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Abstract

Computer simulation for pedestrian dynamics is at the same time an application
area in which research has completed its cycle and an active and lively research
context in which contributions from different disciplines still produce advance-
ments on the state of the art. The study of effects of the presence of groups
in the simulated population is object of growing interest in the community.
While previous results have started to investigate the phenomenon, implying
conflicting tendencies for pedestrians, mechanisms for the flexible management
of cohesion among group members are still investigated both in continuous and
discrete modelling efforts. The present effort is aimed at extending previous
modelling efforts, preserving and improving the capability to generate overall
plausible aggregated dynamics, while at the same time improving the precision
in the microscopic group dynamics, with particular attention to the shape of
dyads. The paper presents validated results based on empirical data from a
controlled experiment, also discussing qualitative results in different common
situations (bends and bottlenecks).
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1. Introduction

Computer simulation systems for the study of pedestrian dynamics is at the
same time an application area in which research has completed its cycle, produc-
ing technological transfer, and an active and lively area in which contributions
from different disciplines still produce advancements on the state of the art.
While computer simulations imply a significant simplification and reduction of
the overall complexity of the phenomena taking place in crowded environments,
they actually produce useful information about plausible usage of the environ-
ment in normal conditions that planners, designers and crowd managers actually
use in everyday activities [IJ.

A point that has been recently attracting relevant attention both as a factor
able to influence both the low level, basic locomotion aspect of pedestrians, as
well as higher level decisions related to the planning of paths within the envi-
ronment, is represented by the presence of groups in the simulated population.
Despite having been at least touched by observations in the early 2000s (see,
e.g., [2]), simulation models facing this further element adding up to the com-
plexity of the analyzed phenomenon started to be defined and studied several
years later.

Whereas previous results have started to investigate the phenomenon, im-
plying conflicting tendencies for pedestrians (i.e. walk fast and efficiently, but
stay close to some pedestrians [3]), mechanisms for the flexible management of
cohesion among group members are still investigated both in continuous and
discrete modelling efforts. The possibility to preserve the overall shape of the
group, in terms of walking patterns [3], that flexibly shift according to external
conditions (mainly pedestrian density, presence of obstacles), preserving overall
good aggregate properties of the models (e.g. generating plausible fundamental
diagrams) is still an open issue. In a previous modelling effort [4] we described
an adaptive mechanism for the regulation of the movement of group members in
order to preserve group cohesion. While this contribution was able to produce

quantitatively reasonable results, in particular with reference to the overall level



of dispersion of a group in low to medium density conditions [5], this model is
not really considering the actual shape of the group in the course the move-
ment in the environment. The present effort is aimed at extending the previous
model, preserving and improving the capability to generate overall plausible
aggregated dynamics, while at the same time improving the precision in the
microscopic group dynamics, with particular attention to the shape of dyads.
This aspect, in fact, is calibrated and validated using empirical data from a con-
trolled experiment performed in 2015 in a corridor setting [6]. The presented
model is therefore providing overall plausible results, that are validated accord-
ing to low-medium density conditions, that can generate plausible hypotheses
about the implications of groups in higher density conditions, to be tested in
real world experiments and/or observations. The overall aim of the work is
to propose an approach, a model, and a specific set of values for the relevant
parameters for which this model is directly applicable within a relatively large
set of scenarios (i.e. low to medium pedestrian density, irrespectively of the ge-
ometry of the environment) producing plausible results. We will, consequently,
show results covering a wide range of situations, in particular levels of density,
accepting a relatively contained error in specific situations, also due to the dis-
crete nature of the adopted approach. The long term observation and results
described in [7], for instance, clearly show that (at least within that specific cul-
tural context, that is, a Japanese multipurpose building including a commercial
area - for which the authors later provided an even richer and more detailed
analysis in [§]) interpersonal distances among members of dyads are not always
compatible with a discrete modelling effort: across the observed densities, in
most situations dyad members are walking at a distance between 47 and 65 cm,
whereas in a discrete modelling approach this value could be either 40 or 80 cm
(in case of a discretization in 40 cm sided cells). On the other hand, the discrete
approach grants us interesting computational properties, in particular a linear
growth of simulation costs with respect to the number of simulated pedestrians,
and (empirically) the possibility to manage an interesting number of simulated

pedestrians within real-time constraints.



The paper breaks down as follows: we first introduce a more systematic
discussion of the relevant literature, then Section [3] formally introduces the pro-
posed model, including a discussion of its limitations. The process and exper-
imentation for calibration, validation and analysis of achieved results is then

given. Conclusions and future works end the paper.

2. Related Works

The number and variety of different researches and practical applications
focused or involving pedestrian and crowd simulation makes it really hard to
provide a compact but comprehensive overview of the area. Only considering
the academic and scientific context, we must consider that there are completely
dedicated scientific events (such as the International Conference on Pedestrian
and Evacuation Dynamics, that reached its eight edition in 2016). However, to
try to organize different contributions in the field, a first broad characterization
of modelling efforts lies in the choice of the analytical unit: macroscopic models
(see, e.g. [9]) do not really consider the single pedestrian, but they rather com-
pute the evolution of aggregated scalar or vectorial measurements, such as veloc-
ity and density, in the different points of the simulated environment; microscopic
models, on the other hand, compute the dynamic changes in the position of the
individual pedestrians in time ﬂ Among microscopic models three main cate-
gories can be defined according to how pedestrians are considered: the first cate-
gory represents pedestrians as particles subject to forces (whose most successful
representative is the social force model [I1]), the second as states of cells in
which the environment is subdivided (for Cellular Automata (CA) approaches,
whose most general representative is represented by the floor field model [12]), or
autonomous agents acting and interacting in an environment that can be either

continuous or discrete (agent-based approaches). Agent based approaches rep-

2There is no consensus on an exact definition of mesoscopic models, although they gener-
ally consider individual pedestrians but often provide a coarse grained representation of the

environment [10].



resent the most heterogeneous category: works like [I3] and [I4] that essentially
extend CA approaches, separating the pedestrians from the environment and
granting them a behavioural specification that is generally more complex than
what is generally represented in terms of a simple CA transition rule, but they
essentially adopt similar methodologies; other approaches like [15] [16] are more
aimed at generating visually effective and believable pedestrians and crowds in
virtual worlds; finally, works like [I7], employ cognitive agent models for differ-
ent goals (not only related to movement), but they are not generally aimed at
making predictions about pedestrian movement for sake of decision support.

All approaches implicitly adopt fundamental concepts from proxemic [18],
like the tendency of a pedestrian to stay away from other ones while moving
towards his/her goal, although few authors actually mention this anthropologi-
cal theory (notably CA based models [19] 20] and an agent-based model [21]).
However, proxemics also mentions the fact that, besides keeping strangers at
a distance, pedestrians also allow acquanintances, friends, family members to
reach a shorter distance. Basically, a dynamic interpretation of the proxemic
principles accounts for the effect of the presence of groups of pedestrians, whose
members will, at the same time, try to stay close to other members while staying
at a distance from other pedestrians.

A relatively small number of recent works represent a relevant effort to-
wards the modelling of groups, respectively in particle-based [22, 23, 24], in
CA-based [25], and in agent-based approaches [26, 27] 28]. All the above men-
tioned approaches interpret the impact of groups by means of additional con-
tributions to the overall pedestrian behaviour representing the tendency to stay
close to other group members. Moreover, they mostly deal with small groups
in relatively low density conditions; those dealing with relatively large groups
(tens of pedestrians) were not validated against real data.

A second wave of works related to groups was mainly aimed at gathering in
a more systematic way evidences on the implications of the presence of groups
within a population of moving pedestrians. [7] describes a simple particle based

model based on the notion of potential representing the discomfort that the



pedestrian feels when moving to a certain position: the model is calibrated and
validated against a large scale dataset proving information about the movement
of pedestrians and groups within a shopping center. [29] performed an exper-
imental observation of the implications of the presence of groups in a higher
density evacuation from a room. [30] performed a similar kind of experiment,
but also considering the implication of group membership on the decision of
which exit to use, in a situation in which multiple exits are available. The
model presented in [4] provides an adaptive mechanism for the regulation of
the movement of group members in order to preserve group cohesion, but the
model is not really considering the actual shape of the group in the course the
movement in the environment. All these works agree on the fact that group
members move slower than individuals, and that the difference in velocity is
weakly affected by density (although no study provides a systematic analysis
of the behaviour of groups in high density situations); only some works (most
notably [7]) actually study the dynamic changes in the shape of the group with
varying density. Nonetheless, this aspect, and particularly the flexibility of
group members in temporarily accepting a different spatial arrangement, might
have a serious effect on the overall smoothness of pedestrian flows in case of lo-
cally high densities, due to the presence of obstacles or particular environmental
constraints (e.g. bottlenecks or bends). Although a recent contribution describ-
ing the (social) pshycological stance on the current simulation models consid-
ering groups considers them relatively limited [31] (and this is understandable,
considering the disciplinary perspective), current results show that this line of
work can lead both to an increased understanding of the overall phenomena
related to pedestrian dynamics as well as potential technological transfers to

systems currently employed by designers, planners, and crowd managers.

3. The simulation model

The simulation model here presented is an extension of the model already

described in [4] and [32], performed to grant a more valid and reliable simulation



of pedestrian and group dynamics. Previous works by the authors, in fact, have
highlighted the quality of the behaviour of pedestrian groups by comparing
simulations with quantitative data on their dispersion and speed. The present
work will extend the previous results by focusing specifically on the preservation
the shape of groups of two members, to better reflect empirical observations,
and by providing a more systematic and thorough calibration and validation
process. As it will be discussed in next section, the experimental procedures will
be accurately simulated and calibration weights of the model will be selected to
fit the observations performed by the authors in 2015 [6] with a minimal error.

The section breaks down as the following: firstly, the model components
previously introduced with other works by the authors (see [4] and [32] for
a thorough discussion) will be briefly described; the discussion of the novel
components and mechanisms will follow, emphasizing their motivations and

improvement with respect to the baseline.

3.1. Environmental structure

The adopted agent environment [33] is discrete and modelled with a grid
of 40 cm sided square cells. Each cell is denoted as ¢ while we refer to its
coordinates, as for the coordinates of an agent, in a vectorial fashion Z.. The
size is chosen to consider the average area occupied by a pedestrian [34], and
also respecting the maximum densities usually observed in real scenarios. The
cells have a state that informs the agents about their movement possibilities:
each one can be vacant or occupied by obstacles or at most two pedestrians, so
as to be able to manage locally high density situations [35].

To allow the configuration of a pedestrian simulation scenario, several mark-
ers are defined with different purposes. This set of objects has been introduced
to allow the movement at the operational level and the reasoning at the tactical

level, identifying intermediate and final targets for agents’ plans:

e start areas, generating agents in the simulation;

e obstacles;



e openings, sets of cells that divide the environment into regions together
with obstacles. These objects are fundamental elements supporting agents’
decisions, representing intermediate destinations for route choice activi-

ties;

e regions, objects that are not being considered by agents during the simu-
lation, but they instead describe properties of the region where they are
located. Through them it is possible to design particular elements of the

environment (e.g. stairs, waiting areas) implying special behaviours;

e final destinations of agents, generally implying their removal from the

simulation.

The classic floor fields approach [36] supports agents’ navigation, using the
environment as a container of information used for the interactions between
entities. In this particular model, discrete potentials are spread from cells of
obstacles and destinations, informing about distances to these objects. The two
types of floor fields are denoted as path field, spread from openings and final
destinations (one per destination object), and obstacle field, a unique field spread
from all the cells marked as obstacle. In addition, a dynamic floor field that has
been denoted as prozemic field is used to reproduce a proxemic behaviour [37]
in a repulsive sense, allowing agents to preserve acceptable distances from other
agents. This approach generates a plausible navigation of the environment as
well as an anthropologically founded means of regulating interpersonal distances

among pedestrians.

8.2. Movement of agents: basic locomotion

A pedestrian agent a is defined as a n-uple a = (G, v}, Z,, V,, CurrentDest,
FinalDest). G is the set of agents composing the possible group of the pedes-
trian (G = () if the pedestrian does not belong to a group). Other parameters
respectively define: the desired speed v} of the agent, the current position Z,
and current velocity v/,, the intermediate and final destination identifiers, used

to select the relative path field. The population of agents in the simulation is
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Figure 1: Tasks executed at each step of the simulation by agents and the environment.
Parameters of the model are grouped for each task and shown as input at the top of the

figure. Possible multiple outputs of a task are represented inside square brackets.

referred with the set A. The workflow for the agent to reproduce its movement
at each step is illustrated in Figure [T}

The first activity that the agent performs is the Activation for the locomotion
at the current step. While this task seems completely simple and elementary,
it is determinant for the model since it contains the mechanisms developed for
the reproduction of heterogeneous speeds and acceleration of agents from a zero
speed.

If the locomotion is activated at the current step, the choice of the next
movement is performed with an utility function, evaluating position of the cur-
rent target, nearby obstacles and pedestrians, other pedestrians of the group
and previous direction of movement. The utility value associated to each cell of
the neighbourhood of the agent determines its probability to be chosen by the
agent, according to the function P(c) = N - eV(¢). The update of the position

is then executed after the conflict resolution phase.

8.2.1. Activation and reproduction of speed
The reproduction of different speeds is allowed in a probabilistic way, with

a perspective that implies each agent to have a probability 1 to be activated
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Figure 2: Example of the functioning of the probabilistic method to manage speeds. The

agent is configured with v} =1 m/s, while vmax = 1.6 m/s.

for the movement at each time step of the simulation. This means that fastest
agents will have ¢ = 1 leading them to move at the maximum speed for the
whole population vyax = % m/s, where A is the length of the stride performed
in one time step and 7 is the assumed duration of the simulation turn.

In this simulation model, the agents are moving in discrete position of a
rectangular grid and using the Moore neighbourhood of 1 cell. The distance
A defining the speed vpyax, thus, differs among linear A; = 0.4 m and diagonal
Ag = 0.4 -+/2 movement. As discussed and empirically investigated in [38],
the mechanisms defining the stochastic reproduction of speeds of this model are
able to overcome the issue and approximate vy, to %

Overall, the paradigm used in this model differs from other applied methods
in this field, which generally employ a coarser time discretization and make
pedestrians to perform more than one stride over one turn of the simulation
(see, e.g., [39, [40]). The introduction of the probability ), indeed, allows the
reproduction of the desired speed v} <= vmax of an agent a. In particular, i,

is calculated as:

*

% = < (1)

Vmax

While vpax is calculated with A; and 7 which are model parameters, the
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desired speed of the agent can be also differentiated with values € R. The
management of v} with a probabilistic mechanism can make the simulated speed
of the agent in a fixed and relatively small time window quite different from the
configured one, due to the randomness. To improve this, the probability v is
managed dynamically as an extraction-without-replacement mechanism, which
limits the duration of the time window needed to synchronize the simulated
speed with . The algorithm is exemplified in Figure The configuration
of v¥ =1 m/s and vyax = 1.6 m/s provides ¢ = %. This generates an initial
set of 5 activate and 3 do-not-activate events. Every 8 simulation turn, the
simulated speed of the agent is equal to 1 m/s without diagonal movements.
In case of diagonal movements, the simulated speed of the agent is higher than

expected and thus the set of events is enlarged with a number Ag,y € R of

do-not-activate events calculated as:

g = 25 - (V2 - 1) 2)

a

Agiqg Will describe the additional number of time steps for which the agent
has to yield its position in order to synchronize again with its v .

In [38] it is shown how the algorithm is able to reproduce arbitrary velocities
€ R. A feature that is not explained in Fig. [2| (for sake of space and simplicity)
is that the set of activate/do-not-activate events can be also updated depending
on what happens during the simulated dynamic. In particular if the agent has
extracted an activate event, but at the end of the step it was not able to move
then the event is put back in the set. In parallel, when the agent moves in a
diagonal neighbour covering a distance equal to v/2 - 0.4 m, the set is enlarged
with a partial do-not-move event whose size is proportional to the desired speed
of the agent (see [38] for full details about this aspect.

The paradigm illustrated above is suitable for the consideration of another
microscopic effect of the human motion that, though, has not been considered
until this point. When a persons stops his/her motion, due to encountering

obstacles or congestion, he/she generally needs some time before reaching again
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the desired walking speed. This is due to pure mechanical elements related
to the locomotion, on one hand, but also to what can be denoted as reaction
time, describing the interval of time passing from the occurrence of an event
(e.g. some space just got free after being occupied by another person) and the
beginning of the action execution.

The delay just introduced is abstracted with the parameter £, which repre-
sents a novel component of this model. In particular, £ describes the amount
of time an agent will need to wait before being activated (and therefore move)
right after halting due to conflicts or impossibility of movement in case of con-
gestion. The effects that this additional mechanism produces on the overall
dynamics are in a sense similar to related techniques proposed in the literature
(e.g. [39 41]) since all of them generally make certain positions of the environ-
ment less probably usable (or completely not usable) for a certain amount of
time. More precisely, the proposed approach will act and affect the distance be-
tween an agent and the one directly in front, assuming the case of 1-directional
movement. On the other hand, this element is here modelled with a different
perspective, identifying the reasons of this delay related to the capabilities of
the pedestrian. The effects of this mechanism will be more clearly discussed in
Section[4:2)but the expectation is that the overall flow should be mostly affected
in low to medium densities, since in low densities pedestrians are mostly freely
moving, with few stops triggering the £ and in high densities pedestrians are
frequently unable to move due to congestion, and not immediately exploiting a
movement opportunity actually relieves extremely severe congestions.

While the following components of the model define the way the agent
chooses its next movement, according to possible group members and the con-
figuration of the environment, the parameter £ is crucial for the reproduction
of the physics of the system. This will be analysed in Section [} where the
validation of this part of the model is presented based on fundamental diagram

and flow analysis in bottleneck scenarios.
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8.2.2. Ewaluation and choice of movements

The evaluation of the possible movements is performed by means of the
utility function U(c) of a destination cell ¢, which takes the form of a weighted
sum of components associated to the reproduction of a particular behaviour:

KgG(c) + KopOb(c) + ksS(c) + keC(c) + kil () + kKaD(c) + KovOu(c)
d

Ule) = 3)

where d is the distance of the new cell from the current position, that is 1 for
cells in the Von Neumann neighbourhood and /2 for diagonal cells. The first
three functions combine information derived by local floor fields and they model
the basic factors considered in the pedestrian behaviour: goal attraction (i),
geometric (ii) and social repulsion (iii). The fourth and fifth elements aggregate
the perceived positions of members of pedestrian group, both simple (iv) and
structured (v), to calculate the level of attractiveness of each neighbour cell,
relating to cohesion phenomenon. The idea of structured groups has been firstly
introduced to model large groups which split among subgroups of the simple
type, but as it will be shown in Sec. 3.3} a structured group is also formed for
the simulation of counter-flows, in order to stimulate the lane formation.

The final two elements of the sum represent preferences with respect to
movement, helping the model to reproduce more realistic simulations both in
qualitative and quantitative perspective: (vi) adds a bonus to the utility of the
cell next to the pedestrian according to his/her previous direction, while (vii)
describes the overlapping mechanism, a method used to allow our model the
possibility to treat high density situations, allowing two pedestrians temporarily
occupying the same cell at the same step. Moreover, the overlapping is allowed
only in case of counter-flow situations.

Calibration is allowed with kg, Kop, ks, Kd, Kovs ke, £i € R. After the utility
evaluation for all the cells of the neighbourhood, the choice of action is stochas-

tic, with the probability to move in each cell ¢ as (N is the normalization factor):

P(c) =N -V (4)
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8.2.3. Resolution of conflicts and execution of the movement

The choice of movement is parallel for the whole set of agents, thus conflicts
related to the choice of the same destination cell must be solved with further
rules, deciding whether the agent can finalize its movement or not. In this
model we use the concept of friction as possible outcome of the conflict. This
concept has been introduced in [42], [43] and also analyzed in [44], and it implies
that all pedestrians involved in the conflict keep their position at the end of
the time-step. The rule is then refined to include also the possibility that the
conflict is solved with the movement of two pedestrians in the destination cell,

only in case of agents in a counter-flow condition.

3.3. Modelling groups of pedestrians

To model the spatial behaviour of pedestrians moving in group, the proba-
bility to move in one cell of the neighbourhood is firstly calculated based on the
positions of the other agents of the group. In this model we refer to two types
of group, denoted as simple and structured. As stated before, the distinction
is due to the size: large groups are characterized by light cohesion, and they
naturally split into subgroups of the simple type where the cohesion is stronger.
A structured group is a group that can be composed of both simple groups and
individual agents. The two functions C(c¢) and I(c) inside U(c) are then used
to model different attractions for agents belonging to a simple group G or a

structured one G, identifying respectively intra- and inter-group relationships:

To — Ta|| — || T — Za
co=|(n ¥ BBl L)
aeG\{a}
Io)=|[n- > LI 20 —1 (6)
[T = Zal - 1G\ G
aceG\G

where 7 is a normalization factor that, together with final -2 and —1, allows
to translate the cohesion value into the range [—1,1]. |G| defines the size of
the group, while ||Z|| denotes the 2-norm of a vector . By its definition, the

function C(c) brings to much more different values for the neighbourhood of the
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agent and, thus, to a more determined behaviour of agents belonging to a simple
group. The attraction between two agents belonging to different simple groups,
both grouped in the same structured one, decreases in a inverse proportional
way with respect to their distance (Eq. @ Note that, in this equation, G = {a}
if an agent @ € G but it does not belong to a simple one. In addition, while
the Eq. |§| is not defined for the case of distance equal to Om (i.e. the agents
are overlapping), this cannot happen during the simulation because: (i) the
utility is computed only for cells where the movement is possible and (ii) the
overlapping between agents of the same group is not allowed.

The introduction of two distinct functions for the attraction inside simple
and structured groups is aimed at providing an evident differentiation of be-
haviour: while agents of the same simple group must preserve a relative cohe-
sion during the simulation by assumption, an agent can be effectively influenced
by another one of the same structured group only at a relatively close distance
(depending also to the parameter k;), due to the inverse proportional nature of
Eq.[6] With this difference we want to provide a way to the user for modelling
large groups as schoolboys or team supporters, where a gregarious behaviour is
clearly observable but, due to the dimensions of these groups, each member is
only influenced by his/her close companions. The function described in Eq. in—
stead is unaltered by the distance of the other simple group members (although
there is a limit in the perception capabilities of each agent), because it is aimed
to model couples, friends or family members that shall not permanently split

during the simulation.

3.3.1. Moving towards the same direction

While the idea of structured groups will not be used for the tests discussed
in this paper, the function I(c) is as well used to generate following behaviour in
situations of counter-flows. In this case, the group G is virtual and it is composed
by agents perceived by the evaluating one, which are following the same target

and whose positions are closer to it. To limit the burden of calculations, the set

15



10 ANEANO N

| Y 3

7 %

ie 000

i @ \ N

; O

a oNe
ianENe o
+ K \ \
|

i

R=10Fells ! il],
) el e

Figure 3: Perception of counterflow situation by the evaluating agents ahead moving in the
same direction (dark grey) and counterflow ones (light grey). The group G of agents to follow

is composed by grey agents inside the delimited area.

is limited to agents in a surroundingEl of about 4m.

This rule of the dynamics is graphically explained in Fig.[3] While the agent
a perceives that in front of it there are other agents moving in opposite direction
(i.e. directed toward Ty), the following behaviour is activated by composing an
ad hoc structured group G for @ with agents within 4m of distance, which are
located ahead of him and are moving towards the same direction. This leads
to the formation of stable lanes in situation of counter-flow even at moderate
densities. While this is slightly different from other approaches proposed in
the literature to achieve lane formation without necessarily impose a gregarious
behaviour (see, e.g., [45]), for the time being the usage of this already available
mechanism has been chosen for sake of simplicity. Some ongoing works by the
authors are already aimed to investigate this particular phenomenon and its
modelling by means of a more accurate consideration of the pedestrian personal

space.

3The set of agents in a fixed surrounding can be composed in an efficient way by means of

a coarser grid used to index positions of agents.
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Figure 4: (a) Convex polygon describing the area occupied by the group and referred to
calculate its dispersion. (b) Example of values of the function Balance for the different

calibration weights, configuring different values of ¢.

8.8.2. Staying together

By acting on the parameters of U(c) during the simulation it is possible to
describe different states of the same pedestrian in different moments of a single
simulated scenario. As already explained in [4], this strategy is applied to allow
group members to adapt their behaviour in dense situations or in presence of
obstacles. According to this method, weights kg4, k., 5; are varied and possibly
inhibited according to an index that describes the dispersion of the group.

Quantifying such feature is a first issue in this context and for the proposed
model we use an algorithm that calculates the area of the convex polygon build
based on positions of group members. It must be noted that using only positions
of agents lead to an different result for the case of dyads, because the algorithm
actually produces a segment instead of a polygon. Hence, for all cases we extend
the input points of the algorithm to the corners of cells where agents are located,
as shown in Fig. Furthermore, the space occupation of pedestrians is also
considered in this way. Finally, the dispersion of a group G is calculated as:

Dispersion(G) = ATea(Convezgfl’OZygon(G)) ™
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The value of Dispersion is calculated by members of a group G every time-
step of the simulation, and their local values of kg, k., k; are modified according

to the function Balance:

2
g + (§Dispersi0nBalance(G)) if kK = ke

2
Balance(r, G) = g + (g(l — DispersionBalance(Q))) if k =kKeV Kk =K,

K otherwise

(8)

- ©)

where J is another parameter that, together with k., acts on the behaviour

Di jon(G
DispersionBalance(G) = tanh <zsperswn()>

of agents walking in groups: the higher its value, the lighter the effect of the
dispersion on the maintenance of the cohesion. In particular, the usage of tanh
in Eq. |§| provides a non-linearly increasing value in the range [0,1] describing
if the group is fragmented. In Eq. |8 this value is used to intensify/inhibit the
parameters x related to the attractive components of the utility.

The configuration of these two values is thus determinant for the spatial
behaviour of agents in groups, and the respective calibration will be subject of

study in the following section.

3.8.8. Awoiding modelling artifacts

Although intuitively the above described method for preserving cohesion
of a group can produce the expected results (and it is basically the mecha-
nism adopted in our previous modelling efforts of group influence in pedestrian
simulation), no particular attention is still given to shape preservation and to
avoiding modelling artifacts that can be generated by this attempt. We discuss
now two issues that can arise in particular when considering dyads, in which a
typical shape (especially in low density situations) is the line abreast pattern [3]
(i.e. pedestrians walking towards the same direction side by side, not far away

from each other but not even walking attached one to the other).
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(a) (b)
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Figure 5: Methods for the simulation of the cohesion of simple groups: the previous method
(a) considers distances from the current position of the other member, leading to have higher
C/(c) values for cells ¢ in its direct surrounding (highlighted ones). In the proposed method
(b) the position is predicted using the previous direction of movement, leading to an increased

utility for the forward cell.

Avoiding implausible slowdowns — Equation [f] indicates which is the most
proper cell to move considering the cohesion within simple groups. The evalu-
ation of potential future cells privileges positions minimising the distance from
other members, considering their current position. This mechanism is capa-
ble of preserving the cohesion and it already led to good results in terms of
aggregated data about group dispersion during the simulation (see the results
in [5]). Nonetheless, more detailed tests aimed at evaluating the spatial pat-
tern of simple groups have emphasized some side effects of this formula in case
of grouped agents walking side-by-side. Figure graphically exemplifies how
the current formulation of the model can lead to sudden stops of group members
not motivated by upcoming obstacles or potential conflicts with other pedes-
trians: the agent uses the distance between the neighbour cell and the group
member (dashed red line in the left figure) as the information to evaluate the
cohesion, but this represents a reasonable choice only under the assumption of
a non-movement action for the other companion. This means that the “stand
still” choice utility is slightly emphasized: although this choice is still gener-
ally not the most favored one, since the overall utility function also considers
the goal orientation G(c), statistically this contribution will eventually cause

an increase of sudden stops of pedestrians that are members of groups, which
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is at the same time negative for aggregated measurements and also leading to
microscopic implausible artifacts in generated trajectories.

The formulated solution to this issue represents one of the novel steps pro-
posed in this paper and it implements the concept of prediction in the calculation

of the future distance:

Hfa - f§| — ”fc - fz’z”
Cloy=|[n > a1 20 =1 (10)
aeG\{a}

Where the predicted position & is calculated using the velocity vector 7; of

the agent a (Fig. [5(b))), describing previous movement direction:

T2 = o+ 7, (11)

S}

Avoiding not plausible conflicts — As it has been explained in Sec. [3.2]similar
choice of movement of agents at a given step can be inhibited by the conflicts
management rules, in order to preserve the basic physics of the system. Groups
of agents, on the other hand, must be considered as an exception to these rules,
since their walking close to each other can potentially lead to very frequent
conflicts that are not realistic since members of groups actually continuously
regulate their mutual position to preserve the possibility to verbally and non-
verbally communicate. Not considering this aspect also leads to excessive drops
in the walking speed of members of groups at low densities.

Figure [6] on the left, exemplifies this issue by showing a case where two
grouped agents chose the same destination cell, which is also the most probable
one in that situation. The issue is solved by introducing a rule for the manage-
ment of conflicts where only members of the group are involved: these situations
are managed by changing the destination cell of one (or more) of the members
to other free cells of the Von Neumann neighbourhood of the cell in which the
conflict is originated. The management of the conflict shown in Figure [6] leads
to the uppermost agent moving forward instead of diagonally, as a consequence

of a micro-level coordination with the other group member. In case of multiple
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Figure 6: Example of a conflict situation involving two grouped agents (left) and the outcome

given by the updated conflict management rules.

available possibilities for solving the conflict, cells closer to the target are pre-
ferred (the rationale is that the coordination does not only solve conflicts, but
it favors most rational solutions).

It must be noted that this additional set of rules, together with the new
formulation of C'(c) as in Eq. might lead to an error in the opposite direction,
i.e., inhibiting the capability of the model to reproduce a relevant difference in
walking speed as effect of the cohesion mechanism. As it will be shown in
the results of Sec[d.3] at low densities the cohesion mechanism still provides a
sensibly lower velocity of group members, now smoother with respect to the

previous definition of the model.

3.4. Limitations

The present approach and model presents two main classes of limitations:
a part of them is due to the intrinsically discrete modelling approach, whereas
other ones are more closely related to the specific mechanisms defined in our
way of managing dyads.

First of all, discrete modelling approaches present intrinsic limitations in the
spatial representation: pedestrians are generally considered as positioned within
a cell (in some cases in the centre of the cell, for other models in any point of

a cell), and their movement is necessarily atomic, from a cell to another. This
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implies that generated trajectories are necessarily “jagged” and they are not
immediatelyﬁ suited to generate a smooth visual representation of pedestrians’
movements. Nonetheless, if the aim of the simulation is to achieve more coarse
grained indicators, such as average/maximum travel times (and related standard
deviations), space utilisation maps (heat maps describing the aggregate usage of
space by pedestrians), flows measured in specific sections, the achieved results
can be quite similar to continuous modeling efforts and sometimes requiring
lower computation times (see, e.g., [46] for a comparison among commercial
continuous and discrete simulation tools).

With specific respect to group modelling, the discrete approach presents a
difficulty in rendering the fine grained interpersonal distance regulation by group
members. Results of a long term observation and analysis described in [7], to
mention one of the most detailed analysis of this phenomenon, show that (at
least within that specific cultural context, that is, a Japanese multipurpose
building including a commercial area - for which the authors later provided an
even richer and more detailed analysis in [§]) interpersonal distances among
members of dyads are not always compatible with a discrete modelling effort:
across the observed densities, which vary between almost zero and 0.3 pedestri-
ans per square metre, in most situations dyad members are walking at a distance
between 47 and 65 cm. Within a discrete modelling approach this value could
be either 40 or 80 cm (in case of a discretization in 40 cm sided cells), so it
is basically a matter of choosing the mutual position that minimise the error,
which cannot be avoided.

Moreover, we do not have available a dataset indicating how do members
of dyads having different desired velocities manage their interpersonal distance
regulation and overall choice of the actual velocity. A reasonable conjecture is

that members of a dyad actually adjust their desired speed to reach a consensus

4Processes of interpolation of discrete positions assumed by pedestrians in different time-
steps might produce a visually more pleasant effect, although the actual validity of this kind

of trajectory would call for additional analyses.
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value: for instance, a younger and taller pedestrian might slow down to be able
to walk side by side with a shorter and older friend or relative. Nonetheless,
we must say that we do not have, as of this moment, a way of validating this
conjecture and the mechanism of dyads interpersonal distance regulation in case
of heterogeneous desired speeds for group members.

Finally, the adopted mechanisms could likely be generalised for managing
small groups but larger than a dyad (i.e. groups of three or four members).
Nonetheless, the overall calibration procedure and generally validation tests
would imply an additional effort and additional empirical data not available at
this moment, so it is object of future works.

Results shown and discussed in the following Section will also provide addi-

tional considerations on these points.

4. Calibration and Validation Tests

For the purpose of discussing and validating the dynamics simulated by the
model, this Section will provide several simulation batches aimed at, respec-

tively:
e calibrating the components dedicated to the behaviour of pedestrians in
group;

e validating the overall model with the fundamental diagram and verifying

the aggregated effects of the presence of groups;

e verifying the dynamics of individual and dyads at low densities simulated

with the calibrated model;

e verifying the trajectories of individual and dyads in more complex geome-

tries and environments.

The batches will share many calibration parameters of the model, most of
them resulting from previous exploration and validation works (see [4] and [32]).

An important parameter, fundamental for the simulated dynamics and also
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Global Parameters

time-step duration 0.25 s —
cell side 0.4 m —
desired speed of agents vg4 1.6 m/s 3

max speed of agents v, 1.6 m/s —
reaction time of agents & 0.5s —

Decision Parameters

utility parameter x4 8.0 —
utility parameter Kop 4.0 —
utility parameter kg 28.0 —
utility parameter kg4 2.0 —
utility parameter Koy 2.0 2

utility parameter x; for
Yy P i 6.0 9
the lane formation

Group Cohesion Parameters

utility parameter k. 15.0 1
parameter § of Eq.El 5.0 1
Conflict Resolution Parameters
fric; 0.8 —
fricy, 0.96 —

Table 1: Calibration Parameters used in the simulation batches.

related to one of the novel aspect of this work, is the reaction time, which in
all simulation is set to 0.5 s, in order to reproduce the fundamental diagrams
shown in Sec. Table [I] describes all the parameters values and which ones

are varied in the three batches.

4.1. Calibration of group behaviour with empirical data

The behaviour of agents in groups is calibrated using experimental data from
a controlled experiment performed in 2015 in a corridor setting. A full descrip-
tion of this experiment can be found in [6]. In this section we briefly describe the
two experimental procedures which are reproduced with the simulation model.

The setting of the experiment was represented by a long corridor of about
38 x 3m?, where the 54 total participants were initially distributed among the
two drawn grids of 12 x 3m?, composed of 6 rows x 9 columns and located at

the two extremes of the environment. The dynamics in a measurement area of
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3m

12m  2m 10m 2m  12m

Figure 7: Top: frame from a video of the experiment involving dyads [6], with a logical
description of the setting. Bottom: sample trajectories inside the measurement area of one

iteration of the 3-3 procedure (colors are assigned to identify the direction of flows).

10 x 3m?, at the center of the environment, was recorded with a camera placed
at a relatively high position. Thanks also to coloured hats wore by participants,
it was possible to automatically and precisely track their positions using the
software PeTrack [47]. A graphical description of the setting and an example
result of the tracking are shown in Fig. [7]

According to the experimental procedures (which were 4 in total), the counter-
flow condition at the measurement area was controlled: from uni-directional
flow (6-0, 6 participants per column in one starting grid) to perfectly balanced
bi-directional flow (3-3, 3 per column in both starting grid). Also, we experi-
mented the effect of groups of 2 persons (dyads) by randomly selecting pair of
participants and asking them to stay close as they were friends while walking.
The proportion individuals / group members in all procedures was respectively
of 30 / 24. Each procedure was repeated 4 times to gather more data.

Regarding the simulation, we hereby analyse the plausibility of the behaviour
of simulated dyads, which in the model can be regulated by the two parameters §

and £ acting on Eq. Bland Eq.[9respectively. For the purpose of this calibration
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work we will analyse and compare the several data for both the experiment and

simulation runs:

e average speeds of individual participants;
e average speeds of coupled participants;

e distributions of relative positions of dyads, which describe their average

spatial pattern assumed during the procedure.

Due to the stochastic nature of the model, we performed 24 simulation it-
erations for each configuration (a parallel batch of 3 sequential runs in a ma-
chine with 8 cores) of the two parameters, exploring a square range defined as
{(KJC, §) EN? k., 0 < 30}. The quantity of iterations was actually enough to
achieve stable results and the range was sufficient to recognize the trend and
identify possible good calibration values. Moreover, we made the following as-
sumptions to configure the simulations: (i) every pedestrian is configured with
a desired speed of 1.4 m/s, able to describe the average speed of young people [2]
and also to reproduce simulated mean speeds in range of observed data in the
two experiments; (ii) all pedestrians are generated in initial positions that re-
flect the grids of the experiment, also granting a certain non determinism and
variability (i.e., pedestrian’s position within the column is randomly chosen);
(iii) a similar environment and measurement area is depicted in the simulation.
The error metrics employed to evaluate the difference between observations and

simulations will be now discussed, together with their results.

4.1.1. Spatial error for dyads

This metric compares the distributions of relative positions of dyads, with
respect to their centroid. In particular, the centroid of a group at a certain
frame is simply calculated as the average between positions of its members.
For all frames of the video, relative positions are then collected and a discrete
distribution of points located inside cells of 0.2 x 0.2 is calculated. Results

of the experiment and simulations (the latter with the chosen value of (k.,d)
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and related to the case of procedure 3-3) are shown in Fig. [§] (a) and (b).
The square range of side 2 m is enough to contain all observed and simulated
points in these scenarios. The granularity of the graphs is different for the
experimental observation (in which the actual phenomenon is continuous in
nature, but analysed with a fine grained grid of 5 cm sided cells) and for the
simulation (that is discrete, with 40 cm sided cells), but we preferred to show
the experimental data with the highest possible level of detail. It must however
be noted that the most frequently occupied cell in the simulation side is actually
associated to a higher number of cells of the observation side, whose frequencies
should be summed up to achieve a fair comparison. Unlike the comparison
with the naturalistic observation described in the already cited [7], the data
acquired by means of pedestrian experiments (gathered in an artificial situation
characterised by locally high levels of density) are more closely reproduced by
the simulations: this is very likely due to the overall higher densities which
pushed the participants to stay closer to each other. We will show later on that
in much lower density situations the spatial distribution generated by the model
are less in tune with experimental data (again from [7]).

Given the discrete distributions of both observations (®,ps) and simulations
(Psim), the spatial error is then defined as the mean absolute error (MAE) for

all points in the range of interest:

Z(Jc,y) |(D57,m($,y) - ®obs($7y)|
2

Figures 8| (c) and (d) shows the heatmaps of MAE value for the procedure

(12)

erroTsy =

6-0 and 3-3. The error varies in a quite large range, but it is possible to identify
a trend of pairs (k.,0) such that the error drops between 0.2 and 0.3. Even if
overall these errors appear to be high, the simulated distribution of relative
positions in Fig. |8 (b) shows that the model has respected the most frequent
spatial pattern of dyads, indicating that they walked side-by-side during most

of the simulation time.
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Figure 8: Observed (a) and simulated (b) distribution of relative positions of dyads, for the
case of the 3—-3 procedure. On the bottom, the matrix describing the MAE for the case of 6-0

(c) and 3-3 procedures (d) in the explored range of parameters.

4.1.2. Error on resulting speeds of pedestrians

This metric is related to the evaluation of the speeds of individuals and
dyads. Since the number of dyads and individuals differs, the absolute error
resulting in the two separate cases is unified with a weighted mean based on
the ratio of individuals (% = 1) and dyad members (% = x) on the total

population. In addition, the error on each component is normalized according

to the average value of the observation. Thus the speed error related to one
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Error

Figure 9: On the top: average speeds of dyads in the simulation of procedure 6-0 (a) and 3-3

(b) at the variation of (k¢,d). On the bottom: values of error, for the two procedures (the

order of presentation is the same).

experimental procedure is defined as:

|taet (17all) sim = Haer (17al) ops |
taet (17al) ops (13)
Npaea (17a]l) sim = Haca (1Vall) b |
taea ([Vall) ops

error, =t -

+X

where pq(||Vs||) is the average speed of the pedestrian a, either single (€ I)

or member of a dyad (€ A), on all frames of the video or of the simulation and

while inside the measurement area.
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Results of this evaluation are shown in Fig. @ Figures (a) and (b) describe
the error on the speeds of dyadsﬂ It is noticeable that the 3—3 procedure leads
to a less stable dynamics at the measurement area, providing a higher variation
of average speeds over the ranges of the two parameters. In particular, the
effects of the two parameters is particularly understandable in these pictures:
at the increasing of the k. the effect of cohesion becomes more and more strong
but and it negatively affects the speeds; on the other hand, § acts by increasing
the length of the transition between the phases where the group is considered
compact or dispersed, thus relaxing the rule.

Despite the extremes of the heat maps, values are similar to the observed
ones: in the procedure 6-0, the average speed of both individuals and dyads
was observed as about 1.3 m/s, while in procedure 3-3 of about 1.2 m/s for
individuals and 1.1 m/s for dyad members. By looking at Fig. [9] (c) and (d),
it is possible to recognize a range of values for the pair of parameters (k.,0)
providing low errors for both procedures, highlighting that the model is able to

fit these observation quite well.

4.1.3. Aggregating errors

After having computed the matrices of error for both speed and position
distribution, it is possible to provide a unified analysis to understand the optimal
configuration of parameters for these data. Firstly, the aggregated analysis for
a given dataset (i.e., procedure) is simply defined as the average between the

two errors:

errorsy + errory,

2
Results are shown in Fig. (a) and (b) for both procedures. Finally, all

(14)

erToT gug =

results are summarized by computing again the average for the two datasets,

defining a unique index allowing to choose an optimal calibration. As shown

5for sake of space the ones of individuals are not reported, also since it was not much

affected by the two calibration parameters.
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Figure 10: Average error values for the procedure 6-0 (a), 3-3 (b) and the final average of

both (c). Note that in (c) the range of values was restricted to emphasize their differences.

with the previous analysis, there is no best option of parameters providing
a minimum error, yet minimal values are distributed in the explored range
with a particular trend. By assumption and to avoid problems in numerical
computations, we then preferred lower values of parameters if they provide
similar results. By looking at Fig. [L0| (¢), we thus chose the final configuration
of (ke,d) = (15,5).
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Figure 11: Logic representation of the corridor setting. For the case of uni-directional flow,

the generation area on the right is disabled.

4.2. Analysis of the Fundamental Diagram

The fundamental diagram is the primary instrument used for the valida-
tion of the physics reproduced by models of this kind. It describes relations
between pedestrian density, speed and specific flow. In this section, the move-
ment of individuals and dyads is investigated in order to explore and analyse
the performance of dyads with respect to generated fundamental diagram data.

The simulation batch here presented is run in a unique setting describing a
corridor of 10x4 m? as depicted in Figure which hosts either a uni-directional
or bi-directional and equally balanced flow of pedestrians, denoted respectively
as SIM-1.x and SIM-2.x. For both experiments we tested two agents generation
profiles, in order to introduce a crowd composed of only individuals (SIM-x.1)
and a crowd with half of the population coupled to simulate dyads (SIM-x.2).
To generate the dynamics, two generation areas of 2x4 m? are located at the
extremes of the corridor (only one is active for scenarios SIM-1.x), introducing
pedestrians with a rather low frequency of 0.25 pers/s.

The central part of the environment is characterised by a measurement area
used to compute the output: by collecting entrance t; and exit ¢ event times
(in seconds) for every agent, the respective travel time tt(t1,t2) = to — t; is
calculated and used to compute the average speed v(ty,ts) = tt(%@) m/s to be
associated with the density p(t1,¢2). This last value describes the mean number
of pedestrians inside the measurement area in the time window [t1,¢3]. In this

way a reference global density p; is configured for each simulation i of the batch,
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Figure 12: Density—speed and density—flow diagrams for the simulations of SIM-1.x (a — b)

and SIM-2.x (c — d) scenarios, with literature datasets for comparison.

describing the maximum number of pedestrians in the environment, but each
iteration will produce a set of data in a relatively close range of p;. To explore the
fundamental diagram data, the set of simulated densities is defined with a tick
of 0.5 pers/m?, so that the configured global density p; = 0.25+0.5-4, i € [0, 8].
The tick of 0.5 led to the achievement of little gaps between the clouds of points
related to the highest experimented densities, particularly noticeable in the plot

density—flow for the 1-directional case (Fig.[12b)). On the other hand, the range
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and the trend of the results is already explained by the achieved datasets. Due to
the stochastic nature of the model, we performed 24 runs for each configuration
(3 runs per processor in a machine with 8 cores), which we found to be sufficient
to achieve stable results.

The calibration of the model parameters is based on values achieved with
previous studies (see [4] and [32]). In this simulation batch we mainly investi-
gated the value of the parameter £ describing the reaction time of pedestrians
and influencing their travel times in congested situations. Results shown in
Figure refer to the final calibration, with £ set as 0.5s and other parame-
ters configured as described in Table [I] at the beginning of this section. Note
that the parameter x; —managing the attraction towards agents moving in the
same direction— was set to a relatively high value to induce lane formation and
avoid rapid phase transitions between free flow and gridlock in bi-directional
cases. Results fit very well datasets of field-observations and guidelines from
the literature used for the comparison, both for the trend and range of val-
ues. As expected, the influence of the £ is essentially to cause a decrease of the
achieved flow in situations of medium (about 1 pedestrian per square metre)
to relatively high densities (up to 3 pedestrians per square metre), making the
overall point cloud less “linear” than the one we achieved in [32], especially in
the 1-directional case. Finally, although we do not intend to present and discuss
a thorough analysis of the efficiency of the proposed approach, we preserve the
possibility to simulate agent populations faster than real-time up to about few
hundreds of agents in a desktop class PC, although at this stage of the work
we mainly aimed at achieving an effective reproduction of pedestrian and dyads
behaviour, and optimizations leading to significant improvements are possible

and object of future works.

4.83. Individuals and Dyads at Low Densities

The simulations here provided are aimed at analysing the capabilities of
the model in reproducing the dynamics of individuals and groups in simple low

density situations. Two main scenarios representing free flow conditions are run
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in a long corridor of 40 x 10 m?, simulating either (i) only individuals or (ii) only
dyads. Moreover, we want to analyse the effects of varying the desired speed of
agents on the results, hence we consider two configurations for this parameter
which are checked independently: a baseline configuration of 1.6 m/s (equal to
the maximum speed) and a second one at 1.4 m/s. In all cases the environment
is not configured as toroidal and the frequency of generation is set to 1/5 ped/s
(1/10 dyads/s for the second simulation), with a total population of 200 agents.

Results of Fig. (13| (a) and (b) analyse the distribution of simulated speeds in
the four simulations. The peak of the distribution for individual agents is higher
to the one of dyads with both configurations of the desired speed. Moreover,
it is visible that individual agents have mostly walked at their desired speed,
highlighting the free flow condition, while dyads are slightly slowed down by
the effect of cohesion. By comparing the figure we see that the difference gets
smoother with a lower initial configuration of the desired speed.

By looking at the distributions of relative positions in Fig. [13| (¢) and (d),
we see that dyads mostly walk side-by-side in both cases. The configuration of
a different desired speed does have an influence on the distribution: while with
1.6 m/s the distribution reaches a value of about 0.28 in cells describing the line
abreast pattern, this value decreases to about 0.23 in case of 1.4 m/s in favour
of cells describing a diagonal pattern of dyads. This limit is essentially caused
by the probabilistic nature of the heterogeneous speed mechanism, which causes
a member of the dyad to suddenly yield the position to reproduce its desired
speed, not necessarily in sync with the other member of the dyad. Nonetheless,
assuming a microscopic coordination among members of a dyad, this side effect
could be easily overcome with a synchronous management of the desired speed
for the group members, i.e., the activation for the movement at the beginning
of the step (as explained in Sec. This possible improvement will be subject
of investigation with future works, and we wanted to present here a worst case

scenario.
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Figure 13: (a - b) Distribution of simulated speeds of individuals and dyads in the simulation
of the long corridor, with the 1.6 m/s (a) and 1.4 m/s (b) configuration of the desired speed.
(c - d) Distribution of relative positions of dyads (direction of movement towards right), with

the 1.6 m/s (c) and 1.4 m/s (d) configuration.

4.4. Qualitative Evaluation — Trajectories of Dyads

To complement the above provided quantitative and qualitative evaluation of
the model, we also describe the produced results by means of visualizations of the
produced dynamics, to support the understanding of the behaviour of simulated

dyads in terms of trajectories. The following renderings were generated by
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Figure 14: Screenshots of the simulation of the bended scenario.

means of a script enabling the Blendﬂﬂ 3D modelling tool to import, analyse
and render the discrete dynamics generated by the simulation system. The
overall process of parsing, analysis, and rendering is rather simple and we will
not provide a thorough description since it does not represent an improvement on
the state of the art of pedestrian dynamics visualization systems. In a nutshell,
the script parses two files, respectively associated to the discrete representation
of the environment (described in Section and to the trajectories generated
by a single simulation. Walls and obstacles are represented as parallelepipeds
occupying all not walkable space in the simulation. As assumption, each wall
has a height of 2 m. A unique animated human model is used to represent the
position of each simulated pedestrian. Trajectories of pedestrians are rendered
in a continuous way by interpolating instantaneous positions produced by the
simulator, with a moving average of 5 steps = 1.25 s. In this way, it is possible
to achieve a smooth movement of agents without an excessive modification of

the simulation result.

Shttps://www.blender.org/
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Figure 15: Simulation of the bottleneck scenario.

Figure [14] shows four renderings of a simulation associated to a 90-degrees
bend crossed by a uni-directional flow of pedestrians. The population is com-
posed of individuals and dyads in the same proportion; dyads are characterised
by a coloured box on top of the head of members. The arrival rate of pedestrians
is configured to ensure a consistent but not excessive flow, leading to a situation
in which dyads can face both issues related to a change in the preferred direction
as well as potential conflicts due to medium density.

The set of screenshots allows evaluating the overall space utilization and
shapes of dyads: by looking at the highlighted dyad we firstly see that at time
25 s the two agents are approaching the bend by walking side-by-side, like most
other dyads in the first part of the scenario. While they get closer to the bend,
they change their shape into a river-like pattern (one in front of the other), but
in the final screenshot (time 31 s) they change back again to the line abreast
pattern and they preserve this shape until they move out of the simulation.

The second environment represents two small rooms joined by a central
bottleneck of width 3.2 m, which is crossed by a uni-directional flow composed

of individuals and dyads in equal proportion. In this scenario the bottleneck
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is wide enough to avoid the emergence of a relevant congestion in the scenario,
yet the incoming flow is sufficient to produce noticeable slowing down for the
agents. Pictures show that the highlighted pair is forced to change the side-by-
side pattern when approaching the bottleneck, but the cohesion mechanism of
the model lets them maintain a close distance even in the congested zone, and
it also allows them to get back to a line abreast pattern once the surrounding

condition returns to a free flow state.

5. Conclusions and future works

This paper has presented a model for the flexible management of group
cohesion within pedestrian simulation; the model extends previous works, pre-
serving and improving the capability to generate overall plausible aggregated
dynamics, but also significantly improving the precision in the rendering of mi-
croscopic group dynamics, with particular attention to the shape of dyads. The
model has been calibrated and validated thanks to empirical data gathered in
an experimental observation; both quantitative and qualitative achieved results
are presented and discussed. Results show that the proposed approach, model
and defined set of relevant parameters produce plausible results across a rela-
tively large spectrum of situations, especially pedestrian density, although the
discrete nature of the approach limits the possibility to achieve smooth and di-
rectly comparable trajectories and interpersonal distances among members of a
dyad.

The model allows investigating situations for which we still lack empirical
evidences, in particular high density pedestrian populations including groups.
Results of simulations in these conditions call for additional real world exper-
iments, to further evaluate the validity of this model. Additionally, we aim
at using systematically the presented model to evaluate if empirically observed
result such as the fact that obstacles can smoothen pedestrian flows in cer-
tain situations still hold in presence of groups. Extending the study to tactical

level decisions, we will also investigate the effect of the presence of groups in
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wayfinding processes.
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