28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

Perceived realism of pedestrian crowds trajectories in VR
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Fig. 1. From left to right, tracking trajectories from real data, rectilinear trajectory generation, animation process for real trajectories,
aerial view simulation, simulation in immersive environment.

Crowd simulation algorithms play an essential role in populating Virtual Reality (VR) environments with multiple autonomous
humanoid agents. The generation of plausible trajectories can be a significant computational cost for real-time graphics engines,
especially in untethered and mobile devices such as portable VR devices. Previous research explores the plausibility and realism of
crowd simulations on desktop computers but fails to account for the effect of immersion. Unlike desktop simulations, users of VR
simulations can use stereo and motion parallax to make judgements about plausibility of the environment. This study explores how
immersion in VR affects the perceived realism of crowd trajectories. We do so by running a psychophysical experiment in which
participants rate the realism of real/synthetic trajectories data. Results show that trajectories from real data and synthetic rectilinear

constant speed trajectories achieve similar levels of perceived realism.
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1 INTRODUCTION

Crowd simulation is the complex process of simulating collective movement of several individual entities such as
virtual humans or animals. It is used in numerous contexts, such as urban or evacuation planning, video games, and
cinematography. For realistic, high-density crowd simulations the computation and memory cost is significant and
requires the use of high-end desktop computers [7, 33] or even in some cases distributed computing [17, 34]. With
Virtual Reality (VR) becoming an increasingly popular technology, crowd simulation algorithms play an essential role
in enabling the creation of rich VR experiences. In addition, the recent emergence of portable VR devices with limited
computational resources, such as Oculus Quest and Quest 2, challenge developers as their CPU and GPU capabilities are
significantly lower than current desktop-class CPU and GPUs. How does a user perceive a crowd simulation as plausible
or realistic? This question is challenging as multiple simulation stages are involved, such as rendering, animation,
pedestrian dynamics and, sometimes, the observer’s interactions with the crowd such as dynamic avoidance of the
observer. In particular, crowd simulation algorithms deal with different aspects whose realism can be evaluated either
jointly or individually: high-level planning, global path planning, path following, local movement, locomotion synthesis
and animation. Evaluating the realism of a crowd is a challenging task, and many attempts were made over the years.
Prior studies introduce metrics [11, 28], rely on subjective evaluation by performing user tests[5, 25] or even compare
against real-world crowd data [4, 8, 16]. Some of them vary parameters such as camera position and orientation [1, 5],
environments [22], density levels of the crowd [15, 19], situations or contexts (for example an evacuation process
or a simple walk in the park) [27], and algorithms [12]. While previous studies explore the evaluation of perceptual
realism of crowd simulations using desktop computers, or in some cases VR headsets, to the best of our knowledge
there is no study that addresses perceptual realism of crowd simulation trajectories in large and high-density crowds
from an immersion perspective. Our paper is motivated by the fact that the computation of realistic trajectories in a
densely crowded environment might have high computational cost that could be prohibitive to use on untethered VR
devices. Determining if a computationally cheap algorithm can create realistic trajectories when the user is immersed
in a crowded context is crucial since it saves CPU and/or GPU time. The contribution of our study is two-fold: firstly,
we identify and validate through a user study (Experiment 1) this computationally inexpensive method. Validation
consists of measuring perceived realism to assess the generation of a plausible set of trajectories for a high-density
pedestrian crossing scene. The first experiment consists of watching crowd simulation videos from different points
of view, following by a perceived realism questionnaire. Secondly, we compare via a VR user test (Experiment 2) the
perception of realism between the simulated trajectories and a set of real-world trajectories traced from video footage.
The second experiment measures perceived realism from an immersive viewpoint by using the same questionnaire
of Experiment 1 plus common HCI questionnaires about immersion [31].In addition, we evaluate the crowd density
perception with the participant immersed in such environment, both for real and simulated data. For Experiment 2, we
designed a full-VR experience where users can observe crowds driven by real trajectories or rectilinear trajectories (as

shown in Fig. 1). Both experiments are implemented so that they can be run remotely without supervision.

2 LITERATURE REVIEW

The crowd simulation community has used several approaches to assess the quality of crowd simulations [24]. Such
approaches include customized metrics that are meaningful to the task [11, 26, 28], user studies in various contexts [3, 25]
and comparisons of simulations with real-world data [4, 8, 16, 36]. In the following, we mostly focus our discussion on

works that study factors that affect the perceptual realism of crowds in VR, as this is the most relevant to the work
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presented in this paper.

One strand of prior work explores the perceptual realism of crowds via psychophysical experiments concerning di erent
aspects such as social forces, social interactions and group dynamics. For examplegteirjis explore how scene
context and viewpoint a ect perceptual realism of static crowds. In particular, this work uses rendered images from
various camera positions and orientations and measure the impact of plausibility for static crowds. O'Cehabf2(
observe how social forces a ect the perceptual realism of crowds trajectories from an aerial view while Howb{ 10

study the impact of shoulder motion on perceptual realism and show that shoulder movements enhance perceived
realism of dense crowds. Kyriakaet al.[15 show how collision avoidance and other social interactions such as gaze
and salutations a ect the perceived plausibility of a crowd in a VR setting. Baial.[2] examine the elicitation of
manoeuvring motion illusion from rectilinear trajectorieslf]. Such illusion occurs when rectilinear trajectories are
perceived as wriggling trajectories. In other words, the observer perceives variations in the linear trajectories that
are not present. In the context of crowd simulations, this e ect increases realism because pedestrian trajectories are
generally not linear or constant speed. O'Connetral.[22] explore how agent grouping dynamics a ect the perceptual
realism crowd simulations by varying crowd density and frequency in di erent urban locations.

2.1 Measuring Realism of Crowd Trajectories

There are several approaches to measure the similarity between simulated data and real-world datet @)

for example de ne an entropy metric that compares entire simulations to reference data. Charalanebali§4] use

the principle of Pareto optimality to compare between crowd data under multiple (often con icting) criteria, whereas
Wanget al.[35 de ne an inference-based similarity metric. Wolinslit al.[36 propose a genetic algorithm to nd
optimal parameters for a crowd simulator so that simulations match speci c features of reference data; this in turn
allows for fairer comparison between simulators. Conversely, several studies are based on psychophysical experiments
where participants evaluate the realism of the crowd simulation. For example, O'Coahak.[2( observe how social

forces of attraction and repulsion determine the perceptual realism of trajectories by varying them in a dynamic context.
Barutet al.[2] explore how simple collision free rectilinear trajectories generate a plausible crowd motion by creating
an illusion of manoeuvring humanoids. In contrast to the aforementioned works, Barut and Haciomeddgiuidy a
simulation with a considerable number of agents (308) simultaneously present in the scene and distributed in an area of
approximately 1600 sqm. While these studies explore the perceptual realism of crowd trajectories using 2D images or
videos, they do not consider the immersive context. The question therefoteowf being immersed a ects the perceived
plausibility of crowd trajectorids not properly addressed in the literature. To the best of our knowledge there does not
exist a psychophysical study where participants evaluate crowd trajectories in an immersive context. Our study aims to
Il this gap.

2.2 Realism of Crowds in VR

Crowds in VR have been studied extensively in the last decade. Peledtaaid 25 proposed the level of presence
achieved by a human as a measure to validate crowds in a VR environment. Odévial [23 explore VR as an
experimental tool to improve the level of realism of the microscopic pedestrian simulation. In that study VR is used to
assess local movements (such as collision avoidance), and trajectories formed by the participants against real situations.
Bruneauet al.[3] study how participants navigate against the ow of a crowd of simulated characters with di erent
characteristics based on the Principle of Minimum Energy. Another examplé3s\hich explores human movement

behaviour during an immersive virtual crowd interaction. The participant is immersed in an urban context while
3
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crossing the road, with di erent density conditions and directions. They conclude that both direction and speed alter
participants' behaviour. A study by Kyriakoet al.[15 explores a crowd's perceived realism across di erent immersion
levels (CAVE-like, large 2D display) with crowd interactivity. All these studies focus on the crowd's general plausibility
rather than the perception of realism of the crowd's trajectories.

2.3 Point of view in crowd's plausibility/realism

Some of the studies above explore how the point of view (camera position and orientation) impacts a crowd's perceptual
realism. Since immersion is a topic highly correlated to the point of observati®@ {ve consider these studies
highly informative. Barut and Haciomerogld] use camera angle as an experimental condition in evaluating the
crowd's plausibility; this study, which uses videos, suggests that aerial views increase the perceived e ect of pedestrian
manoeuvring illusion, thus the perceived crowd's plausibility. Eneisal.[5] explores how the crowds' perceived realism
changes across multiple points of static views (eye-level camera vs plan view camera); ndings from this study show
how, in general, using eye-level views will result in a more realistic representation of static pedestrian crowd formations
to a viewer. However, this study only uses static crowds, thus lacks the motion aspect of pedestrian trajectories entirely.
Interestingly, both studies agree that the crowd's plausibility changes based on the point of view. Still, they report more
realism by exploiting di erent e ects (higher plausibility given by motion illusion or di erent view points). However
Barut and Haciomeroglul] consider a scenario in which pedestrians are moving in random directions; they start from
random positions in a squared area, rather than a scenario in which pedestrians' ow moves according to the space's
features (i.e. walking along a street, moving across the pedestrian crossing, etc.. ). Thus, we aim to answer the following
guestion: are linear and xed speed trajectories plausible in a context in which pedestrians need to assess features of
the scene?

3 CONCEPT AND MOTIVATION

With this study, we address the challenge of understanding if computationally inexpensive algorithms can generate
plausible or even realistic trajectories in a scenario showing pedestrians following urban constraints such as a road
crossing. Previous literature?] suggests that very simple crowd behaviours, such as ones having rectilinear and single
speed trajectories can be perceived as plausible while being computationally inexpensive. As discussed in Section2.3,
trajectory plausibility is a ected by motion illusion and viewpoint. Thus, we aim to clarify if the motion illusion e ect

can be perceived even in this constrained urban condition where pedestrians are moving in opposite directions. Finally,
answering how much the point of view a ects the plausibility of such a trajectory generation algorithm is challenging.
The observer viewpoint can alter the motion illusion of pedestrians. Understanding the viability of such rectilinear,
constant-speed trajectories observed from an immersive point of view will allow us to characterize requirements
for crowd trajectory generation algorithms in VR; in particular, the new generation of untethered VR devices based
on mobile chipsets, where battery life is a primary concern. Validating a light algorithm for crowd motion without
compromising the trajectories' perceived realism can save CPU/GPU time and memory space.

3.1 Realism

3.1.1 Realism of Trajectorids the project aims to explore the perceived realism of crowd rectilinear/ x-speed
trajectories, we identi ed a viable baseline. Our baseline consists of real trajectories traced from an aerial video of a
pedestrian crossing captured by a drone and containing 280 pedestrians. Trajectories are traced at 25 frames per second

by tracing the head of pedestrians. Periodic movements of pedestrians heads are cleaned with a Kalman lIter, the
4
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