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Figure 1: We explore the effect of collision feedback expectancy in users who move through groups of virtual agents. We tested 
nine conditions, differing in the combination of types of collision feedback, shown in (a), users could expect when colliding with a 
virtual agent: an audible complaint, a vibration provided by an arm-mounted vibrotactile device, and a physical bump with a real 
person. We designed three different scenarios: a narrow corridor, shown in (b), where collisions with virtual agents were inevitable, a 
corridor, shown in (c), where agent movement was easily predictable and collisions could be avoided by taking a detour around the 
group, and a street crossing, shown in (d), where virtual agents moved in two orthogonal directions. The avatar of the participant is 
highlighted in red. 

ABSTRACT 

An increasing number of virtual reality applications require environ-
ments that emulate real-world conditions. These environments often 
involve dynamic virtual humans showing realistic behaviors. Under-
standing user perception and navigation among these virtual agents 
is key for designing realistic and effective environments featuring 
groups of virtual humans. While collision risk significantly influ-
ences human locomotion in the real world, this risk is largely absent 
in virtual settings. This paper studies the impact of the expected 
collision feedback on user perception and interaction with virtual 
crowds. We examine the effectiveness of commonly used collision 
feedback techniques (auditory cues and tactile vibrations) as well 
as inducing participants to expect that a physical bump with a real 
person might occur, as if some virtual humans actually correspond 
to real persons embodied into them and sharing the same physical 
space. Our results indicate that the expected collision feedback 
significantly influences both participant behavior—encompassing 
global navigation and local movements—and subjective perceptions 
of presence and copresence. Specifically, the introduction of a per-
ceived risk of actual collision was found to significantly impact 
global navigation strategies and increase the sense of presence. Au-
ditory cues had a similar effect on global navigation and additionally 
enhanced the sense of copresence. In contrast, vibrotactile feedback 
was primarily effective in influencing local movements. 
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1 INTRODUCTION 

In computer applications such as building evacuation planning, train-
ing, and video games, crowd simulation is becoming increasingly 
important, as it allows hundreds or thousands of agents to navi-
gate through the virtual environment. Furthermore, a number of 
applications require the user to be immersed in such virtual envi-
ronments. By using a VR headset, the user can be embodied into 
a virtual avatar [29], gaining an illusion of body ownership over it, 
feeling present (sense of presence) in the virtual world and having 
the experience of being part of the virtual crowd. 

Presence can be seen as the addition of place illusion (PI) and 
plausibility (Psi) [39, 40]. PI is the illusion of being in the place 
depicted by the VR. Psi is the illusion that the virtual situation and 
events are really happening. While PI can be achieved in VR through 
natural sensorimotor contingencies integrated by the hardware on 
sensory outputs [24], Psi is a far more complex and interesting 
aspect to study since any unexpected event can produce a break in 
presence or a failure of expectations in the participant. Similarly, 
copresence refers to the extent to which a participant has the illusion 
of being there with other participants [10]. This can also be achieved 
through sensorimotor contingencies that give the participant the 
illusion of being in the same space as the other humans, whether 
real or virtual, as it happens with PI. To achieve Psi, it is also 
necessary that the virtual characters respond to the user when the user 
interacts with them. The most difficult requirement for copresence is 
meeting the user’s expectations, which largely depend on the context 
(for example, people behave differently in a park vs. in a bus) and 
appearance (cartoon characters will imply different expectations 
than realistic ones) [46]. When copresence is achieved, we can 
expect users to show similar behaviors to those in reality, such as 
maintaining the same proxemics [4]. 

Regarding virtual crowds, the breaks in presence or failures of 
expectations can be due to different factors such as visual or ani-
mation artifacts (e.g., foot sliding [27]), detecting virtual character 
clones [19], strange behaviors, or lack of interaction. If virtual 
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agents do not respond to the user’s actions, the user might quickly 
notice this and cause a break in presence. 

Conversely, we should expect that some actions or events happen-
ing in the virtual environment could also affect the user’s behavior. 
In our case, we wonder how a virtual crowd may affect the user’s 
behavior, and more specifically, how collisions with virtual agents 
may influence the user depending on different types of collision 
feedback users might expect: an audible complaint (audio), a vibro-
tactile feedback through an arm-mounted device, or a physical bump 
with a real person embodied in an avatar. The first two feedback 
modalities can be easily implemented with commodity VR hardware, 
so all collisions with a virtual agent could trigger any combination of 
these feedback modes. In contrast, providing realistic physical bump 
feedback for all collisions is impractical, as this would imply that all 
avatars correspond to physical users embodied in them. Instead, we 
designed the experiment so that users are induced (depending on the 
condition) to expect a physical bump with a real person, even if such 
bumps occur only in an initial adaptation scenario. Similar to the 
Rubber Hand Illusion [8], we physically touch the participants in syn-
chrony with the virtual collision to induce such belief. We assume 
this adaptation will also induce a collision feedback expectancy from 
the point of view of the user. Therefore, our study involves mainly 
exploring the role of this expected collision feedback in crowded 
virtual environments. Our specific research questions are: 

• RQ1: Does collision feedback expectancy (users induced to 
expect a combination of audio, vibrotactile, or physical bump 
feedback) enhance the sense of presence and/or copresence 
in tasks involving moving across a group of virtual agents? 

• RQ2: Does collision feedback expectancy influence the be-
havioral response of individuals in the tasks above? 

Our results show that expected collision feedback plays an impor-
tant role in shaping participants’ behavior and subjective perceptions 
towards virtual crowds. In the absence of it, people might tend to 
ignore other agents. However, believing there could be physical 
collisions with real people can enhance presence. Also, copresence 
with the virtual crowds can be enhanced by adding audio feedback. 
Similarly, global behaviors such as navigation can also be signif-
icantly influenced: participants will show a tendency to maintain 
extended distances from crowd agents and take more time to com-
plete tasks. Contrarily, vibrations can affect local behaviors such as 
adding more torso motion to actively avoid collisions. 

2 RELATED WORK 

The existing body of literature on crowd behavior in VR environ-
ments encompasses several areas, including crowd perception, re-
alistic crowd simulation, and collision feedback mechanisms. For 
the purpose of this paper, we divide related work into three broad 
categories: studies related to crowd perception in VR, proxemics 
and copresence, and providing collision feedback in virtual crowds. 

2.1 Virtual Crowds 

An essential factor in crowd simulation is the accurate representation 
and perception of crowds. Olivier et al. [22] establish the efficacy of 
VR as a tool for the study of crowds. Subsequent studies have delved 
into various crowd attributes that could influence users’ perception 
in VR. Factors like the visual appearance of the crowd [21] and the 
realism and diversity of animations [20] have been shown to enhance 
the perceived authenticity of the virtual crowd, affecting how users 
navigate around other agents. However, it is worth noting that an ex-
haustive set of animations is not essential; minimal motion variation 
is adequate for maintaining the perception of crowd heterogeneity, 
especially in scenarios involving large crowds [1]. Additionally, the 
presence of crowds has been shown to influence the decision-making 
processes of users in a VR environment [35]. 

Raimbaud et al. [31] investigate the impact of agents’ gaze on 
users, highlighting that gaze direction may affect those with social 
anxiety but not necessarily impact their locomotion. In this line, 
some works have focused on studying how the emotional state of 
a virtual crowd may affect the way people navigate and interact 
[26, 44]. Adding basic social interaction can also increase crowd 
realism and user presence [15]. Similarly, responsive virtual crowd 
behaviors increase the feeling of presence [14]. 

Evidence of the necessity for realistic crowd behavior in VR 
comes from works that simulate real-world scenarios. Arias et al. [3] 
reconstructed the Love Parade disaster in VR to evaluate various 
disaster prevention strategies. Zhao et al. [45] used VR to test 
different fire evacuation systems for a building under construction, 
highlighting the cost-effectiveness of VR in such studies. 

2.2 Proxemics and copresence 

User’s locomotion behavior when moving around other avatars in 
immersive VR can vary depending on several factors, such as the 
quality of the animations and the fear of a real collision happen-
ing. For example, the work by Rı́os et al. [34] showed that when 
users walk around another virtual human while sharing the same 
virtual space (thus, there is the possibility of a real collision), prox-
emics could be very similarly to reality, as long as the animations of 
the avatars were continuous. Previous work observed larger prox-
emics or clearance not being respected when animation artifacts 
were present, thus leading to virtual collisions when users knew 
the other user was located remotely [28]. Trivedi et al. [43] found 
that a high avoidance radius in the simulated crowd agents led to 
longer paths and lower perceived realism, drastically reducing user 
experience. Some researchers have investigated the impact of the 
avatar’s appearance on users and observed that photorealism can 
increase plausibility and presence, but that it does not seem to affect 
copresence [18]. In fact, their study showed that what increases 
copresence is the user-avatars interaction, for example, if the avatars 
gaze at the user. 

2.3 Collision Feedback in VR 

Understanding collision feedback in virtual environments is critical 
for simulating realistic crowd behaviors. The work by Olivier et al. 
[23] highlights that pedestrians only adjust their movements if they 
perceive a future risk of collision. This observation is particularly 
relevant to our study, as it suggests the necessity for exploring 
how expected collision feedback might affect collision avoidance 
behavior in VR crowds. 

A common approach for simulating collision feedback is using 
haptics. Krogmeier et al. [12] used a haptic vest equipped with 70 
haptic points and showed that haptic feedback enhances presence 
and embodiment. On the other hand, Berton et al. [5] reported that 
haptic feedback improved collision avoidance but did not signifi-
cantly affect the sense of presence. Similarly, Koilias et al. [11] 
demonstrated that users’ behavior was affected when haptics was 
enabled; however, they failed to distinguish between random and 
accurate haptic feedback. Similarly, Krum et al. [13] studied how 
priming haptic rendering influenced social measures and found that it 
impacted subjective social experiences but not proxemics. Different 
types of haptic feedback also led to different levels of emotional re-
sponse towards virtual crowds. More recently, Venkatesan et al. [36] 
observed that users reported a higher sense of realism and increased 
nervousness when exposed to haptic stimuli, as opposed to solely 
tactile stimuli or no feedback at all. 

Audio cues have mainly been given as a sound informing the 
participant about a collision, for example, while navigating using 
different locomotion techniques [42]. Blom et al. introduced the 
soundfloor, an audio-haptic interface for providing virtual collision 
feedback with the ground, but their study showed no effect of such 
feedback on performance [6]. On a different kind of task, insertion 



tasks (manipulating a 3D object to get through one or more virtual 
apertures), Lecuyer et al. also studied how adding haptic, visual, and 
audio feedback affected performance [16]. While none of the added 
cues improved the task completion time, it seemed that participants 
moved less when colliding and having additional feedback, as if 
paying more attention to the possible collisions, and therefore taking 
more time to complete their task. 

Studying social VR, Reinhard and Wolf explored the usability of 
applications involving virtual avatars and how difficult some tasks 
can be when they block paths or occlude the participant’s view [32]. 
Although opposite from our goal, they propose a solution without 
collision but where the participant is allowed to walk through the 
other avatars. They then explore multimodal feedback related to that, 
such as hearing the heartbeat of the avatar you are walking through. 
In their results, they find that presence significantly increases when 
multimodal feedback is provided, referring to our real-world experi-
ence when bumping into someone, but their study was limited to a 
two-avatar configuration. 

Previous research has primarily explored the impact of single or 
multimodal collision feedback, such as audio and haptics, on users’ 
interactions and perceptions within virtual crowds. Yet, there is still 
a lack of studies investigating the influence on users’ behavior and 
perception when they expect potential collisions with real individ-
uals in a virtual crowd setting. This scenario presents a difference 
to the effects evoked by commonly employed collision feedback 
techniques. Furthermore, our research aims to bridge this gap by 
examining the combined effects of these feedback modalities on 
user experience. 

3 USER STUDY: OVERALL DESIGN 

This section outlines the main decisions regarding the user study: the 
independent variables we considered, and how we implemented them 
in the virtual reality application. The scenarios and the activities 
participants had to undertake within the scenarios are also detailed, 
along with other relevant aspects concerning the appearance and 
behavior of the virtual agents. 

3.1 Factors: Collision Feedback Expectancy 

In the real world, collision risk with other individuals is a critical 
factor that explains crowd behavior. This risk leads individuals to 
move cautiously and exhibit distinct behavioral patterns compared 
to isolated walking. To simulate this aspect in a VR environment, 
we believe it is necessary to induce in users a certain expectancy of 
collision feedback, influencing their actions and locomotion choices 
to align with real-world behavior. Existing methods often use audi-
tory cues or tactile feedback to achieve this outcome. The ultimate 
goal of these methods is to establish a collision feedback expectancy, 
encouraging users not to disregard virtual characters but to perceive 
them as real entities sharing the same physical space (copresent) and 
thus push them to avoid collisions. 

A basic crowd simulation in VR entails rendering diverse human 
avatars moving along specified paths. Although this alone may 
facilitate a sense of presence, we believe that it does not prevent users 
from disregarding the crowd and going through virtual characters. 
We hypothesize that introducing collision feedback expectancy will 
increase the sense of presence and copresence, and lead users to 
move more cautiously. 

The following are the specific factors related to collision feedback 
expectancy examined in this study: 

(a) AUDIO: Positional audio (a clearly audible complaint) upon 
collision with a virtual character. 

(b) VIBR: Arm-specific vibration upon collision with a virtual 
character. 

(c) COLBLF: Inducing the feeling or belief that a collision risk 
with an actual human exists, showing a virtual panel and ac-
tually having a gentle physical collision during an adaptation 
phase. 

When the AUDIO is enabled, a collision triggers positional audio 
cues emitted from the location of the involved virtual character. To 
maintain consistency while minimizing auditory repetition, three 
gender-specific audio samples were chosen, resulting in a total of 
six distinct audio cues. Examples of these samples include Ouch!, 
Careful!, and Watch Out!. 

For VIBR, participants are equipped with two vibration devices 
on their upper arm exclusively activated upon collision with virtual 
avatars. The vibration is selectively initiated in the arm closest to 
the estimated collision point. Specifically, if a collision with an 
avatar occurs on the participant’s left side, the left armband will be 
activated, and correspondingly, collisions on the right arm trigger 
vibrations in the right armband. 

Regarding the COLBLF factor, we hypothesize that by nurturing 
the belief that genuine collisions can occur, users would exhibit 
collision avoidance behaviors more consistent with real-life crowds. 
To strengthen this belief, during an adaptation phase, users bump 
into a real person’s arm when the COLBLF setting is enabled. 

3.2 Simulation design 

3.2.1 Main scenarios 

We designed two main scenarios: a single corridor (Corridor) and a 
street crossing (Crossing). The corridor had a 4.5 m×7.5 m walka-
ble area, both physically and virtually, for participants walking in 
naturally. Similarly, for the Crossing scenario, users walked in the 
intersection of two corridors, which had a 4.5 m×4.5 m walkable 
area. Virtual humans were spawned slightly outside the walkable 
area to allow users more time to observe the agent’s trajectories. 

3.2.2 Crowd trajectory 

The crowd simulation was implemented using the RVO2-Unity pack-
age, which incorporates the Optimal Reciprocal Collision Avoidance 
(ORCA) algorithm. The maximum speed was set to 0.75 m/s which 
is around 62.5 % of normal walking speed 1.2 m/s, according to the 
U.S. Manual on Uniform Traffic Control Devices. When navigat-
ing around other virtual humans, people tend to walk slower [34], 
especially if haptic feedback is provided then the walking speed 
drops to 0.4 m/s approximately [5]. Thus, a relatively low speed was 
chosen in our study to allow participants to have enough time to plan 
and navigate through the crowd. With these settings, along with the 
initial position, rotation, and target position, RVO2 generated a 2D 
global trajectory for each character. 

In the Corridor scenario, we confined the spawn and target posi-
tions of the characters to ensure that participants had at least two 
path options across the moving agents. More precisely, the crowd 
design incorporated two distinct pathways: a 0.3-meter-wide direct 
path placed closer to the user, and a wider 2-meter-wide detour path 
that required a larger detour to avoid the incoming crowd, as shown 
in Figure 2 top. The direct path served as a more direct route to the 
goal but increased the likelihood of collision with the crowd agents. 
Conversely, the detour path offered a safer but slower route. Our 
hypothesis posits that in the absence of collision-related feedback, 
participants would be more likely to opt for the direct path. 

In the Crossing scenario, two orthogonal directions were included 
resulting in a crossing between two corridors. Agents traversed 
from one end of the crossing to the other and reversed direction 
upon reaching the end. To achieve this behavior, four spawn po-
sitions were located at four ends of the crossing. Each agent was 
assigned a specific target. Once reaching the target, another target 
in the opposite direction was created. This scenario is intended to 
more closely mimic a real crowd environment in which individuals 



move in multiple directions and have different objectives. Virtual 
agents were programmed to avoid colliding with each other and the 
participant only in the Crossing scenario. 

3.2.3 Adaptation Scenario 

Besides the two main scenarios described above, we also designed 
an adaptation scenario to serve during an initial phase conceived to 
accommodate the participant to the current experimental condition. 
In this scenario, the participant was placed in a narrow corridor 
alongside one notice board and two virtual humans standing with an 
idle animation. The task was to reach a designated target position, 
experiencing a collision with both virtual characters. The feedback 
associated with the given condition—a combination of AUDIO, 
VIBR, or COLBLF—was applied when these collisions occurred. 

When the COLBLF factor was enabled, collision belief was in-
duced through a visual warning and physical bumps in this adapta-
tion scenario. The visual warning, “There may be REAL people in 
the crowd” in red, was displayed on the notice board, as shown in 
Figure 1 (b). The physical bump was facilitated by a confederate 
standing at the location of one of the two virtual characters in the 
real world. As participants passed by this position, the experimenter 
physically bumped into them softly. We ensured that the physical 
contact was gentle and safe. 

In contrast, when the COLBLF factor was disabled, the notice 
board showed “There are NO real people in the crowd.” and the 
confederate was not standing in the virtual characters’s position. 

It is noteworthy that a physical collision between the experimenter 
and participants occurred only once during the adaptation phase for 
each condition with COLBLF enabled. 

3.2.4 Agents’ appearance 

We selected a set of 10 character models from Adobe Mixamo [2], 
comprising 5 male and 5 female characters. The distribution of 
models across scenarios was as follows: 8 for Corridor and 10 for 
Crossing. We ensured an even representation of male and female 
characters in each scenario and no clones in the crowd. In order to 
achieve a sense of copresence while avoiding the uncanny valley, 
we opted for a cartoonish visual style for our virtual crowd char-
acters. This stylistic choice was consistently applied to the virtual 
environment as well. Our decision is supported by prior research 
indicating that although photorealistic rendering can enhance the 
sense of presence, non-photorealistic environments are also effective 
in achieving high levels of user presence [18]. 

3.2.5 Agents’ animation 

We used a data-driven method called Motion Matching to synthesize 
character motions [30]. This method uses a set of features, including 
positions and velocities of the feet, the velocity of the hips, and future 
trajectory directions and positions. Then this information is used 
as query vectors to search over an animation database for the best 
matches. The animations included in the dataset were captured using 
the Xsens Awinda system, with two actors (one female, one male) 
walking at varying speeds: slow, normal, and fast, as well as walking 
in different directions like forward, backward, turning, and in-place 
rotations. In contrast to using single or multiple walking cycles, this 
data-driven method provides characters with more responsive and 
realistic walking motions, avoiding potential motion artifacts like 
foot sliding (see accompanying video). 

4 USER STUDY: DESIGN DETAILS 

4.1 Apparatus 

The experiment was conducted in an isolated laboratory room with 
7.5m×4.5m free walking space. The VR application was developed 
in Unity 2021.3.12f1 and ran on a PC equipped with an Intel Core 
i7-12700, NVIDIA GeForce RTX 3070 Ti, 32 GB RAM. As a VR 
headset, we used an HTC Vive Pro, which has a resolution of 1440 

Figure 2: Corridor scenario showing the direct path with a contin-
uous line and the detour path with a dotted line (top). Crossing 
scenario (bottom). 

× 1600 pixels per eye, 110◦ field of view, 90 Hz refresh rate, and 3D 
spatial sound (using the HMD headphones). To provide users with a 
safe and spacious walking area, a Vive Wireless adapter was used 
instead of a wired connection. Four SteamVR Base Stations 2.0 were 
placed at each corner of the room to minimize potential occlusions. 
A wireless IMU-based motion capture system with 17 sensors, Xsens 
Awinda, was deployed to give users full-body animation in VR. Myo 
armbands, gesture control armbands from Thalmic Labs, generated 
a 1.5-second vibration for each collision, if VIBR factor was enabled. 

4.2 Study Design 

We adopted a within-subjects design, where each of the three factors 
had two levels, enabled and disabled, resulting in eight conditions. 
Participants sequentially completed the Adaptation, Corridor, and 
Crossing scenarios for each condition. An embodiment-inducing 
phase, where the participant could get used to the virtual avatar, 
was presented at the beginning of the experiment. Additionally, a 
pretest condition was also conducted with all three factors set to 
disabled prior to the main experiment. This pretest [7] allowed us to 
evaluate the sensitization effects, such as learning or after effects of 
the main factors. To counterbalance the order of conditions between 
participants, we used an 8 × 8 Balanced Latin Square. Crowd con-
figurations and target positions remained consistent across different 
conditions and participants. 

4.3 Procedure 

A total of 16 participants took part in the experiment (6 female, 
10 male, aged 22-39, ¯ x = 26.7, σ = 5.0). On arrival, participants 



Presence 
(Reversed P1 + P2 + Reversed P3 + P4) / 4 

P1 I did not feel present in the virtual space. 
P2 I felt present in the crowd. 
P3 I still paid attention to the real environment. 
P4 Somehow, I felt that the virtual world surrounded me. 

Copresence 
(CP1 + CP2 + Reversed CP3 + CP4 + Reversed CP5) / 5 

CP1 I perceived that I was in the presence of other people with me. 
CP2 I felt that people were aware of my presence. 
CP3 The thought that people were not real crossed my mind often. 
CP4 The people appeared to be alive to me. 
CP5 I perceived people as being only a computerized image, not as 

real people. 

Table 1: Questionnaire content. The scores are on a 5-Likert scale 
(1 = strongly disagree, 5 = strongly agree). 

were briefed via a document detailing the tasks they would perform, 
followed by completing a consent form and a demographic ques-
tionnaire. After the briefing, they were equipped with the two Myo 
armbands (one on each upper arm) and the Xsens motion capture 
suit. After calibrating the Xsens system, participants were equipped 
with the VR headset. 

Next, participants underwent an embodiment phase, immersed 
in a virtual room with a mirror, allowing them to move and ob-
serve their virtual body freely for about three to four minutes. This 
phase facilitated inducing the sense of embodiment with the virtual 
body. Afterward, we started with the pretest, followed by the eight 
conditions of the main experiment, randomized as described above. 

At the beginning of each condition, participants started in the 
middle of a narrow corridor in the Adaptation scenario, embodied 
in a gender-matched avatar. They were instructed to read the no-
tice board first, then proceed toward a target location marked by a 
star-shaped object. Post-adaptation, participants transitioned to the 
Corridor and the Crossing scenarios. 

In both scenarios, participants were instructed to walk toward 
a clearly visible target. Once reached, a new target and a new 
virtual crowd were generated. No instructions were given about how 
participants should behave in terms of trying to avoid collisions. 

For the corridor scenario, each new target was created at the other 
end of the corridor, so that in each trial, participants had to walk 
through a new group of agents walking against them. The simulated 
group performed no collision avoidance, thus leading to inevitable 
collisions if the participant remained stationary. The goal of this 
simulated behavior was to study participants’ route choices between 
the two visible paths left by the crowd formation (the Direct Path 
or the Detour Path). Regarding the crossing scenario, participants 
were positioned at the intersection between the corridors and were 
also asked to reach the designated target positions. In this scenario, 
simulated characters would perform collision avoidance against each 
other and participants. 

At the end of each condition, they were required to complete a 
questionnaire within the VR environment (see Table 1), and then 
they could take a short break. After finishing all the conditions, they 
were asked to finish a short survey of open-ended questions (see 
Table 2). 

4.4 Measures 

4.4.1 Objective metrics 

To objectively evaluate participants’ behavior, we recorded diverse 
data from the simulation, including the trajectories of participants 
and agents on the ground plane within the virtual environment, the 
completion time for each task, and the number of collisions with 

Figure 3: Visual illustration of Clearance and Torso measures. (a) 
The distances between the user avatar’s root position and every 
agent’s root position are calculated at timestamp i (projected onto 
the ground); di is the shortest distance at this timestamp. (b) Torso 
refers to the cosine of the angle, α , between the torso forward vector 
(in light salmon), ŝ, and the hips forward vector (in light blue), l̂. 
The torso and hips forward vectors are computed from the forward 
vectors of shoulders and upper legs respectively. The Torso value 
changes when a user rotates the torso to avoid nearby agents. 

virtual agents. Concurrently, we captured body motion using the 
Xsens motion capture system for further postural analysis (e.g., torso 
rotation). The collected data was further processed to obtain more 
intuitive metrics as follows: 

• Collisions = ∑N
i=1 ci, where N is the number of trials, and ci 

refers to the number of detected contacts between the partici-
pant’s avatar and the agents, for each trial. 

• Time = 1 
N ∑

N
i=1 ti, where N is the number of trials, and ti refers 

to completion time for each trial. 

• Clearance = 1
0.1T ∑

0.1T 
i=1 di, where T is the number of times-

tamps (with a rate of 50 per second) captured during the sim-
ulation. Let {d0,d1, . . . ,dT } be the array of clearances per 
timestamp, sorted in ascending order. Here, di represents the 
distance between the root position of user’s avatar projected 
onto the ground and the root of the nearest agent projected 
onto the ground at each timestamp, as depicted in Figure 3 
(a). As the focus is on moments of minimum clearance and 
considering that the user may often be distant from the crowd, 
the average distance is calculated using only the lowest 10% 
of the samples. 

• Torso = l̂ · ̂s, which provides the cosine of the angle, α , be-
tween the torso forward vector, ŝ, and the hips forward vector, 
l̂. The torso forward vector ˆ s is computed as the average of 
both shoulder joints forward vectors. Similarly, l̂ is computed 
from both upper leg joints forward vectors (this information 
is extracted from the motion capture suit), see Figure 3 (b). 
Similarly to Clearance, we order this value for all timestamps 
and consider only the lowest 10% of the samples. The cosine 
provides an intuitive estimate of the user intention to reduce 
the effective width, eW, which would be the result of project-
ing the vector between the shoulder joints onto a direction 
perpendicular to the displacement, and it can be calculated as 
eW = cos(α) · sW, with sW being the shoulder width. 

• Path = 

 
0 if the participant chose a direct path
1 if the participant chose a detour path 

This binary value is defined for each trial of the Corridor 
scenario. A manual labeling process was carried out post-
experiment to classify participants’ path choice—direct or 
detour—based on the recorded trajectories. 



Open-Ended Question n ¯ x σ 

Q1 What can you tell us about the overall 
experience? 

886 0.09 0.36 

Q2 How did you feel when people reacted to 
collisions with audio? 

431 0.09 0.30 

Q3 How did you feel when you felt vibra-
tions in your arms? 

471 -0.09 0.32 

Q4 Believing you may collide with a real 
person, did it make you behave more like 
in real life? 

433 0.21 0.36 

Table 2: Post-experiment open-ended questions. We report the 
results of the sentiment analysis (i.e., the positivity of the answers) 
performed with the sentimentr R package [33]; n is the number of 
words analyzed, ¯ x is the average sentiment, and σ is the standard 
deviation. 

Due to the distinct characteristics of the Corridor and Crossing sce-
narios, specifically in terms of crowd simulation, we opted to analyze 
certain metrics separately for each scenario. Specifically, we exam-
ined Collisionscorridor, Collisionscrossing, Timecorridor, Timecrossing, 
Clearancecorridor and Clearancecrossing. Torso was analyzed once 
per condition regardless of the scenario, and Path was measured 
only for the Corridor. 

Furthermore, our analysis focuses on the interactions between 
users and nearby agents across all tasks. Notably, users often remain 
idle, awaiting subsequent tasks, or maintain a large distance from 
agents. Our initial strategy involved setting thresholds to omit ir-
relevant clearance values—particularly when users are significantly 
distant from agents. However, this approach proved insufficient, as 
certain participants consistently maintained clearance values above 
our predetermined threshold, thereby yielding no comparative data. 
Consequently, we adopted a more universally applicable method 
suitable for diverse tasks. This method involves organizing the data 
and selectively extracting the most pertinent percentage. Specifically, 
for the Clearance task, we extract the minimal distances to agents, 
and for tasks involving torso rotation, we focus on the maximal angle 
deviations. Upon analyzing the data distribution, we determined that 
the chosen 10% subset effectively balances comprehensiveness and 
relevance for our experimental needs. 

Additionally, it is important to highlight that we conducted the 
statistical analysis both with and without the implemented cutoffs, 
encompassing all Clearance distances and Torso values. The results 
remained consistent in both scenarios. 

4.4.2 Subjective responses 

We also collected subjective ratings with a questionnaire at the end 
of each condition. The questionnaire included nine items, four 
addressing Presence and five addressing Copresence, as detailed 
in Table 1. Questions were adapted from the I-Group Presence 
Questionnaire (IPQ) [37, 38] and the copresence questionnaire by 
Bailenson et al. [4]. 

To further analyze participants’ experiences, we posed several 
open-ended questions concerning the overall experiment and each 
factor, as shown in Table 2. We encouraged participants to write 
down their opinions without limits in a text file. Responses were 
categorized into positive and negative sentiments using sentimentr 
R package [33]. 

5 RESULTS 

In this section, we present an overview of the results obtained from 
the statistical analysis. Figure 4 shows the results of the metrics 
detailed in Section 4.4. For an in-depth discussion and interpretation 
of these findings, please refer to Section 6. 

Shapiro-Wilk tests indicated significant deviations from normality 
in some instances. As a result, all analyses are carried out using 
non-parametric tests. 

Additionally, we compare the differences between the pretest 
and all-factors-disabled conditions for all dependent variables. We 
employ two-sided Wilcoxon tests to compare between groups, and 
in the case of the dependent variable Path, we use a binomial gener-
alized linear mixed-effects model. In all cases, we accept the null 
hypothesis. Hence, it seems that participants were not affected by 
sensitization effects such as learning, after effects of main factors 
(e.g., VIBR), or any other effect due to the repeated tasks. 

5.1 Objective metrics 

5.1.1 Task metrics: Collisions, Time, Clearance 

To examine the within-subjects factors AUDIO, VIBR, COLBLF, we 
conducted a repeated measures ART analysis of variance (ANOVA). 
We report effect sizes using partial eta-squared (η2

p). Follow-
ing Cohen’s guidelines [9], these can be interpreted as follows: 
large (>0.14), medium (>0.06) and small (>0.01). The results indi-
cated that users completed the Corridor scenario significantly slower 
(higher Timecorridor) when AUDIO was enabled (F(1,105) = 4.57, 
p = 0.035, η2 

p = 0.04). However, no significant effect was found 
for VIBR and COLBLF on these metrics. Additionally, the interac-
tion between VIBR and COLBLF was significant (F(1,105) = 5.58, 
p = 0.020, η2 

p = 0.05). When both factors were enabled, users 
completed the Corridor scenario more slowly. Similarly, consider-
ing Clearancecrossing, we found that users significantly increased 
clearance when AUDIO was enabled (F(1,105) = 6.27, p = 0.014, 
η2 

p = 0.06; without 10% cutoff: F(1,105) = 4.46, p = 0.036, η2 
p = 

0.04). We did not find significant differences for the other dependent 
variables. 

5.1.2 Users’ motion: Torso rotation 

We conducted the same tests for the motion-captured data variable 
Torso. In this case, we only found a significant main effect for 
VIBR (F(1,105) = 6.28, p = 0.014, η2 

p = 0.06; without 10% cutoff: 
F(1,105) = 5.90, p = 0.016, η2 

p = 0.05). Torso rotations were signif-
icantly higher when VIBR was enabled. 

5.1.3 Path choice 

Regarding the binary Path dependent variable, we conducted a bi-
nomial generalized linear mixed-effects model for within-subjects 
factors. For a complete understanding of the model and its interpre-
tation, we report the results in Figure 5 and Table 3. The percentage 
of choices per condition can be seen in Figure 6. AUDIO and COL-
BLF influenced participants to choose the detour path in the corridor 
scenario. The interaction between AUDIO and COLBLF, i.e., when 
both factors were enabled, negatively affected the variable Path, 
and thus, influenced users to choose the direct path. Contrarily, the 
interaction between all factors positively affected Path. 

5.2 Subjective responses 

5.2.1 Presence and Copresence 

We also report the results when considering the questionnaire 
answers. As before, we conducted a repeated measures ART 
ANOVA, using Presence and Copresence as dependent variables. 
For Presence, we only found a significant main effect for COLBLF 
(F(1,105) = 6.63, p = 0.011, η2 

p = 0.06). Regarding Copresence, 
results reported a significant main effect for AUDIO (F(1,105) = 9.51, 
p = 0.002, η2 

p = 0.08). Therefore, COLBLF increased the sense of 
presence, and AUDIO that of copresence. 
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Figure 4: Box plots for all objective and subjective measurements, except Path. Each box encloses the middle 50% of the data for each 
condition. The thick horizontal lines denote the medians. a stands for enabled AUDIO, v for VIBR, c for COLBLF. n means the corresponding 
factor is disabled. 

5.2.2 Open-ended questions 

We now examine open-ended questions posed to participants upon 
the conclusion of the study. To assess the sentiment behind these 
responses, we employ sentiment analysis techniques [17, 25] as em-
ployed in recent virtual reality studies [41]. We used the sentimentr 
R package [33] to analyze the positivity of responses for each indi-
vidual question. This package considers valence shifters, enabling 
us to assess positivity at the sentence level and subsequently average 
these values to obtain an overall sentiment score for each answer. 
We report the number of words analyzed n, the standard deviation σ , 
and the average sentiment ¯ x in Table 2. Our analysis reveals an over-
all positive sentiment for questions Q1 (¯ x = 0.09), Q2 (¯ x = 0.09) 
and Q4 (¯ x = 0.21). Conversely, negative sentiment was observed for 
question Q3 (¯ x = −0.09). These results indicate that participants 
generally had a positive experience and found the auditory feed-
back to be positive. Notably, participants largely agreed with the 
statements in Q4, yielding a high average sentiment score. For Q4, 
which targeted a more specific question, we further conducted man-
ual classification of the responses to discern whether participants 
agreed or disagreed with the statement. Consistent with the high 
sentiment score, 81% of participants answered affirmatively to Q4. 

6 DISCUSSION 

In this section, we revisit the original research questions of the study 
and analyze the results to summarize the main findings. 

6.1 People response to virtual crowds 

Expected collision feedback plays an important role in shaping 
participants’ behavior towards virtual crowds. As detailed in Sec-
tion 5.1, in the absence of expected collision feedback, it seems 
that people tend to walk closer to the virtual crowds and even pass 
through them. It becomes particularly evident in situations where 
participants are presented with both Direct and Detour pathways. 
When any form of collision feedback—AUDIO (odds ratio = 2.60), 
VIBR (odds ratio = 2.19), or COLBLF (odds ratio = 3.32)—is in-
troduced, participants demonstrate a tendency to opt for the detour 
yet safer route (see Figure 6). In particular, we found AUDIO and 
COLBLF to significantly affect the path decision. Similarly, in the 
crossing scenario, an increased sense of caution is observed, with 
individuals maintaining larger Clearance from virtual characters. 
Notably, with VIBR enabled, participants rotate their torso to avoid 

collision more often, or react to the vibrotactile feedback, aligning 
their actions with findings from prior studies [5, 11]. However, it 
is important to note that in the case of Clearance and Torso, we 
observed medium to small effect sizes. These results suggest the 
need for further studies to fully understand their implications. 

We found no significant effect (for none of the three factors) on 
the Collisions metric, even though individual or combined factors 
showed noticeable impacts on other measures. This contrasts with 
a previous study by Berton et al. [5]. A potential reason for this, 
besides our smaller sample size, could be the dynamics of our ex-
periment: while the prior research used a static crowd with more 
agents, giving participants enough time to build a strategy, our setup 
featured moving agents and a relatively smaller number of them, 
leading to fewer collisions overall. 

Beyond behavioral changes, the expectation of collision feedback 
also appears to shape participants’ subjective perceptions. The pre-
sented Presence and Copresence results underscore this, suggesting 
participants could have an increased sense of presence when believ-
ing there may be physical collisions with real people and also appear 
to be more copresent with the virtual crowds when they heard virtual 
characters make sounds during collisions. As before, we observed 
small to medium effect sizes. 

6.2 Auditory and vibrotactile collision feedback 

In Section 5.1, the results highlighted the distinct ways in which the 
AUDIO and VIBR factors shaped participants’ avoidance behaviors. 

The AUDIO factor significantly influenced global behaviors, 
which refer to high-level strategies participants use when walking 
towards the target. This was evidenced by participants’ small to 
medium tendency to maintain larger distances from crowd agents 
and an increased task completion time. 

Conversely, the VIBR factor appears to have affected local be-
haviors, i.e., immediate and specific reactions to nearby agents. For 
instance, the Torso metric suggests that participants rotated their 
torso to narrowly avoid nearby virtual characters, indicating that 
vibrotactile feedback may have played a role in their immediate, 
moment-to-moment decisions. Such findings align with previous 
work, which found that haptic feedback only caused people to rotate 
their torso more often but did not affect their global behaviors [5]. 

When participants provided feedback on their experiences, au-
ditory cues received a generally positive response. We believe that 



Figure 5: Predicted probability of the detour path from binomial gen-
eralized linear mixed-effects models of AUDIO, VIBR and COLBLF 
on Path (0 stands for factor disabled, 1 stands for factor enabled). 
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Figure 6: Percentage of time participants walked, in the Corridor 
scenario, using a detour path (green) and direct path (purple) for 
each condition. 

voices like “Watch out!” and “Ouch” raised empathy towards virtual 
characters, prompting participants to move through virtual crowds 
more carefully instead of ignoring their presence. Conversely, vibro-
tactile feedback received more negative opinions. Some participants 
mentioned that the vibrations felt intrusive or startling, detracting 
from the immersive experience. Another point to ponder is the dis-
tinction between the haptic sensations produced by the armbands and 
the genuine tactile experience one might encounter during real-world 
collisions. 

6.3 Perceived risk of collision 

In the Corridor scenario, the COLBLF factor notably influenced 
participants towards choosing the detour path when presented with 
a group of agents offering both detour and direct path options. Ad-
ditionally, this factor resulted in a significantly higher Presence 
score. This suggests that the presence feeling may have been in-
tensified when participants believed real people existed within the 
virtual crowd. This may be explained because participants increased 
their focus on the task of avoiding virtual agents. Participants 
could only avoid the potential real human(s) by avoiding the virtual 
avatars. This sentiment was further corroborated in the positive 
post-experiment responses to question Q4. However, as noted in Fig-
ure 5 , when both COLBLF and AUDIO are enabled, the detour path 

Fixed Effect Estimate Std. Error Odds R. p 

(Intercept) -1.69 0.44 0.18 < 0.001 
AUDIO 0.95 0.44 2.60 0.031 
VIBR 0.78 0.45 2.19 0.08 
COLBLF 1.20 0.44 3.32 0.006 
A:V -1.04 0.61 0.35 0.09 
A:C -1.46 0.60 0.23 0.015 
V:C -0.78 0.60 0.46 0.19 
A:V:C 1.71 0.84 5.51 0.041 

Table 3: Binomial generalized linear mixed-effects models of AU-
DIO, VIBR and COLBLF on Path. Estimate is the coefficient for 
the predictor in the logistic model. Std. Error is the standard error 
of the coefficient estimate. Odds R. represents the odds of the user 
choosing the detour path. Values are reported for enabled fixed 
effects, e.g., Odds R. in AUDIO refers to the probability of a user 
choosing the detour path when AUDIO is on. 

choice probability decreases when compared to having only COL-
BLF enabled. Our best explanation for this is that when participants 
started listening to the virtual avatars, they may have realized no real 
person was walking in the crowd, thus breaking the collision belief. 
This does not happen when VIBR is enabled, significantly increasing 
the time to finish the corridor scenario. We believe having vibro-
tactile feedback further reinforces collision belief, as such vibration 
is somehow close to a gentle collision or graze with a real human. 
Nonetheless, this perspective is opposed to the negative feedback 
from participants concerning the plausibility of the vibrations. Thus, 
more research is needed to investigate this issue. In addition, while 
these interactions are statistically significant, it is important to note 
that the associated effect sizes are relatively small. 

Interestingly, while the COLBLF factor appears to have influ-
enced the global behavior of the participants and how immersed they 
felt, it did not seem to change their local behavior. This suggests 
that while participants might change their overall approach due to 
COLBLF, their natural reactions when moving through crowds re-
mained consistent, regardless of whether they believed they might 
bump into real people in the virtual space. 

7 CONCLUSIONS AND FUTURE WORK 

In this paper, we have explored the effect of collision feedback 
expectancy on VR users moving through virtual crowds. For several 
reasons, we have considered explicitly the type of feedback the 
user expects vs. the type of feedback the user gets. First, this 
allowed us to compare against a novel factor (COLBLF) that is 
mostly based on what the users believe may happen (a collision with 
a real person embodied in one of the avatars) instead of the true 
feedback they will actually receive. Second, because actual collision 
feedback is always approximate: even if the full geometry of the 
participant avatar and the other avatars is taken into consideration 
to detect collisions (which is not typically the case for performance 
reasons), it is very unlikely that the self-avatar faithfully reproduces 
the shape and motion of the VR user, even if wearing a MoCap 
suit. This means that subtle collisions will not be detected by the 
system, and thus no collision feedback will be produced, no matter 
the condition (AUDIO, VIBR, COLBLF). In other words, although 
COLBLF provides no actual feedback during the experiment (unlike 
AUDIO and VIBR), in practice such a difference might go unnoticed 
unless the user makes absolutely no effort to avoid large collisions. 

The main finding of our study is that the expected collision feed-
back significantly influences both the behavior of the participants 
and their subjective perceptions of presence and copresence. Our 
best explanation for the results distinguishes between metrics refer-
ring to global behavior (time, clearance, path) vs. local behavior 



Figure 7: The trajectories taken by participants in the Corridor task across four trials are depicted, with the first row representing the condition 
where all factors are disabled and the second row highlighting the condition with only COLBLF enabled. Areas marked in red indicate high 
agent density, thus, the area where the Direct Path appears, whereas the white area indicates where the Detour Path appears. Notably, when 
COLBLF is activated, participants generally opt for detour paths to navigate through the crowd. Specifically, in the third trial, a visible empty 
space can be seen in the middle of the corridor in the second row, suggesting that participants actively avoided this area. In the fourth trial, in 
the condition without COLBLF, some participants chose to navigate toward the bottom of the corridor where the agent density is highest, a 
behavior that is absent when COLBLF is enabled. 

(torso rotation). The introduction of a perceived risk of actual colli-
sion seems to significantly affect global behavior and increase the 
sense of presence. Auditory feedback, in the form of clearly audible 
complaints, appears to have a similar effect on global behavior and 
additionally increases the sense of copresence. In contrast, vibrotac-
tile feedback was primarily effective in influencing local behavior, 
connected to immediate decisions. 

We hope that these findings will help researchers and developers 
both in designing suitable VR environments involving virtual crowds, 
as well as anticipating the effect of collision feedback strategies on 
user behavior and experience. 

Limitations: Since our sample size (N=16) was relatively small, 
we might have missed some significant effects. In addition, it should 
be noted that some statistically significant findings exhibit a small 
to moderate effect size. Notice also that the participants of our study 
were young adults, so some of our findings may not apply to the 
general population. As with many other user studies in VR, our 
results are closely dependent on the chosen scenarios, tasks, crowd 
behavior, as well as the cultural context of the participants. For 
example, significantly increasing crowd density and/or agent speed 
might considerably increase the physical effort to avoid collisions, 
and this might cause some users to decide to disregard collisions, 
especially if only audio or vibrotactile feedback is expected. Other 
aspects, such as the cognitive load of the task, might also influence 
the results. In our experiment, the task required a minimal cog-
nitive load, since users just had to walk towards a clearly visible 
target. We guess that more complex scenarios involving, for ex-
ample, search and/or wayfinding tasks could potentially lessen the 
effect of collision feedback expectancy. 

An interesting avenue for future work is actually conducting 
further experiments to study which of our results apply to scenarios 
and tasks significantly departing from ours. For example, we are 
interested in knowing for how long the different collision feedback 
expectancy conditions have an effect on the measured variables, as 
we suspect that tasks with longer completion times might require 
periodic reinforcements of the expected collision feedback (as in 
the adaptation scenario), for example in the case of COLBLF. We 
also plan to explore more general strategies for inducing collision 
belief; although in some settings COLBLF is easy and even natural to 
adopt (for example, in collaborative VR applications with a mixture 
of human and NPC avatars), since the adaptation phase involves 
another person, it does not apply for example to VR applications 

used at home. 
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