65 63
[6] Bellomo N, Bellouquid A. On multiscale models of pedestrian crowds from mesoscopic to macroscopic. Commun Math Sci 
2015;13(7):1649–64.

[7] Bellomo N, Bellouquid A, Knopoff D. From the micro-scale to collective crowd dynamics. Multiscale Model Simul 2013;11:943–63.
[8] Bellomo N, Bellouquid A, Nieto J, Soler J. Multicellular growing systems: hyperbolic limits towards macroscopic description. Math Models 

Methods Appl Sci 2007;17:1675–93.
[9] Bellomo N, Bellouquid A, Nieto J, Soler J. On the asymptotic theory from microscopic to macroscopic tissue models: an overview with 

perspectives. Math Models Methods Appl Sci 2012;22:1130001.
[10] Bellomo N, Bellouquid A, Nieto J, Soler J. On the multiscale modeling of vehicular traffic: from kinetic to hydrodynamics. Discrete Contin 

Dyn Syst, Ser B 2014;19:1869–88.
[11] Bellomo N, Bellouquid A, Tao Y, Winkler M. Toward a mathematical theory of Keller–Segel models of pattern formation in biological tissues. 

Math Models Methods Appl Sci 2015;25:1663–763.
[12] Bellomo N, Brezzi F. Traffic, crowds, and dynamics of self-organized particles: new trends and challenges. Math Models Methods Appl Sci 

2015;25:395–400.
[13] Bellomo N, Clark D, Gibelli L, Townsend P, Vreugdenhil B-J. Human behaviours in evacuation crowd dynamics: from modelling to “big 

data” toward crisis management. Phys Life Rev 2016;18:1–21. http://dx.doi.org/10.1016/j.plrev.2016.05.014 [in this issue].
[14] Bellomo N, Dogbè C. On the modelling crowd dynamics from scaling to hyperbolic macroscopic models. Math Models Methods Appl Sci 

2008;18:1317–45.
[15] Bellomo N, Elaiw A, Althiabi AM, Alghamdi A. On the interplay between mathematics and biology hallmarks toward a new systems biology. 

Phys Life Rev 2015;12:44–64.
[16] Bellomo N, Gibelli L. Toward a behavioral–social dynamics of pedestrian crowds. Math Models Methods Appl Sci 2015;25:2417–37.
[17] Bellomo N, Gibelli L. Behavioral crowds: modeling and Monte Carlo simulations toward validation. Comput Fluids 2016. 

http://dx.doi.org/10.1016/j.compfluid.2016.04.022.
[18] Bellomo N, Herrero M-A, Tosin A. On the dynamics of social conflicts looking for the black swan. Kinet Relat Models 2013;6(3):459–79.
[19] Bellomo N, Knopoff D, Soler J. On the difficult interplay between life, “complexity”’, and mathematical sciences. Math Models Methods 

Appl Sci 2013;23:1861–913.
[20] Bellomo N, Piccoli B, Tosin A. Modeling crowd dynamics from a complex system viewpoint. Math Models Methods Appl Sci 

2012;22:1230004.
[21] Bellomo N, Soler J. On the mathematical theory of the dynamics of swarms viewed as complex systems. Math Models Methods Appl Sci 

2012;22:1140006.
[22] Bird G-A. Molecular gas dynamics and the direct simulation of gas flows. Oxford University Press; 1994.
[23] Bonacich P, Lu P. Introduction to mathematical sociology. Princeton University Press; 2012.
[24] Borsche R, Göttlich S, Klar A, Köhn S, Shillen P. The scalar Keller–Segel model on networks. Math Models Methods Appl Sci 

2014;24:221–47.
[25] Borsche R, Klar A, Köhn S, Meurer A. Coupling traffic flow networks to pedestrian motion. Math Models Methods Appl Sci 2014;24:359–80.
[26] Borzì A, Caponigro A. A control theoretical approach to crowd management. Comment on “Human behaviours in evacuation 

crowd dynamics: from modelling to “big data” toward crisis management” by Nicola Bellomo et al. Phys Life Rev 2016;18:27–8. 
http://dx.doi.org/10.1016/j.plrev.2016.08.013 [in this issue].

[27] Borzì A, Wongkaew S. Modeling and control through leadership of a refined flocking systems. Math Models Methods Appl Sci 
2015;25(03):255–82.

[28] Burini D. Collective learning dynamics in behavioral crowds. Comment on “Human behaviours in evacuation crowd dynamics: from modelling 
to “big data” toward crisis management” by Nicola Bellomo et al. Phys Life Rev 2016;18:25–6. http://dx.doi.org/10.1016/j.plrev.2016.07.002
[in this issue].

[29] Burini D, De Lillo S, Gibelli L. Collective learning modeling based on the kinetic theory of active particles. Phys Life Rev 2016;16:123–39.
[30] Burini D, De Lillo S, Gibelli L. Learning dynamics towards modeling living systems. Reply to comments on “Collective learning modeling 

based on the kinetic theory of active particles”. Phys Life Rev 2016;16:152–8.
[31] Calvo J, Nieto J. Some aspects on kinetic modeling of evacuation dynamics. Comment on “Human behaviours in evacuation 

crowd dynamics: from modelling to “big data” toward crisis management” by Nicola Bellomo et al. Phys Life Rev 2016;18:42–3. 
http://dx.doi.org/10.1016/j.plrev.2016.08.008 [in this issue].

[32] Caponigro M, Fornasier M, Piccoli B, Trélat E. Sparse stabilization and control of alignment models. Math Models Methods Appl Sci 
2015;25(03):521–64.

[33] Chaplain M, Ptashnyk M, Sturrock M. Hopf bifurcation in a gene regulatory network model: molecular movement causes oscillations. Math 
Models Methods Appl Sci 2015;25:1179–215.

[34] Chouhad N. On the scaling problem and micro–macro derivation of crowd models. Comment on “Human behaviours in evacuation 
crowd dynamics: from modelling to “big data” toward crisis management” by Nicola Bellomo et al. Phys Life Rev 2016;18:29–30. 
http://dx.doi.org/10.1016/j.plrev.2016.07.011 [in this issue].

[35] Cristiani E, Piccoli B, Tosin A. Multiscale modeling of pedestrian dynamics. Italy: Springer; 2014.
[36] Cuesta A, Abreu O, Alvear D. Methods for measuring collective behaviour in evacuees. Saf Sci 2016;88:43–54.
[37] Delle Monache ML. Crowd dynamics evacuations: the roles of shape optimization and real-time computational models. Comment on “Human 

behaviours in evacuation crowd dynamics: from modelling to “big data” toward crisis management” by Nicola Bellomo et al. Phys Life Rev 
2016;18:40–1. http://dx.doi.org/10.1016/j.plrev.2016.08.010 [in this issue].

[38] De Sterck H, Johnson C. Data science: what is it and how is it thought? SIAM News 2015;48:1–6.

http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B424231355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B424231355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42424B31335Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42424E5330375Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42424E5330375Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42424E5331325Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42424E5331325Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42424E5331345Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42424E5331345Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4242545731355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4242545731355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42425231355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42425231355Ds1
http://dx.doi.org/10.1016/j.plrev.2016.05.014
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B424430385Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B424430385Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B424531355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B424531355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B424731355Ds1
http://dx.doi.org/10.1016/j.compfluid.2016.04.022
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42485431335Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B424B5331335Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B424B5331335Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42505431325Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42505431325Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B425331325Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B425331325Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42495239345Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B424C31325Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42474B5331345Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42474B5331345Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B424B4B4D31345Ds1
http://dx.doi.org/10.1016/j.plrev.2016.08.013
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B425731355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B425731355Ds1
http://dx.doi.org/10.1016/j.plrev.2016.07.002
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B42444731365Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4244473136525Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4244473136525Ds1
http://dx.doi.org/10.1016/j.plrev.2016.08.008
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4346505431355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4346505431355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B43505331355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B43505331355Ds1
http://dx.doi.org/10.1016/j.plrev.2016.07.011
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B43505431345Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B43414131365Ds1
http://dx.doi.org/10.1016/j.plrev.2016.08.010
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B44534A31355Ds1


64 N. Bellomo et al. / Physics of Life Reviews 18 (2016) 55–65
[39] Dolfin M. On the complex interaction between social sciences and crowd dynamics. Comment on “Human behaviours in evacuation 
crowd dynamics: from modelling to “big data” toward crisis management” by Nicola Bellomo et al. Phys Life Rev 2016;18:31–2. 
http://dx.doi.org/10.1016/j.plrev.2016.07.010 [in this issue].

[40] Dolfin M, Lachowicz M. Modeling altruism and selfishness in welfare dynamics: the role of nonlinear interactions. Math Models Methods 
Appl Sci 2014;24:2361–81.

[41] Dolfin M, Lachowicz M. Modeling opinion dynamics: how the network enhances consensus. Netw Heterog Media 2015;10(4):877–96.
[42] Duives D-C, Daamen W, Hoogendoorn S-P. State-of-the-art crowd motion simulation models. Transp Res, Part C, Emerg Technol 

2013;37:193–209.
[43] Elaiw A. From crowd modeling to safety problems. Comment on “Human behaviours in evacuation crowd dynamics: from modelling to “big 

data” toward crisis management” by Nicola Bellomo et al. Phys Life Rev 2016;18:33–4. http://dx.doi.org/10.1016/j.plrev.2016.07.003 [in this 
issue].

[44] Epstein J-M. Modeling civil violence: an agent based computational approach. Proc Natl Acad Sci USA 2002;99:7243–50.
[45] Etikyala R, Götlich S, Klar A, Tiwari S. Particle methods for pedestrian flow models: from microscopic to nonlocal continuum model. Math 

Models Methods Appl Sci 2014;24:2503–23.
[46] Faure S, Maury B. Crowd motion from the granular standpoint. Math Models Methods Appl Sci 2015;25:463–93.
[47] Fermo L, Tosin A. A fully-discrete-state kinetic theory approach to traffic flow on road networks. Math Models Methods Appl Sci 2015:25.
[48] Frezzotti A, Ghiroldi G-P, Gibelli L. Solving model kinetic equations on GPUs. Comput Fluids 2011;50:136–46.
[49] Galam S. Sociophysics. New York: Springer; 2013.
[50] eVACUATE Project. A holistic, scenario-independent, situation-awareness and guidance system for sustaining the Active Evacuation Route 

for large crowds. FP7/2007–2013, grant no. 313161. http://www.evacuate.eu/.
[51] Helbing D, Farkas I, Vicsek T. Simulating dynamical feature of escape panic. Nature 2000;407:487–90.
[52] Helbing D, Johansson A. Pedestrian crowd and evacuation dynamics. In: Encyclopedia of Complexity and System Science. 2009. p. 6476–95.
[53] Helbing D, Johansson A, Al-Abideen H-Z. Dynamics of crowd disasters: an empirical study. Phys Rev E 2007;75:046109.
[54] Helbing D, Molnar P. Social force model for pedestrian dynamics. Phys Rev E 1995;51:4282–6.
[55] Herty M, Ringhofer C. Large time behavior of averaged kinetic models on networks. Math Models Methods Appl Sci 2015;25:875–904.
[56] Hughes RL. The flow of human crowds. Annu Rev Fluid Mech 2003;35:169–82.
[57] Knopoff D. Further steps in the modeling of behavioural crowd dynamics, good news for safe handling. Comment on “Human behaviours in 

evacuation crowd dynamics: from modelling to “big data” toward crisis management” by Nicola Bellomo et al. Phys Life Rev 2016;18:35–6. 
http://dx.doi.org/10.1016/j.plrev.2016.07.012 [in this issue].

[58] Mesmer BL, Bloebaum CL. Modeling decision and game theory based pedestrian velocity vector decisions with interacting individuals. Saf 
Sci 2016;87:116–30.

[59] Miguel AF. The emergence of design in pedestrian dynamics: locomotion, self-organization, walking paths and constructal law. Phys Life Rev 
2013;10:168–90.

[60] Miguel AF. Key mechanisms behind pedestrian dynamics: individual and collective patterns of motion. Diffus Found 2015;3:153–64.
[61] Miguel AF. A crowd of pedestrian dynamics – the perspective of physics. Comment on “Human behaviours in evacuation crowd 

dynamics: from modelling to “big data” toward crisis management” by Nicola Bellomo et al. Phys Life Rev 2016;18:37–9. 
http://dx.doi.org/10.1016/j.plrev.2016.08.001 [in this issue].

[62] Miguel AF, Bejan A. The principle that generates dissimilar patterns inside aggregates of organisms. Physica A 2008;388:727–31.
[63] Moussaïd M, Helbing D, Garnier S, Johansson A, Combe M, Theraulaz G. Experimental study of the behavioural mechanisms underlying 

self-organization in human crowds. Proc R Soc B 2009;276:2755–62.
[64] Moussaïd M, Helbig D, Theraulaz G. How simple rules determine pedestrian behavior and crowd disasters. Proc Natl Acad Sci USA 

2011;108(17):6884–8.
[65] Moussaïd M, Theraulaz G. Comment les piétons marchent dans la foule. La Recherche 2011;450:56–9.
[66] Outada N. Hyperbolic scaling and computing in social crowds. Comment on “Human behaviours in evacuation crowd dy-

namics: from modelling to “big data” toward crisis management” by Nicola Bellomo et al. Phys Life Rev 2016;18:44–5. 
http://dx.doi.org/10.1016/j.plrev.2016.07.004 [in this issue].

[67] Pareschi L, Toscani G. Interacting multiagent systems: kinetic equations and Monte Carlo methods. Oxford: Oxford University Press; 2014.
[68] Piccoli B. Multiscale approaches to crowd dynamics and the reliability of data from experiments. Comment on “Human behaviours in evac-

uation crowd dynamics: from modelling to “big data” toward crisis management” by Nicola Bellomo et al. Phys Life Rev 2016;18:46–7. 
http://dx.doi.org/10.1016/j.plrev.2016.08.003 [in this issue].

[69] Poyato D, Soler J. Modeling social crowds. Comment on “Human behaviours in evacuation crowd dynamics: from modelling to “big data” 
toward crisis management” by Nicola Bellomo et al. Phys Life Rev 2016;18:50–2. http://dx.doi.org/10.1016/j.plrev.2016.07.013 [in this issue].

[70] Ronchi E. Disaster management: design buildings for rapid evacuation. Nature 2015;528(7582):333.
[71] Ronchi E. A fire safety engineering perspective on crowd evacuation dynamics. Comment on “Human behaviours in evacuation 

crowd dynamics: from modelling to “big data” toward crisis management” by Nicola Bellomo et al. Phys Life Rev 2016;18:48–9. 
http://dx.doi.org/10.1016/j.plrev.2016.08.009 [in this issue].

[72] Ronchi E, Gwynne S-M-V, Purser D-A, Colonna P. Representation of the impact of smoke on agent walking speeds in evacuation models. 
Fire Technol 2013;49(2):411–31.

[73] Ronchi F, Nieto Uriz F, Criel X, Reilly P. Modelling large-scale evacuation of music festival. Fire Saf 2016;5:11–9.
[74] Schadschneider A, Seyfried A. Empirical results for pedestrian dynamics and their implications for modeling. Netw Heterog Media 

2011;6:545–60.
[75] Shiwakoti N, Sarvi M, Rose G. Modelling pedestrian behaviour under emergency conditions – state-of-the-art and future directions. In: 

Proceedings of the 31st Australasian transport research forum. 2008. p. 457–73.

http://dx.doi.org/10.1016/j.plrev.2016.07.010
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B444C31345Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B444C31345Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B444C31355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B44444831335Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B44444831335Ds1
http://dx.doi.org/10.1016/j.plrev.2016.07.003
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B45505330325Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B45474B31345Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B45474B31345Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B464D31355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B465431355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B46474731315Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B47414C31335Ds1
http://www.evacuate.eu/
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B48465630305Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B484A30395Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B484A4130375Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B484D30355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B485231355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B48554730335Ds1
http://dx.doi.org/10.1016/j.plrev.2016.07.012
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4D4231365Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4D4231365Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4D494731335Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4D494731335Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4D494731355Ds1
http://dx.doi.org/10.1016/j.plrev.2016.08.001
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4D4230385Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4D484730395Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4D484730395Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4D485431315Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4D485431315Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B4D5431315Ds1
http://dx.doi.org/10.1016/j.plrev.2016.07.004
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B505431345Ds1
http://dx.doi.org/10.1016/j.plrev.2016.08.003
http://dx.doi.org/10.1016/j.plrev.2016.07.013
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B524F4E31355Ds1
http://dx.doi.org/10.1016/j.plrev.2016.08.009
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B524F4E31335Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B524F4E31335Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B524E4331365Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B535331315Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B535331315Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B53535230385Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B53535230385Ds1


N. Bellomo et al. / Physics of Life Reviews 18 (2016) 55–65 65
[76] Trucu D. Multiple scales modelling approaches to social interaction in crowd dynamics and crisis management. Comment on “Human be-
haviours in evacuation crowd dynamics: from modelling to “big data” toward crisis management” by Nicola Bellomo et al. Phys Life Rev 
2016;18:53–4. http://dx.doi.org/10.1016/j.plrev.2016.07.014 [in this issue].

[77] Venuti F, Bruno L. Crowd–structure interaction in lively footbridges under synchronous lateral excitation: a literature review. Phys Life Rev 
2009;6:176–206.

[78] Venuti F, Racic V, Corbetta A. Modelling framework for dynamic interaction between multiple pedestrians and vertical vibrations of foot-
bridges. J Sound Vib 2016;379:245–63.

[79] Vermuyten H, Belien J, De Boeck L, Reniers G, Wauters T. A review of optimisation models for pedestrian evacuation and design problems. 
Saf Sci 2016;87:167–78.

[80] Vogelstein B, Kinzler K-W. Cancer genes and the pathways they control. Nat Med 2004;10:789–99.
[81] Wijermans N, Conrado C, van Steen M, Martella C, Li J-L. A landscape of crowd management support: an integrative approach. Saf Sci 

2016;86:142–64.
[82] Wongkaew S, Caponigro M, Borzì A. On the control through leadership of the Hegselmann–Krause opinion formation model. Math Models 

Methods Appl Sci 2015;25:565–85.

http://dx.doi.org/10.1016/j.plrev.2016.07.014
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B564230395Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B564230395Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B56524331365Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B56524331365Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B56424431365Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B56424431365Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B564B30345Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B57434D31365Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B57434D31365Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B57434231355Ds1
http://refhub.elsevier.com/S1571-0645(16)30087-2/bib5B57434231355Ds1

	Crowd dynamics and safety
	1 Introduction
	2 Multiscale problems
	3 Physics, social and learning models in crowd dynamics
	4 Modeling and computational problems toward crisis management
	5 Predictive models toward crisis management
	6 Research perspectives
	Acknowledgements
	References


