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This research has helped showing that unconventional ways to steer people are viable. In addition,
it also showed that by working on areas of research which are different and complementary (human

crowds and animal swarms here) can help to create a robust theory and formulate more likely
hypotheses.

This research aimed to understand whether it is possible to influence crowd
motion by using minor environmental stimuli (light, color, etc.). It has been found that, in a
limited extent, such an approach is possible. However, both crowd density and interaction time (with
the environment) play an important role. Furthermore, a density which allows interactions between
people is needed and time must be long enough to allow the emergence of self-organization.
The conclusions could be obtained through several experiments and by examining old data through
intuitions found while working on this research. An experiment unsuccessfully attempted to steer
individuals in a familiar environment. But, experiments with animals swarms helped providing some
hints _on conditions where steering may work. Results showed that at medium densities optimal
steering found. By revisiting old experiments it was hinted that, in controlled conditions,
interaction between people is needed for an effective steering.
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animals (with humans belonging to
this category), the interaction is quite ’
complex because individuals get ,
affected by external stimuli and the ,
modification in their bghavior_ is

further related to the interaction spatic” ) “Dynamic’
with others. For example, a single environment Crowd / Swarm / Social group environment
individual may notice some change in
the surrounding environment and
start behaving differently. But
whether other people/animals in the group will start adapting that behavior depends on the
internal dynamics within the crowd/swarm.

In general, we are under the influence of two types of environments: a “static” and a “dynamic
one. The static environment can be seen as something not changing or changing very slowly.
For example, the landscape or the infrastructure in a city will change over years and
behavioral modifications may only appear after long periods. Also, static environment is hard
to modify and usually it takes large efforts to perform some changes. The dynamic
environment can be seen as something changing in short time, typically seconds to hours.
But something changing daily can be also regarded as a dynamic environment depending on
the context. Brightness, sound, or color are easy to modify and naturally change from
morning to night. For instance, a light could be used to make a dark location brighter or
sound can be used to attract people to a shop. Similarly, colors are known to affect our
cognition. Blue or green tend to improve concentration and people generally feels more
relaxed in an environment with blue or green colors. Red is usually perceived as a sign of
warning or may lead to excitation.

The general principles presented in this introductory text are also schematically visualized
in Fig. 1 provided above.

Fig. 1: Schematic representation of interactions with the
environment.

”

This research aimed at finding out whether it is possible to modify the dynamic environment
to steer social systems, namely crowds of people or animal swarms. Although the main and
final aim was to induce specific behaviors in human crowds, | also decided to study animals
showing a collective behavior to help identifying viable solutions and outline a theorical
foundation which could help understanding human crowds too. In particular, the research
aimed to investigate light, color and sounds to determine which solution is the most
promising and understand under which condition a specific solution may or may not work.

Most of this research was originally intended to be carried out through controlled
experiments using human participants and partially by studying the collective behavior of
“soldier crabs,” a peculiar species of crab moving in large swarms. However, restrictions
imposed by the COVID-19 pandemic made the execution of crowd experiments very difficult,
especially considering the conditions sought in the frame of this research. Consequently,
alternative solutions were considered which ultimately allowed investigating the research
questions without the need for controlled experiments with human participants. Long-term
data collection in an ecological setting was finally used, with surveys and VR (Virtual Reality)
additionally employed as research methods (details on the latter approaches are not
discussed here due to the marginal relevance, see list of publications). The collective behavior
of crabs was studied by performing laboratory experiments in a facility close to their natural
habitat (Iriomote Station, University of the Ryukyus, Okinawa prefecture).



In the frame of this research, several studies were performed with the aim to elucidate the
research questions presented above and reach the goals set at the start. The different studies
are presented below with the most important outcomes summarized in each section.

Route selection under the influence of environmental stimuli
To study whether color,
light, sound, or visual
information can
influence decision
making in people within
a walking environment,
a two-years experiment
was  conducted on
campus. The location
selected for the
experiment was an
entrance hall having
two doors being
completely equal in their function (see Fig. 2). In other words, people could choice to use the
door on the right or the one on the left to enter the building. A LIDAR sensor was set on each
door to count the number of people passing through each location. The accuracy of the sensor
was evaluated in a similar context (but having a much larger number of people transiting)
and was assessed as being above 95%.

Over the two years period during which the experiment was carried out, the appearance of
or the sound at each door was changed to check whether people would increase the use of a
door instead of the other. Specifically, the mat color was changed from the standard green to
gray/red, a sound was played only on one door/direction, a light was used in one location to
makes it brighter, and a display was used hinting to a specific door (see also Fig. 2).

Fig. 2: Left and right door and environmental stimuli used to influence people in
choosing a particular door. In this image all steering approaching are shown
together, but in the experiment were tested individually.

Each experiment making use of a

specific environmental stimulus lasted 10
around 30 days (only working days are
counted since transit is limited to a
single door during holidays). The full
experiment was divided into five
phases. First, a baseline was taken
without any steering method in place
(baseline 1). Next (test 1), the four
steering solutions were tested trying to
influence people walking in toward a
specific door. After this phase, a new
baseline was taken again without 5 R "
steering mechanisms in place (baseline °Q¢o°\°‘ g w8 0 g,ov 09’9\’&!\) RN
2). Next (test 2), the experiment was o &

repeated by inversing the steering
strategy taken in test 1. For example,
if a light was used on the right in test
1, the same light would be used in the
left in test 2. Finally, a new baseline was taken once more (baseline 3).

This methodology allows to make a difference between random fluctuations and effective
steering solutions. For example, if light was effective in steering people to the right in test 1
and later managed to move people to the left in test 2, it can be concluded that it is an effective
approach. If, however, people get steered in the same direction despite the opposite influence,
the efficacy of that solution is questionable.

Because the entrance hall is surrounded by glasses, people moving toward the building may
notice the changes in color, lighting, or directions before entering the building. On the other
side, door selection when leaving the facility was very likely influenced by the constructional
layout and therefore probably biased by limited vision or related aspects. For these reasons,
results (presented in Fig. 3) focused on door selection when entering the building. In general,
it can be concluded that light is the most effective approach to guide people, partially in line
to some evidence in the literature. The high increase shown in test 2 for light may be partially
explained considering that the left door being lighted is on a corner location. Therefore, people
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Fig. 3: Change in the use of the left entrance when compared
to the baseline. Results for the test phase 1 are compared with
baseline 1 and those for test phase 2 with the second baseline.



could notice it from further away compared to the case of the right door. The information
display was also found effective, although my research focused on more “non-invasive”
intervention and therefore the moving arrow represents a borderline-solution in that regard.
Color and sound were however found non-effective. In the case of color, it is possible that the
modification was too small to be noticed by people, especially before entering the facility. In
the case of sound, it is possible that, because people would hear it only upon entrance, the
effect would be limited to frequent users which represent a significant proportion but not the
overall usership.

Environmental stimulation to affect the behavior of “dense” crowds

The experiment described above tested the possibility to influence route selection through
simple environmental modifications in a context with very low crowd density. Typically, even
in the busiest days, only a few hundred people would enter the building. Considering that
the aim of this project was to steer people in public facilities like train station, airports, or
shopping mall, it is also important to understand whether a similar strategy would work
under higher densities.
Although  supervised
experiments were not
possible or very difficult
to carry out in the
period of this research
(due to the restrictions
caused by COVID-19),
data from preliminary
experiments was
available for analysis.
At the end of 2019 a set
of experiments was
organized to see
whether it was possible
to improve lane formation in a corridor-like setup using a special method dubbed “optical
sheet”. The optical sheet is a special type of flooring showing optical illusions when people
walk over it. In detail, people walking over the optical sheet sees stripes moving to the right,
thus inducing a deflection in the same direction. Experiments were carried out in 2019 to
check whether the optical sheet would work also in crowded conditions and if it would be a
viable solution to enhance lane formation and thus reduce congestion in corridors.

The layout of the experiments is presented in Fig. 4.: a round course with straight sections
was created and people had to walk in opposite directions for two minutes, thus creating
lanes moving clockwise and counterclockwise.

The optical illusion created by the optical 6
sheet can be genuinely considered a steering
mechanism intended to modify human motion
and behavior. For this reason, the data
collected from the experiments were analyzed
to judge whether results like what obtained in
sparse crowds could be obtained under higher
densities. The density and the speed of
pedestrians in the straight sections was
analyzed using the Voronoi method, which
allows to define individual values for both
quantities. Speed in the condition with the
optical sheet was compared with the condition
without it (taken as baseline). The results
presented in Fig. 5 shows that the increase in
speed brought by the presence of the optical
sheet is higher when the density is high. This
could be explained considering that collective interactions between people are stronger at
higher density and thus even a weak influence may become strong enough to change overall
motion.

Fig. 4: Experiment designed to test the efficacy of the optical sheet to enhance
lane formation and improve pedestrian flow in the frame of a bidirectional flow.
The optical sheet is employed in the straight sections.
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Fig. 5: Speed change when using the optical sheet
compared to the baseline condition with the normal
floor. Chage in speed is higher at moderate densities.

Influence of moving light in the dynamics of animal swarms
The experiments performed on swarm of crabs allowed to provide further evidence that there
is indeed a link between steering effectiveness and density. Of course, care is always needed




when comparing results obtained with animals with those obtained for human. But when
phenomena occurring in animal swarms are studied considering the mechanisms and from a
purely theoretical perspective, it is possible to translate at least some finding to human
behavior in crowds. Under this perspective, the experiments performed with crabs should not
be seen as a method to validate results

obtained for humans, but rather to test

some hypotheses and help outlining Rotating motor [l

more solid research directions. Also,
the study of animal collective behavior
has always been a source of
inspiration when developing
numerical models to represent crowd
motion and the behavior of ants, for
example, has inspired some rules Crabs
employed in crowd simulation which Light
proved to be effective.

Soldier crabs were wused to test
changes in collective motion under the
influence of external stimuli for
several reasons. First, soldier crabs
are known to form large swarms
composed of thousands of individuals and their social structure and individual behavior is
rather simple (unlike bees which has a very complex hierarchical structure). Second, the
motion of soldier crabs is almost entirely bidimensional unlike school of fishes or swarm of
birds which move in a tridimensional space. This characteristic makes them closer to human
motion. Third, soldier crabs are easy to catch in large number and several experiments can
be performed in a short time using a limited amount of space. In contrast, observation of
swarms composed of larger animals is typically limited to drone shooting making the task
more complex. Lastly, soldier crabs are known to be reactive to light and therefore it is
possible to use this stimulus to affect their (collective) behavior.

The experiment performed on soldier crabs is presented in Fig. 6. A circular course was
created which limited crab dynamic to a unidimensional motion (or at least making such an
approximation possible, with some limitations). Further, a light was turned around the
course to influence crabs in moving in the same
direction of the light. Although obtaining a precise
value is difficult, it has been estimated that, for
individual crabs, the light is effective to induce a
movement in a specific direction to an extent of
5%. However, the experiments were performed by
varying the number of crabs in the course. The
cases with 3, 10, and 30 crabs was tested. In
addition, based on empirical observations, a
simulation model was also developed to reproduce
the motion seen in crabs. Outcomes from the
simulation model was compared with
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Fig. 6: The experimental equipment used to test how a moving
light affect collective motion of soldier crabs. An ultraviolet
light and special markers are used to see the motion of crabs
in darkness.
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generally good agreement. With the validated Swarm size

(and calibrated) simulation model a more detailed Fig. 7: Steering effectiveness in relation to
investigation was performed on the effect of the swarm size. Results were obtained by numerical
external stimulus to the overall behavior of the simulation, but are in line with empirical
swarm. Results presented in Fig. 7 shows that the observations.

low steering effectiveness observed on single individuals is strengthened as the swarm gets
larger and a maximum of around 35% is reached a medium density. At high densities, crabs
already synchronize to move in the same direction without the need of an external stimulus
and thus the effect becomes negligible.

This experiment partially explains, at least from a theoretical perspective, the outcomes
presented above for human crowds and hint to the fact that a low steering effectiveness is
not necessarily an issue since interactions among individuals may contribute in increasing
the effect.
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