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ABSTRACT

The advent of web-based interactive technologies has opened up new possibilities for virtual
gatherings in 3D environments. Live-streaming, in particular, has gained increasing attention due
to its effectiveness in engaging a large number of users in collective online activities. With an
emphasis on audience participation, live-streaming shares common characteristics of the outlook
of the metaverse and is driving new waves of interaction in virtual gatherings, such as engaging
users through crowdsourcing control. However, this type of social interaction has not been exam-
ined in the Asian context, and it lacks systematic investigation of user experience with different
crowdsourcing control methods. In this paper, we present a novel crowdsourcing control method
based on DanMu, the subtitle system of Bilibili, one of the most successful and prevalent live-
streaming platforms in Asia. We organized virtual gatherings by live-streaming a Minecraft virtual
campus and examined the use of DanMu for crowdsourcing control. Our first study investigated
the influence of three crowdsourcing control methods (First Come First Served, Vote, and Super
Command) on collective navigation task efficiency and user experience. These influences were fur-
ther discussed with user activeness and group sizes in a follow-up study. The results showed that
Super Command, a representative mode on top of the democratic voting mechanism, offers better
user experiences and social richness in large groups. Participants also rated its usability higher in
small groups. Besides, virtual gathering in small groups allows greater pragmatic quality, usability,
and a sense of agency than in large groups. Our work provides design guidelines for developers
and HCI practitioners to develop crowdsourcing control methods and improve novel virtual gath-
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ering experiences in virtual worlds and the future metaverse.

1. Introduction

The metaverse, a term popularized by science fiction and
now gaining substantial traction in technology discourse,
refers to a collective virtual shared space, merging the phys-
ical and digital worlds (Lee et al,, 2021). In recent years,
advancements in virtual reality (VR) and augmented reality
(AR) technologies have propelled the concept of the meta-
verse into tangible realms, allowing them to be together in
one virtual environment and interact with each other and
the virtual objects (Chen, Liang, et al., 2021; Chen, Liu,
et al., 2021; Liang et al., 2019; Xu et al., 2024). Users can
virtually meet together in a computer simulated environ-
ment while being physically apart. Virtual gatherings within
the metaverse represent a dynamic shift in the way people
interact, communicate, and collaborate remotely, supporting
a large number of users to have collective activities in 3D
virtual worlds and generate data that influence the virtual
worlds (Getzlaf et al., 2012; He et al., 2023). While existing
video conferencing systems such as Zoom support virtual
gathering activities in people’s daily work and life, future
virtual gatherings are likely to take place in 3D virtual envi-
ronments, showing digital twin environments that closely

resemble the real environments or completely fictional
worlds (Shiau & Huang, 2023). Such 3D virtual environ-
ments will support users’ spatial awareness and the sense of
being there in the environments. Some existing platforms
support virtual gatherings in 3D virtual worlds, such as
Spatial.io and Mozilla Hubs, but they could host a limited
number of users (eg, up to fifty). There is a gap between the
visual fidelity and the capacity to host such virtual gathering
activities. However, one notable scenario, despite some limi-
tations in the degree of control, supports a large number of
users to gather in high-fidelity 3D virtual worlds: live-
streaming.

Live-streaming refers to the real-time transmission of
video or audio content over the internet. In a live-stream,
the content is broadcasted as it is happening, allowing thou-
sands of users or more to watch and, in many cases, interact
with the stream in real-time (He et al, 2023). It supports
large-scale concurrent users and engages them in active par-
ticipation, of which the social characteristics are similar to
the metaverse. Notably, Bilibili is one of the most popular
live-streaming platforms in China, with over 300 million
monthly active users (Statista, 2023). It is known for its
unique DanMu (bullet comment) feature, showing real-time
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comments posted by users that scroll across the screen like
a bullet while watching a video or a live-stream (Wang
et al,, 2019; Zhang et al., 2023). This creates a dynamic and
interactive viewing experience, allowing users to share reac-
tions and thoughts in real-time. Previous works showed that
audience participation contributes to user attitudes towards
live-streams and enhances their perceived value in partici-
pating in social interactions (Chen & Lin, 2018; Striner
et al., 2021; Zhang et al, 2023). Existing approaches to
engaging audience participation in live-streaming include
likes, comments, and gifts, among others, most of which
add an additional layer of information on top of the
streamed content (Li & Guo, 2021). However, these
approaches do not allow users to directly affect the streamed
content. User control over live-streaming content introduces
a participatory element to the gathering experience, offering
a more engaging form of interaction that aligns with the
evolving expectations of modern digital audiences.

Crowdsourcing control is one of the most engaging
approaches to engaging users’ active participation in virtual
gatherings. It allows a large group of individuals, often
referred to as the “crowd”, to collectively contribute to deci-
sion-making, problem-solving, or control of a system
(Lesniak & Maistro, 2022). One typical example of crowd-
sourcing control is multiplayer single-character control
(MSCC). As the name suggests, it allows multiple users or
players to collectively control a single character in a game.
Ever since the phenomenal experiment of Twitch Plays
Pokémon (TPP), which holds a Guinness world record of
gathering over a million players on a single-player online
videogame, MSCC has been applied to different types of
games and contents (Ramirez et al, 2014; Seering et al,
2017). Players are often allowed to adopt two methods of
control: anarchy and democracy. In anarchy mode, every
viewer’s input is registered based on a “first come first
served” mechanism. This results in a chaotic and often
unpredictable gameplay experience, as numerous commands
are simultaneously entered, leading to diverse and some-
times conflicting actions. In democracy mode, the system
tallies the inputs sent by players over a short period (eg, five
seconds) and executes the most popular command. This
mode introduces a voting mechanism and allows for more
coordinated and strategic gameplay. Recent works also
explored variations of the two types of crowdsourcing con-
trol (Lesniak & Maistro, 2022). MSCC provided participants
with a unique and engaging way to participate in the game
and obtain a sense of achievement (Mallory, 2014). While
MSCC has been studied in chatbox environments within
English-speaking countries, we did not find any related
work investigating its use in the Asian context. In particular,
the use of DanMu as a control method has not been exam-
ined in previous works. Unlike the English Latin alphabet,
Asian languages such as Chinese use logographic symbols
representing words or morphemes. Thus, there are potential
socio-cultural differences in the user experience.

Previous works showed that MSCC faces challenges in
the design of interactions and user experience, such as the
sense of agency (Striner et al, 2021). Users engaged in

MSCC within virtual worlds often seek to conduct meaning-
ful actions as a whole while each user has individual charac-
teristics (Lesniak & Maistro, 2022). This indicates the need
to understand explicit user experience, addressing both the
pragmatic and hedonic aspects. Existing studies about
crowdsourcing control have tried to design more effective
ways to aggregate participants’ commands in collective
behaviors (Lesniak & Maistro, 2022). However, a user
experience perspective is missing. In particular, while
anarchy and democracy modes emerged as two notable
methods of MSCC, and previous work implied their rela-
tions with task efficiency and unpredictability of games
(Lytle et al., 2020; Mallory, 2014), there was no systematic
study carried out to show their effects on usability and user
experience. Motivated by this research gap, we ask RQI:
How do multiplayer single-character control methods influ-
ence task efficiency and user experience in virtual gatherings?

Aside from the control methods, users’ collective behav-
iors and their experiences are largely affected by the context
where the virtual gathering activity happens. Existing studies
have shed light on the effects of peer influence on the varied
outcomes of group performance and perceptions (Carillo &
Okoli, 2011; Ford et al., 2017). For example, a large group
comes with frequent communication and also faces chal-
lenges of high density of information, which may negatively
influence the outcome of group activities (Carillo & Okoli,
2011). Similarly, active users in a group could stimulate the
herding effect among the audience to participate in
the activity but may also impose negative feelings due to the
competition for attention (Fan et al., 2018). Thus, we pro-
pose RQ2: How do user activeness and group size influence
task efficiency and user experience in virtual gatherings?

In this paper, we examine the use of DanMu for crowd-
sourcing control in virtual gatherings. Based on the two
main control methods (anarchy: First Come First Served;
democracy: Vote) identified from existing works (Pascal
et al, 2017; Ramirez et al., 2014), we propose Super
Command, a variation of the Vote method that adds a rep-
resentative power on top of it. We use Minecraft as our
experimental platform. It has a large and diverse user base,
including players of different ages and backgrounds. In add-
ition, it provides an open-ended and customizable virtual
environment, offering researchers the flexibility to create
diverse scenarios for experimentation. Its modding commu-
nity and open API also make it adaptable for research pur-
poses. Thus, we created a virtual world in Minecraft and
conducted two user studies. Our first study revealed that
comparing the three methods of control, Super Command
supported the greatest pragmatic and hedonic experience,
usability, perceived performance, body ownership, sense of
agency, and social richness. Based on the number of DanMu
they sent, we invited ten active and ten inactive participants
to rejoin and participate in a small group gathering. The
results showed that participants in the active group per-
ceived greater hedonic experience and social richness than
those in the inactive group. Participants also perceived
greater pragmatic quality, usability, and a sense of agency in
small groups than in large groups. Based on the study



findings, we offer design recommendations for developers
and HCI practitioners. These guidelines aim to enhance the
user experience of crowdsourcing control in virtual
gatherings.

The contributions of our work are three-fold. First, we
propose a novel web-based approach with text-based com-
mand line inputs (ie, DanMu) that allows crowd users to
interact with 3D virtual worlds. Second, two empirical stud-
ies are presented, investigating the effects of control meth-
ods, user activeness, and group size on task efficiency and
user experience in virtual gatherings. Third, informed by the
subjective (self-reported questionnaires) and objective (user
activities) data analysis results, a series of design guidelines
were summarized, which provide valuable insights for future
research and practices on virtual gathering activities towards
the metaverse.

2. Related work
2.1. Virtual gatherings in game live-streaming

Over the past few decades, the landscape of social inter-
action has undergone a transformative shift with the emer-
gence of virtual gatherings (Getzlaf et al, 2012; Lu et al,
2018). These gatherings represent a paradigmatic evolution
in how individuals and groups assemble, communicate, and
collaborate, enabled by advancements in digital communica-
tion technologies. The concept of virtual gathering encapsu-
lates the notion of people coming together in online spaces
to engage in various forms of social, professional, or com-
munal interactions, transcending geographical limitations
(Pires & Simon, 2015).

Specifically, the emergence of game live-streaming, serv-
ing as a form of virtual gathering, has received increasing
attention in the field of human-computer interaction
(Glickman et al., 2018; Seering et al., 2017). Its abilities in
connecting individuals and creating virtual spaces for social
activities have been widely recognized. For instance, the
#PlayApartTogether, a promotional campaign that involves
bringing special events, activities, and inspirations of games
on live-streaming, was developed as a coping strategy for
people to socialize during special periods such as COVID-19
(King et al., 2020). Besides, mainstream sports such as foot-
ball and darts have likewise adapted live-streaming platforms
to virtually engage a broad range of viewers together (Liu
et al., 2022; Striner et al., 2021). Covering a wide range of
themes and fields, online live-streaming has received signifi-
cant traffic for game-related content (Lytle et al, 2020;
Poirier-Poulin, 2020). For example, Twitch has gained wide-
spread popularity in online streaming communities for a
range of game content. Individual streamers use Twitch to
broadcast their gameplay and comment on their experience
with popular games such as Grant Theft Auto V and League
of Legends. These two games have gained 25 million and 19
million hours of view per week, and their average weekly
viewers have reached 150k and 110k, respectively
(TwitchTracker, 2024).

Within live-streaming platforms, viewers typically react to
the content, streamers, and peers through text-based
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communication channels (He et al., 2023; Li & Guo, 2021),
which shifts the user experience of the medium from specta-
torship, like traditional television experience, to online social
interactions. For instance, the contents posted by viewers,
including DanMu, emojis, and gifts, are displayed on top of
the video content to show the real-time reactions from the
audience, forming vigorous conversations in the shared
space (Deng et al, 2015). Participants see this information
as lively and interactive channels through which they could
communicate and socialize with both streamers and other
viewers (Li & Guo, 2021; Zhou et al., 2019).

With the rise of the crowdsourcing control system, where
players make collective decisions regarding the gameplay
(Lesniak & Maistro, 2022), social interactions include not
only the conversation situated around streamed content but
also the immediacy of control over the shared gathering
spaces (Haimson & Tang, 2017). Specifically, Striner et al.
(2019) defined audience interactivity as a range of experien-
ces and roles that allow audiences to participate in or inter-
act with. The authors presented a spectrum of audience
interactivity in entertainment, showing that passive observa-
tions in traditional watching experience sit at the bottom of
the spectrum, whereas crowdsourcing controls “augment
overall experience” and allow users to “become a perform-
er”, thus providing a much higher level of interactivity in
the spectrum.

Along with the increasing adoption of crowdsourcing
controls in game live-streaming, efforts have been observed
in providing effective and usable systems to organize the
crowdsourcing controls from the audience (Glickman et al,
2018; Lesniak & Maistro, 2022; Pascal et al., 2017).
Nonetheless, a more predictable or reliable system does not
always lead to a favored user experience (Poirier-Poulin,
2020; Ramirez et al., 2014). Back to the earlier-mentioned
example of Twitch Plays Pokémon, although the democracy
mode is more predictable and stable in collecting the major-
ity controls from the audience, the game was mostly played
in anarchy mode, which leads to a higher level of chaos by
random audience choices (Pascal et al., 2017; Ramirez et al.,
2014). This interesting phenomenon indicates that a well-
engineered system in organizing reasonable controls may
not always be the optimal solution to maintain a satisfying
user experience. Especially in the context of game live-
streaming, the social interactions are afforded by a wide
range of discourse found in the massive concurrent viewer-
ship (Ford et al,, 2017), including seemingly incomprehen-
sible or meaningless ones such as memeing and spamming.
The social needs of the audience may also extend from
meaningful conversations to showing off and forming
“crowdspeak” that could be heard. Thus, the difference in
crowdsourcing control methods needs to be examined to
provide useful design guidelines for virtual gatherings.

2.2. Crowdsourcing control methods and applications

Among various crowdsourcing control systems, the one
where multiple players control a single character, termed as
multiplayer single-character control, could reflect the
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common pattern of collective behaviors of viewers (Brandis
& Bozkurt, 2021; Ramirez et al, 2014). Twitch Plays
Pokémon, a typical example of MMSC, allowed players to
simultaneously control a Pokémon game character without
any kind of central authority. Due to the novelty of this
game-play mechanism, it achieved great success in terms of
the number of players and community development. The
same approach continued successfully with other Pokemon
games (Brandis & Bozkurt, 2021; Lessel et al., 2017). Users
also utilized crowdsourcing controls in non-gaming
areas, such as installing a Linux operating system
(TwitchInstallsArchLinux, 2024). Still, most applications of
MMSC were in games, and more TPP-like channels with
crowdsourcing controls appeared. Notably, the MSCC
method was also applied to Dark Souls (TwitchPlaysDark,
2024), a challenging action role-playing game that took
43 days and endless trials to complete. However, the method
for crowdsourcing control had to be modified between
anarchy and democracy modes to support appropriate
actions in Dark Souls, which further leads to a wide discus-
sion on how to coordinate and organize chaotic collective
behaviors in MSCC.

Selecting and performing a specific command out of mas-
sive controls from concurrent viewership is a key factor in
the success of MSCC methods (Pascal et al., 2017; Ramirez
et al, 2014). In the earliest version of TPP, the interaction
was based on a simple first come first served (FCFS) or
anarchy selection mechanism: the first command that
appears within a collection window will be performed
(Lasecki et al.,, 2011). Yet, this approach faced a great chal-
lenge when a movement-based puzzle was presented in the
game (Brandis & Bozkurt, 2021). The players were stuck for
24h, so the system was changed to perform the command
that got voted the most in every five seconds, which was
later termed as the majority vote system (Ramirez et al,
2014). However, such a democracy system did not receive
the expected praise from the crowd. Instead, participants
started to protest by sending start9, the advanced com-
mand that will open and close the menu repeatedly, to
impede any movement voted. Consequently, the event
organizer had to revert the system back and allow the
option to switch between the democracy and anarchy modes.
Thus, we propose H1: Democracy MSCC supports higher
task efficiency (Hla) and anarchy MSCC allows greater user
experience (H1b) in virtual gatherings.

Previous works indicated that user experience with crowd-
sourcing control methods may vary with different user
characteristics. For example, Brandis and Bozkurt (2021)
found a correlation between user activeness and preference
for control modes: highly active users favor anarchy mode,
while less active users tend to prefer democracy mode.
Besides, the number of viewers in live-streaming was
found to shape the streaming content: streamers are more
willing to do routine activities when fewer people are
watching (Poirier-Poulin, 2020). In addition, viewers often
prefer smaller channels if they are motivated by social
engagement with other users in live-streaming (Hilvert-
Bruce et al., 2018). These findings indicate that the group

size, as well as the willingness to participate in collective
behaviors, will affect the user experience in virtual gather-
ings. Based on the implications drawn from previous
works, we propose H2: Active users (H2a) and small
groups (H2b) have greater task efficiency and user experi-
ence in virtual gatherings.

Although existing studies have provided some insights
on the relationship between MSCC methods and partici-
pant’s experience and behaviors (Aleta & Moreno, 2019;
Brandis & Bozkurt, 2021; Lessel et al., 2017), few of them
have empirically examined the influence of different MSCC
methods on the perception and collective dynamic of audi-
ence. In the next section, we discuss the necessary user
experience measures of crowdsourcing control in virtual
gatherings.

2.3. User experience of crowdsourcing control in virtual
gatherings

As depicted by Benford et al. (2001), collaborative experi-
ence in virtual environments faces several challenges, such
as scalability, interest management, and distributed architec-
ture. Emerging virtual gathering activities such as live-
streaming effectively facilitate simultaneous communications
of a large number of users and integrate interactions from
various ubiquitous devices, such as mobile phones and tab-
lets (Hu et al., 2017). However, the display sizes and visual
details could potentially dampen the sense of spatial pres-
ence (Slater et al., 1994), which is an important dimension
of user experience in the virtual environment. In addition,
as the degree of audience participation increases to allow the
control of streamed content, it faces challenges in aligning
collective behaviors with a consideration of human factors
and user experiences (Li et al., 2020), especially in the con-
text of crowdsourcing control.

Control is an important design factor in HCI (Sedig &
Parsons, 2016). Understanding user experience associated
with control methods demands the understanding of the
low-level implicit sense of control and the high-level expli-
cit experience of control (Liang et al., 2010; Liang & Sedig,
2010; Synofzik et al., 2008). Implicit sense of control often
requires objective measures and participants’ focused
attention in repetitive trials within controlled settings,
making it difficult to measure in remote studies with mul-
tiple users. On the other hand, explicit user experience of
control methods can be measured using questionnaires.
Bergstrom et al. (2022) formulated a questionnaire from
various established questionnaires to measure the explicit
user experience of control. Specifically, they included the
AttrakDiff to measure pragmatic and hedonic user experi-
ence with technology use (Hassenzahl, 2004). In addition,
the UMUX-LITE questionnaire was used to measure
usability (Lewis, 2018), and the NASA Task Load Index
was used to measure workload when using the control
methods (Hart & Staveland, 1988). While these are generic
measures that have been widely adopted to understand
user experience with technologies, body ownership and the
sense of agency were two important measures that are



closely related to user experience with control methods
(Longo & Haggard, 2009). These reflect users’ immediate
and pre-reflective experience of control.

Different from control methods for individual uses, crowd-
sourcing control engages multiple users to participate in and
affect the virtual gathering experience. For instance, Choice
Chamber allows audiences to influence in-game challenges by
adding items and buffs through chat channels (StudioBean,
2016). The capacity to alter experiences has empowered audi-
ences beyond the traditional role of passive spectators to
become active participants (Brandis & Bozkurt, 2021; Striner
et al., 2021). Cerratto-Pargman et al. (2014) further explained
that these interactions are integral elements of a social play
experience. To evaluate user experience within a social envir-
onment, the sense of social richness emerges as an important
dimension of user experience (Lombard et al, 2011). This
indicates how much a medium is seen as sociable, warm, sen-
sitive, personal, or intimate when utilized for interacting with
others. While spatial presence is the sense of “being there” in
the virtual environment, social richness denotes the commu-
nication perspective of presence, showing the sense of being
there with other persons.

Apart from the subjective evaluations of user experience,
some objective measures of user engagement in online com-
munities also imply significant user experience qualities in vir-
tual gatherings. For example, Poirier-Poulin (2020) suggested
that the engagement of viewers in live-streaming contributes to
fostering an active atmosphere that impacts the experiences of
both streamers and viewers. This dynamic is reflected in the
number and content of user-generated posts (Haimson &
Tang, 2017), such as the number DanMu. Analyzing log data
of users’ crowdsourcing control allows objective measures of
their performance in tasks and would yield valuable insights
into their user experience in virtual gatherings.
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3. System design and implementation
3.1. Constructing a virtual world in Minecraft

Minecraft is a sandbox game that allows users to build 3D
virtual worlds from scratch using blocks. We created a
digital replica of a local campus in Minecraft, covering an
area of 269,121 square meters. The relative size and ratio are
consistent with the actual campus layout on the map.
Figure 1 shows some comparative views of the campus in
the real world and the Minecraft virtual world. Within
Minecraft virtual worlds, players could move a character
using keyboard controls: press the WASD keys to move for-
ward, step left, move backward, and step right, and press
the space key to jump. They could move the mouse to pan
the viewing perspective, left click to attack, and right click
to place a block and interact with objects.

3.2. DanMu control in Bilibili

Bilibili" is one of the most popular video sharing and stream-
ing websites in China. It is known for its DanMu commenting
system, which displays users’ comments by overlaying them
onto the video, moving from the right to the left (Zhou et al,,
2019). To realize multiuser control based on DanMu, we
streamed our local Minecraft environment to Bilibili and cap-
tured users’ real-time DanMu from Bilibili.

The character movement control in Bilibili is based on
keyboard commands. Participants could enter letters W, A, S,
or D in the DanMu chatbox (see Figure 2, right) to move the
character forward, left, backward, or right. The change of
viewing perspective is not enabled with the DanMu control.

We developed three collective control methods: First
Come First Served (FCES), Vote (VOTE), and Super

:::: 1ifiisi 14 /
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Figure 1. Comparative views of the campus in (a) the real world and (b) the Minecraft virtual world.
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A successfully received message
that contains the command (D)
and the sender’s name

The command
execution window

An empty; message

The DanMu
1

Instructions DanMu chatbox
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» "- @ il
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Main interface of the virtual world

Figure 2. A Screenshot of the minecraft virtual world on bilibili, showing the command execution window (left), the virtual world (Middle), and the DanMu chatbox (right).

Table 1. Example commands received per second and the executed command based on the three control methods: First Come

First Served (FCFS), vote (VOTE), and Super command (SCMD).

Example FCFS VOTE SCMD

[(w, s, s] W: Forward, 1 step S: Backward, 1 step S: Backward, 1 step
[W, A, S, D] W: Forward, 1 step W: Forward, 1 step w: Forward, 1 step

[A, D, D] A: Left, 1 step D: Right, 1 step D: Right, 1 step

WGO5 No movement No movement WGO5: Forward, 5 steps

Command (SCMD). Table 1 shows some example execu-
tions of the three control methods.

1. FCFS control method executes the first command that
the server receives per second.

2. VOTE control method executes the command that is
sent the most per second. In the case of commands
with the same counts, the first one is executed.

3. SCMD control method is based on the VOTE method. It
executes the command that is sent the most per second.
Aside from this, the user who sends the most DanMu
(movement + communication) every 30seconds will
become the commander and is enabled to execute a super
command. The command syntax is a direction letter +
GO + a number between 1 and 9. For example, WGO5 will
trigger a continuous forward movement of 5 steps.

For each control method, participants can see the exe-
cuted command in the command execution window (see
Figure 2, left).

3.3. Apparatus and technical specification

Our system and programs run on a PC with an AMD Ryzen 7
5800X processor, 32GB RAM, an NVIDIA GeForce 3060
graphics card, and a network speed of 100 Mbps. During the
experiment, we captured the character’s movement data on
the Minecraft local server per 0.5seconds. OBS Studio was
used to live-stream two windows: the Minecraft game view

and the command execution window. The command window
prints a line per second, indicating the current command
being executed. Given various network conditions, it is com-
mon to have ~3-4 seconds of delay in the streaming view.

To achieve the DanMu control of the character in
Minecraft, we first crawled users’ DanMu data using the
Python request command. Bilibili server imposes limita-
tions on the frequency and number of access attempts to pre-
vent malicious traffic attacks without publicly disclosing the
specific restrictions. Based on multiple tests and experimenta-
tion, we determined an access frequency of once per second.
The crawled data contains all DanMu messages along with
senders’ IDs and timestamps, which were stored in a JSON
file. We used regular expressions to extract command data
information based on the command syntax. The data were
processed so that the commands were not affected by typos.
For example, W, w, and wwwww were all translated as a single
forward movement command. To ensure the timeliness and
reliability of the DanMu control, we processed the DanMu
every second based on the timestamp data and implemented a
queue of commands. The execution of the commands in
Minecraft is accomplished through PyAutoGUI, a Python
library that simulates keyboard and mouse inputs. In this way,
when a user sends a DanMu in Bilibili, we could process it to
determine if it is a command and execute a valid command to
control character movements in Minecraft. On the user’s side,
they could see their DanMu being sent to the chatbox
and floating on the main interface of the virtual world
(see Figure 2). They could also see the character moving and
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Table 2. Explicit user experience measured in this study, rated on a seven-point Likert scale.

Questions Ratings
PR1 | found the movement control in the virtual world ... 1 Confusing-Structured 7
PR2 1 Impractical-Practical 7
PR3 1 Complicated-Simple 7
PR4 1 Unpredictable-Predictable 7
HE1 | found the movement control in the virtual world ... 1 Dull-Captivating 7
HE2 1 Tacky-Stylish 7
HE3 1 Cheap-Premium 7
HE4 1 Unimaginative-Creative 7
UB1 This system’s capabilities meet my requirements. 1 Strongly disagree — Strongly agree 7
UB2 This system is easy to use. 1 Strongly disagree — Strongly agree 7
NT1 How mentally demanding was the task? 1 Low — High 7
NT2 How physically demanding was the task? 1 Low - High 7
NT3 How hurried or rushed was the pace of the task? 1 Low — High 7
NT4 How successful were you in accomplishing what you were asked to do? 1 Good - Poor 7
NT5 How hard did you have to work to accomplish your level of performance? 1 Low — High 7
NT6 How insecure, discouraged, irritated, stressed, and annoyed were you? 1 Low - High 7
BO It felt like | was controlling the movement of my body. 1 Strongly disagree — Strongly agree 7
AG1 It felt like | was in control of the movements during the task. 1 Strongly disagree — Strongly agree 7
AG2 What is the degree of control you felt? 1 Low — High 7
AG3 How much it felt like you are controlling the movement? 1 Not at all - Very much 7
TIME How long do you think it took to complete the task (in minutes)?
SR1 Please select the number that best describes your evaluation of the virtual world experience: 1 Remote — Immediate 7
SR2 1 Unemotional — Emotional 7
SR3 1 Unresponsive — Responsive 7
SR4 1 Dead - Lively 7
SR5 1 Impersonal - Personal 7
SR6 1 Insensitive — Sensitive 7
SR7 1 Unsociable - Sociable 7
PRES In the virtual world, | had a sense of ‘being there’. 1 Strongly disagree — Strongly agree 7

the command being executed in the command execution
window.

4, Study 1: Crowdsourcing control methods using
DanMu

4.1. Study design

In the first study, we ask RQ1l: How do multiplayer single-
character control methods influence task efficiency and user
experience in virtual gatherings? We conducted a between-
subjects study with three experimental conditions: FCFS,
VOTE, and SCMD. The independent variable is the multi-
player single-character control method, and the dependent
variables are task efficiency and user experience in virtual
gatherings. We also measured users’ use of DanMu to obtain
an in-depth understanding of the control methods.

4.2, Measures

4.2.1. Task efficiency and use of DanMu

We collected user activity data during the experimental ses-
sions, including the time spent completing the movement
task, the real-time locations of the character within the vir-
tual world, and the DanMu sent by participants. To under-
stand the use of DanMu, we asked participants to evaluate
their frequency of use after each session on a 5-point Likert
scale: (1) self-reported DanMu commands: how frequently
were you sending DanMu to control the character movement?
and (2) self-reported DanMu communication posts: how fre-
quently were you sending DanMu to communicate with
others?

4.2.2. Explicit user experience

We refer to Bergstrom et al.’s study (2022) and adopted
explicit measures of user experience. Table 2 includes the
details. Specifically, the measures include users’ pragmatic
experience and hedonic experience (Hassenzahl, 2004),
usability (Lewis, 2018), workload (Hart & Staveland, 1988),
body ownership and agency (Bergstrom et al., 2022; Longo
& Haggard, 2009), and time perception. A seven-point
Likert scale was adopted for the questionnaire measures,
except that for time perception, users were asked to enter an
amount of the estimated time in minutes.

In addition, users’ perceived presence was measured to
reflect user experience in virtual worlds. Specifically, we
included seven items that measured perceived social richness
(Lombard et al., 2011). We also measured the overall pres-
ence using the classic item - In the virtual world, I had a
sense of “being there” (Slater et al., 1994).

4.3. Experimental task and procedure

We sent out invitation emails, each with a unique code, to
participants who voluntarily signed up for the study. The
code consists of two hashtags and six numbers (eg,
##123456). Figure 3 illustrates the detailed experimental
procedure.

At the beginning of the experiment, we explained the
purpose of the study and demonstrated the use of DanMu
to control character movements in Minecraft. Participants
then read the information sheet and provided their consent.
Apart from the collection of demographic information, par-
ticipants were asked to test their network speed and fill in
the results in the pre-experiment questionnaire. Two online
platforms were used for the study. We used a video
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Figure 3. The experimental procedure of Study 1.

conferencing application to host and moderate the study.
Participants could unmute themselves and ask questions
related to the experiment at any time. In the meantime, partic-
ipants were asked to join a live-streaming room on Bilibili for
the three experimental sessions: FCEFS, VOTE, and SCMD.
They could register at any session during the live-streaming.

At the start of an experimental session, participants could
see “BEGIN” in the DanMu chatbox, and they could enter
their unique code to join the session (see Figure 2). Once
the session was started on the server side, code registration
was disabled. The task of each session was the same, and
consistent verbal instructions were given to participants:
Please move the Minecraft character from the teaching build-
ing of the north campus to the cafeteria of the south campus.
The blue lines indicate the recommended path, but you may
also choose other paths. You can communicate the path selec-
tion using DanMu at any time. Please complete the task as
soon as possible.

During the experiment, participants were asked to mute
themselves in the video conferencing software and to commu-
nicate using DanMu only. We also suggested them to turn on
the sound of Bilibili live-streaming so that they could hear
the background music. After each session, participants filled
in a post-session questionnaire that measured their experi-
ence. The questionnaire also included two open-ended ques-
tions for qualitative feedback on the pros and cons.

The study concluded with a post-experiment question-
naire, where participants who engaged in all sessions were
invited to provide a ranking of the three control methods,
explain the reasons, and suggest improvements. We thanked
the participants for their time, debriefed the study, and
answered their questions. In total, the study took ~60min.
The study is approved by the University Ethics Committee
at Xi’an Jiaotong-Liverpool University.

4.4. Participants

We sent out invitations to 240 students who were enrolled
in an undergraduate module. All participants are university
students with a mixed background from two schools (engin-
eering and business) and three different majors (information
and computing science, digital media and technology, and
information management and information systems). In total,
we had 193 participants registered in the three sessions of
FCFS (N=78), VOTE (N=64), and SCMD (N=5I).
However, not all registered users in the experiment filled in
the demographic and user experience questionnaires. The

o

Questionnaire

—0

~5min

~45 min

demographic questionnaire results showed a mean age of
21.37 (SD=1.00), with 58 males, 19 females, and 2 prefer
not to say. Participants reported that they often use a laptop
(N=70), mobile phone (N=31), tablet (N=21), and desk-
top (N=15) to watch online videos. Except for one partici-
pant who has never used Bilibili before, most of them
(N=78) are Bilibili users. The majority of them (N=70)
have used Bilibili for more than two years. Rated on a 5-
point Likert scale, participants reported that they are moder-
ately likely to send a DanMu when watching videos
(M =2.68,SD =1.25). They were somewhat familiar
with 3D images (M = 3.10,SD = 1.31) and experienced in
gameplay (M = 3.82,S8D = 1.12). Participants were physic-
ally located in different places on the experiment day,
so  their network conditions varied significantly
(M =104.51,SD = 130.19 for download speed; M =
41.34,SD = 32.92 for upload speed). The median speeds for
download and upload were 83.9 Mbps and 32 Mbps,
respectively. Regarding the post-session questionnaires, we
received 134 complete responses for the three sessions of
FCFS (N=64), VOTE (N=42), and SCMD (N=28).
Among all participants, 22 engaged in all sessions and pro-
vided their comparative evaluations.

4.5. Results

During the experimental sessions, we collected user activity
data, including the time spent in three sessions, the real-
time locations of the character within the virtual world, and
the DanMu sent by participants. For the questionnaire data,
we conducted one-way ANOVA for comparisons that meet
the parametric test assumptions and used Kruskal-Wallis H
tests or Friedman tests otherwise for between-groups and
within-groups ~ comparisons,  respectively.  Bonferroni-
adjusted significance values are reported for pairwise com-
parisons. This section includes the analysis results of the log
data as well as participants’ subjective evaluations.

4.5.1. Task efficiency and use of DanMu

4.5.1.1. Task completion time and real-time movements.
Participants’ task completion time was the shortest for
SCMD (11704), followed by VOTE (14”700') and FCFS
(16"36'). Figure 4 shows heatmaps of the three sessions. The
chosen path converged almost perfectly with the suggested
path when using the SCMD, but showed deviations when
using the FCFS and VOTE.
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Figure 4. Heatmaps showing the character’s real-time movements using three control methods: (a) First Come First Served (FCFS), (b) vote (VOTE), and (c) Super
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Figure 5. Pareto charts and descriptive tables showing the frequency distributions of DanMu commands in (a) First Come First Served (FCFS), (b) vote (VOTE), and

(c) Super command (SCMD).

4.5.1.2. Time perception. A one-way ANOVA showed a stat-
istically significant difference in time perception among the
three control methods, F(2,13) = 3.61,p = 0.03. Post-hoc
pairwise comparisons showed that participants perceived sig-
nificantly shorter time using SCMD (M = 12.39,SD = 5.39)
than FCFS (M = 16.25,SD = 6.24), p =10.025.

4.5.1.3. Self-reported DanMu commands. A Kruskal-Wallis
H test showed no statistically significant difference in partic-
ipants’ self-reported DanMu commands among three control
methods, »*(2) =0.089,p = 0.957, with a mean rank of
68.48 for FCFS, 66.31 for VOTE, and 67.05 for SCMD.

4.5.1.4. Self-reported DanMu communication posts. A
Kruskal-Wallis H test showed no statistically significant dif-
ference in participants’ self-reported DanMu communication
posts among three control methods, »*(2) =0.44,p =
0.802, with a mean rank of 65.73 for FCFS, 70.45 for
VOTE, and 67.11 for SCMD.

4.5.1.5. Logged DanMu Counts. A one-way ANOVA showed
no statistically significant difference in logged DanMu
counts among the three control methods, F(2,190) = 1.46,
p = 0.23. Figure 5 shows the ordered frequency of DanMu

sent by participants when using the three control methods.
The cumulative percentage lines showed that a small num-
ber of users were particularly active when using SCMD: six
users (12%) contributed to nearly half of the total DanMu.
Comparatively, 12 users (19%) and 17 users (22%) contrib-
uted to half of the DanMu in VOTE and FCFS, respectively.
The normalized frequency showed that on average, partici-
pants sent the greatest number of DanMu per minute when
using SCMD (M = 2.49,SD = 3.50).

4.5.2. Explicit user experience

Figure 6 shows a summary of the user experience and per-
ceived presence reported by participants in post-session
questionnaires.

4.5.2.1. Pragmatic experience. A Kruskal-Wallis H test
showed a statistically significant difference in pragmatic
experience among three control methods, 1*(2) = 7.47,p =
0.024, with a mean rank of 60.34 for FCFS, 67.35 for
VOTE, and 84.11 for SCMD. Post-hoc pairwise comparisons
showed that participants had significantly greater pragmatic
experience using SCMD than FCFS (p =0.019).
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Figure 6. Box plots with means and standard deviations showing between-groups comparisons of participants’ self-reported user experience and presence using
three control methods (N = 134). FCFS: First Come First Served; VOTE: vote; SCMD: Super command.

4.5.2.2. Hedonic experience. A Kruskal-Wallis H test
showed a statistically significant difference in hedonic
experience among three control methods, y*(2) = 6.69,p =
0.035, with a mean rank of 62.20 for FCFS, 64.70 for
VOTE, and 83.80 for SCMD. Post-hoc pairwise comparisons
showed that participants had significantly greater hedonic
experience using SCMD than FCES (p =0.035).

4.5.2.3. Usability. A Kruskal-Wallis H test showed a statis-
tically significant difference in pragmatic experience among
three control methods, 7*(2) = 8.10,p = 0.017, with a mean
rank of 59.35 for FCFS, 68.90 for VOTE, and 84.02 for
SCMD. Post-hoc pairwise comparisons showed significantly

greater usability in SCMD than in FCFS (p =0.014).

4.5.2.4. Workload. A Kruskal-Wallis H test showed no stat-
istically significant difference in mental, physical, temporal
demand, effort, or frustration. However, there was a statis-
tically significant difference in performance, ¥*(2) =
13.94,p = 0.001, with a mean rank of 64.56 for FCFS, 55.94
for VOTE, and 86.77 for SCMD. Post-hoc pairwise compari-
sons showed that participants had a significantly greater
sense of performance using SCMD than using FCFS
(p=0.013) and VOTE (p = 0.001).

4.5.2.5. Body ownership. A Kruskal-Wallis H test showed a
statistically significant difference in body ownership among
three control methods, »?(2) =10.18,p = 0.006, with a
mean rank of 56.45 for FCFS, 76.99 for VOTE, and 78.52
for SCMD. Post-hoc pairwise comparisons showed that par-
ticipants had significantly greater body ownership using
VOTE (p=0.021) and SCMD (p=0.034) than using FCFS.

4.5.2.6. Agency. A Kruskal-Wallis H test showed a statistic-
ally significant difference in agency among three control
methods, *(2) = 15.59,p < 0.001, with a mean rank of

L

53.79 for FCFS, 78.32 for VOTE, and 82.61 for SCMD.
Post-hoc pairwise comparisons showed that participants had
significantly greater agency using VOTE (p=0.004) and
SCMD (p=0.003) than using FCFS.

4.5.2.7. Social richness. A Kruskal-Wallis H test showed a
statistically significant difference in social richness among
three control methods, »%(2) = 15.98,p < 0.001, with a
mean rank of 56.27 for FCFS, 68.79 for VOTE, and 91.25
for SCMD. Post-hoc pairwise comparisons showed that par-
ticipants had significantly greater social richness using

SCMD than FCFS (p < 0.001).

4.5.2.8. Presence. A Kruskal-Wallis H test showed no statis-
tically significant difference in presence among three control
methods, »?(2) = 0.65,p = 0.724, with a mean rank of
67.28 for FCFS, 64.74 for VOTE, and 72.14 for SCMD.

4.5.3. Within-groups comparisons

We further looked into the experiment data of the 22 partic-
ipants who joined all three sessions and conducted a within-
groups comparison of the measures (see Figure 7).
Friedman’s tests showed significant differences in usability
(¥*(22) = 7.40,p = 0.025), time perception (y*(22) = 15.16,
p =0.001), and social richness (3?(22) = 7.10,p = 0.029)
among the three control methods. Post-hoc pairwise com-
parisons showed significantly greater usability (p=0.016),
less perceived time (p=10.003), and greater social richness
(p =10.024) using SCMD than FCFS.

4.5.4. Subjective ranking

A Friedman’s test showed a significant difference in partici-
pants’ subjective ranking, 7*(2) = 7.30,p = 0.026, with a
mean rank of 2.40 for FCFS, 2.05 for VOTE, and 1.55 for
SCMD. As participants rated them on the 1st, 2nd, and 3rd,
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Figure 7. Box plots with means and standard deviations showing within-groups comparisons of participants’ self-reported user experience and presence using
three control methods (N = 22). FCFS: First Come First Served; VOTE: vote; SCMD: Super command.

a lower mean rank indicates a higher ranking here. Post-hoc
pairwise comparisons showed that participants ranked sig-
nificantly higher on SCMD than FCES (p = 0.022).

4.5.5. Observations and user feedback

Our monitoring of user activity data showed that some par-
ticipants were extremely active in sending DanMu com-
mands, while some barely sent anything and chose to be
passive viewers of the live-streaming. The frequency of
DanMu ranged from 1 to 195 (see Figure 5). Participants
endorsed SCMD, acknowledging the stimulating effect of
being a commander on their DanMu engagement and the
effectiveness of the representative control in their collective
activities. Another notable comment from participants was
that they found FCFS less favorable mostly because of the
large group size and suggested a smaller size for its use. We
took this into consideration when we designed Study 2.

5. Study 2: User activeness and group size
5.1. Study design

In the second study, we explored RQ2: How do user active-
ness and group size influence task efficiency and user experi-
ence in virtual gatherings? Because there were few
differences in user experience found between VOTE and the
other two control methods in Study 1, we excluded it from
this study to simplify the study design and save participants’
time. We designed this study with two independent varia-
bles: user activeness (active and inactive) and group size
(large and small). We consider our Study 1 as a large group
study because Twitch has an average of 27 viewers per chan-
nel (TwitchTracker, 2024), and the sample sizes of our
groups in Study 1 were 2-3 times larger. To determine how
small the group size should be, we found that previous work
has explored crowdsourcing methods with a group of nine

users (Lesniak & Maistro, 2022). Ranking the number of
DanMu commands participants sent in Study 1, we found
that the top ten active users have contributed to 30%-70%
of the DanMu numbers, and the bottom ten users were
largely inactive in sending DanMu. Thus, we invited the top
and bottom users on the ranked list to form active and
inactive groups of ten, respectively (see Figure 5). The meas-
ures in this study remained consistent with those used in
Study 1 (see Section 4.2), with the exception that we
excluded the six workload items because, aside from per-
formance, we did not observe significant differences in the
measures.

5.2. Experimental task and procedure

The experimental procedure is similar to the first study (see
Section 4.3). We started with a briefing session and demon-
strated the techniques. Participants’ consent and their demo-
graphic information were collected. After this, we conducted
two experimental sessions (FCFS and SCMD). Within each
session, participants were given the same task instructions as
those provided in Study 1. They were asked to collectively
move the character in the live-streaming view from the
teaching building of the north campus to the cafeteria of the
south campus. The order of the two techniques was counter-
balanced by following the Latin Square Design. The study
concluded with a post-experiment questionnaire and a
debriefing session with open discussions. The experiment in
Study 2 took ~40 min in total.

5.3. Participants

Twenty participants rejoined the study (15 males, 5 females;
aged M =21.6,SD =1.35). They were familiar with 3D
images (M = 3.95,SD = 1.32) and experienced in gameplay
(M = 4.40,8D = 0.88). One participant from the active
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Figure 8. Heatmaps showing the character movements in (a) A-FCFS, (b) A-SCMD, (c) I-FCFS, and (d) I-SCMD. A: active; I: inactive; FCFS: First Come First Served;

SCMD: Super command.

Table 3. Summary table of participants’ self-reported DanMu frequency and logged DanMu counts.

Active Inactive
FCFS SCMD FCFS SCMD
Group M (SD) M (SD) M (SD) M (SD)
Self-reported Command DanMu Small 49 (0.3) 5 (0) 3.5(1.3) 3.8 (1)
Large 45 (1.4) 4.7 (0.8) 37 (1.2) 4(1.2)
Self-reported Communication DanMu Small 1.9 (1.3) 1.5 (1.1) 1.8 (1.7) 19 (1.7)
Large 2.75 (1.4) 27 (2) 2.5 (1.4) 3(2)
Logged DanMu Count Small 234.8 (85.9) 1235 (41.9) 39.1 (30.5) 36.9 (18.3)
Large 81.1 (48.5) 63.6 (47.0) 44.7 (24.2) 41.8 (53.1)

group had used Bilibili for 1-2 years. The rest 19 participants
had used it for over two years. Participants reported that
they are moderately likely to send a DanMu when watching
videos for both the active group (M = 2.80,SD = 1.40) and
the inactive group (M = 2.80,SD = 1.03). Participants were
physically located in different places on the experiment
day, so their network conditions varied significantly
(M =102.07,SD = 86.32 for download speed; M =
35.50,SD = 23.29 for upload speed). The median speeds for
download and upload were 87.29 Mbps and 31.2 Mbps,
respectively.

5.4. Results

We conducted t tests to compare the differences between
active and inactive groups, two control methods, and large
and small groups. Mann Whitney U tests and Wilcoxon
Sign tests were used, and the mean rank (MR) values were
reported for comparisons that failed to meet the parametric
test assumptions.

5.4.1. Task completion time and real-time movements

For small groups with active users, participants’ task com-
pletion time was shorter using SCMD (10”52") than FCFS
(15”36'). Similar results were found for small groups with
inactive users (SCMD: 9”25'; FCFS: 10”57'). Participants’
self-reported time perceptions were roughly consistent with
the logged results. The active group reported a mean time
(in minutes) of 10.9 (SD=4.12) for SCMD and 17.4
(SD=4.22) for FCFS; the inactive group reported a mean
time of 9.8 (SD =3.85) for SCMD and 13.9 (SD=5.17) for
FCFS. Figure 8 shows heatmaps of the character movements
in the four sessions. It is worth noting that the active group
deliberately took a longer path (see Figure 8a,b). During the

experiment, they communicated and reached an agreement
to explore different views of the campus. On the other
hand, the inactive group successfully followed the suggested
path and completed the movement tasks.

5.4.2. Active and inactive groups

5.4.2.1. Explicit user experience. Mann Whitney U tests
showed that participants in the active group reported signifi-
cantly greater hedonic experience (Z = —2.25,p = 0.033,
MR(A) = 24.45,MR(I) = 16.55), and social richness
(Z = —2.44,p = 0.014, MR(A) = 25.00, MR(I) = 16.00).
Differences in other aspects of user experience were statistic-
ally insignificant (see Figure 9).

5.4.2.2. Reported and Logged DanMu Counts. Mann
Whitney U tests showed that participants in the active group
reported significantly greater use of DanMu commands
(MR =27.22) than the inactive group (MR=13.78), Z =
—4.20,p < 0.001. A between-groups ¢ test showed that users
in the active group sent a significantly larger number of
DanMu (M = 179.15,SD = 58.89) than users in the inactive
group (M = 38,SD = 23.4), t(12) = 7.04,p < 0.001. Table 3
shows the details about participants’ self-reported DanMu
frequency and logged DanMu counts.

5.4.3. FCFS and SCMD

5.4.3.1. Explicit user experience. Similar to the results in
Study 1, participants reported significantly greater
usability(Z = 2.21, p = 0.03, MR(FCFS) = 16.52, MR(SCMD)-
Z =2.21,p = 0.03, MR(FCFS) = 16.52, MR(SCMD) = 24.48)
and less perceived time (Z = —3.30, p = 0.001, MR(FCFS)
— 2648, MR(SCMD) =14.52) using SCMD than
FCFS. However, the difference in social richness became
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Figure 9. Box plots with means and standard deviations showing between-groups comparisons of participants’ self-reported user experience and presence in active

and inactive groups (N = 40).

insignificant in small groups, Z = 0.60, p = 0.57 (see Figure
10). All participants in the active group preferred SCMD
(N=10) to FCFS. On the other hand, three participants in
the inactive group preferred FCFS, and one participant
reported no difference.

5.4.3.2. Reported and Logged DanMu Counts. Participants’
self-reported use of DanMu commands showed no signifi-
cant differences for FCFS and SCMD. However, the analysis
of the DanMu logs showed that active participants sent a
significantly larger number of DanMu using FCFS
(M =234.8,SD =85.9) than using SCMD (M = 123.5,
SD = 41.9),t(9) = 5.30,p < 0.001. However, there was no
significant difference for inactive wusers using FCFS
(M =39.1,SD=30.5) and SCMD (M =369, SD-=
18.3), £(9) = 0.37,p = 0.72.

5.4.4. Large group and small group

5.4.4.1. Explicit user experience. We compared data col-
lected from this study with the large-group results in Study
1. Mann Whitney U tests showed that participants in
the small group reported significantly greater pragmatic
experience (Z = —2.68,p = 0.007, MR(S) = 105.91, MR(L)
= 82.00), usability (Z = —2.22,p = 0.027, MR(S) = 102.81,
MR(L) = 82.93), and agency (Z=-2.87, p=0.004,
MR(S) = 107.50, MR(L) = 81.53). Differences in other
aspects of user experience were statistically insignificant (see
Figure 11). Within-group comparisons of Study 1 and 2
showed no statistically significant difference in user experi-
ence. Most participants (N=19) preferred the small group
experience, whereas only one participant preferred the large
group experience.

5.4.4.2. Reported and Logged DanMu Counts. Mann
Whitney U tests showed that participants in small groups
reported significantly greater use of DanMu commands

(MR=111.30) than large groups (MR=280.40), Z =
—3.55,p < 0.001. Additionally, a Wilcoxon signed-rank test
showed a significant decrease in users’ self-reported commu-
nication DanMu in small groups compared to large groups,
Z = -3.064,p = 0.02. The analysis of the DanMu logs
showed that active participants in a small group
(M = 179.15,SD = 58.98) sent a significantly larger number
of DanMu than in a large group (M =72.35 SD=

32.44),t(9) = —5.58,p < 0.001. However, there was no sig-
nificant  difference  for inactive users in large
(M =43.25,SD =26.18) and small groups (M = 38,

SD = 23.40), t(9) = —0.45,p = 0.66.

6. Discussion

6.1. Effects of control methods on task efficiency and
user experience

Our first study answered RQI1: How do multiplayer single-
character control methods influence task efficiency and user
experience in virtual gatherings? Participants’ task completion
time showed that the democracy modes (SCMD and VOTE)
outperformed the anarchy mode (FCES) in task efficiency.
This supports our Hla. In addition, we found that having a
representative in SCMD further contributes to the task effi-
ciency of VOTE. In terms of user experience, we found sig-
nificant effects of control methods on pragmatic and
hedonic user experience, usability, perceived performance,
body ownership, agency, and social richness. In particular,
participants reported significantly greater user experiences
using SCMD than FCFS. Our H1b was not supported. The
main reason perhaps lies in the difference between experi-
mental tasks and gameplay. Our experimental tasks lasted
for a short period of time and demanded task efficiency,
whereas in gameplay, efficiency is less emphasized, and it
would normally last a longer period of time. While the
unpredictability in the anarchy mode has a negative effect
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on task efficiency and user experience in experimental tasks,
it may, on the other hand, contribute to experience in
gameplay.

Participants who preferred SCMD commented that “a
correct command from a leader could significantly increase
the movement efficiency”, and they liked SCMD as it is
“quicker”, “more efficient”, and “offers a greater sense of par-
ticipation”. In the meantime, SCMD faces a limitation in a
large group that users might feel disappointed when it
becomes challenging to become a commander. Participants
also liked their names being shown to everyone, which gave
them a sense of recognition and achievement. For example,
“I felt very engaged seeing my name on the super command”.
Acknowledging users’ identity is important for crowd behav-
ior. This finding is in line with the statement of Seering
et al. (2017) that the recognition in the community will

largely affect the user experience in participating in gather-
ing activities.

However, some participants preferred VOTE and identi-
fied some limitations of SCMD. For example, “VOTE is
more effective and fair, and I felt more involved. SCMD
makes us fight for the commander, not to control the charac-
ter”. Some participants also mentioned that “some people
just don’t make good use of the super command on purpose,
so I prefer VOTE”, and “it is relatively easy to carry out the
correct operation using VOTE”. The efficiency of VOTE in
performing the most appropriate action could provide a
sense of control in virtual gathering, which reflects the need
of participants to generate meaningful results (Sakamoto
et al., 2017).

FCFS was ranked the lowest. Participants mentioned that
“it is easy to go wrong because of an incorrect command in



FCFS” and “FCFS is more vulnerable to distraction
messages”. Nevertheless, there were some participants who
preferred FCFS and reported that it “always provides a sense
of engagement. 1 felt that I was just observing during SCMD
if I couldn’t get it”. On the one hand, this finding again con-
firms the importance of providing an effective mechanism
to guide the gathering activities. On the other hand, a cer-
tain level of randomness, which could lead to a special
experience of improvisational events (Lytle et al., 2020), may
also provide enjoyment for participants.

Overall, our results showed that for a large group, users
perceived significantly different user experiences when using
the three control methods. Notably, democracy modes
(SCMD and VOTE) outperformed the anarchy mode
(FCFS) in terms of body ownership and agency. Among the
three methods, SCMD was found to show the greatest user
experience in all aspects and supported the greatest sense of
social richness. The results from participants’ subjective
rankings and feedback indicated that it is necessary to have
representative controls for MSCC during virtual gathering
activities.

6.2. Effects of user activeness and group size on task
efficiency and user experience

The second study investigated RQ2: How do user activeness
and group size influence task efficiency and user experience in
virtual gatherings? Within a small group, we found that par-
ticipants required less time to complete the task using
SCMD than FCEFS, which is consistent with the findings in
Study 1. However, active users spent a longer time than
inactive users, which was an unexpected finding and failed
to support the task efficiency aspect of H2a. The analysis of
movement paths showed that active users chose a longer
path while inactive users followed the suggested path. This
led to the difference in task completion time. Overall, partic-
ipants completed the movement task more efficiently in a
small group than in a large group, supporting our H2b. In
terms of user experience, the results showed significant
effects of user activeness on hedonic experience and social
richness and a significant effect of group size on pragmatic
experience, usability, and agency. We discuss the detailed
findings in the following sections.

The results showed that active users perceived signifi-
cantly greater hedonic user experience and social richness
than inactive users. The user experience aspect of H2a is
supported. This finding is also reflected in participants’
comments. Active users reported that “it’s so fun”,
“awesome”, “I was really engaged”, “I got the super command
hahahahaha”, and “we’re so united”. Two interesting find-
ings were observed within active and inactive groups. One
was that users in the inactive group used less time in com-
pleting the task than users in the active group. Comparing
(a-b) with (c-d) in Figure 8, it is clear that the active group
users chose to try a different but longer path. They reported
in the debriefing that they were already familiar with the
shortest path so they would like to explore different campus
views. Thus, it may not be a fair comparison of the task
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completion time when the two groups chose different paths.
Nevertheless, this difference in the decision-making process
shows a clear separation between the two groups, which
echoes the finding in Poirier-Poulin (2020) that higher
activeness of the group may stimulate the creativity of users.

The other interesting observation was about the preferred
control methods. Brandis and Bozkurt (2021) found in their
study that active users may prefer more democratic meth-
ods, whereas inactive users would prefer anarchy modes.
However, our study showed some contradictory findings. All
active users preferred SCMD over FCES, but three partici-
pants in the inactive group preferred FCFS. They reported
that “it (FCFS) is more engaging, as the character can move
under my command as long as I'm the first”, and “I like it
because I had a greater sense of participation using FCFS”.
This seems consistent with participant feedback in Study 1,
where participants who found it difficult to get a super com-
mand preferred not to have it.

The results also showed that users perceived greater prag-
matic experience, usability, and sense of agency in small
groups compared to a large group, supporting H2b.
Participants reported that “I like the small group because it
is more efficient with fewer people and there was no one mak-
ing trouble”. Within a small group, participants found that
“it’s easier to get the super command because there are much
fewer people”. Similar findings were also observed in existing
studies (eg, Kim, 2013; Shaw, 2013), in which the smaller
group size is positively related to the active participation
and experience of individuals. However, one participant pre-
ferred a large group, commenting that “there were more peo-
ple and better communication last time. This time, we were
more focused on completing the task, and there was barely
any communication”. The importance of communication in
large groups was also recognized in previous works (eg,
Deng et al., 2015; Oldenburg, 1999), indicating the key role
of conversations in online virtual spaces.

To summarize, active users are keener on the efficiency
of collective control, but some inactive users tend to prefer
to observe and value the sense of communication in collect-
ive behaviors. The hedonic experience and social richness
varied among the two types of users. Users generally prefer
to work in a small group on tasks that demand efficiency, as
the sense of agency and the pragmatic experience of collect-
ive control were perceived higher.

6.3. Command DanMu and communication DanMu

We asked users how often they sent commands and com-
munication DanMu during the experiment, along with
explanations. Participants who reported frequent command
DanMu explained that they were highly engaged because
they want to “be the top one”, “complete the tasks”, “achieve
the goal”, and “have fun”. One participant mentioned that “I
was trying to send more correct commands to avoid the
chance of incorrect command being executed”. While most
participants were very task-driven and goal-oriented, several
participants reported non-collective behaviors. For example,
“I want to see more about the virtual campus, so I was just
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typing random commands”, and “I was trying to control the
avatar and also making some troubles”. For participants who
reported that they did not send any command DanMu, they
explained that they “prefer to observe”, and they found it
“not necessary”. The non-collective behaviors were observed
less in a small group, but inactive behaviors remained the
same in both large and small groups, indicated by the sig-
nificantly smaller number of DanMu they sent.

Comparatively, communication DanMu was much less
than command DanMu. This is mainly because participants
found it unnecessary, too difficult, or not responsive. Most
participants reported that “it is mainly the control of the
character, not to communicate”, and “we are very collective
so it was not necessary” to send communication DanMu.
Some mentioned that they were “too busy (in control) to
communicate”, and that “there were too many commands
and it’s difficult to see what I say”. One participant men-
tioned that “I wanted to communicate with others, but no
one replies, so I gave up”. While participants reported mod-
erately frequent use of communication DanMu in a large
group, the frequency dropped when they were in a small
group gathering. One participant reported that the need to
switch keyboard languages to Chinese hindered the use of
communication DanMu, indicating a potential socio-cultural
influence on the user experience. One of the few participants
who reported a very frequent use of communication DanMu
mentioned that “I want to provide instructions to everyone’s
movement, rather than making the movement myself”. The
overall communication DanMu remained low, and it seems
to indicate that communicating via typing is not ideal for
collective activities using command-based control methods.
Other approaches, such as voice messages, may better facili-
tate communication.

6.4. Design guidelines, implications, and future work

Our analysis points to the following design guidelines for
crowdsourcing control:

1. Task Efficiency. For tasks that necessitate repetitive
execution of commands and demand efficiency, con-
sider adopting a democracy mode with representative
controls (eg, Super Command). This avoids the uncer-
tainty and unexpected results from the anarchy mode
(eg, FCFS). Participants’ task completion time using
three control methods gave strong implications for this.

2. Group Size. Use democratic control for optimal user
experience in large groups. We suggest this because
crowdsourcing control methods were found to have sig-
nificant impacts on various aspects of user experience
in a large group, among which only usability was found
significantly higher using SCMD in a small group.
Small groups allow for more flexible use of crowdsourc-
ing control methods.

3. User Activeness. Users who are actively engaged in col-
lective activities prefer democratic modes of control for
compelling tasks (~10 minutes). However, it is likely to
show contradictory results for experience spanning a

longer time, as some users still appreciate the anarchy
mode and find it highly engaging.

The following lessons are learned regarding user experi-
ence in virtual gatherings based on DanMu:

1. Show Credits. Give credit to users by indicating their
names along with the active commands that affect the
collective behaviors. Our participants’ feedback con-
firmed its contribution to their user engagement in vir-
tual gatherings.

2. Performer and Spectator. Be aware of different user
types in virtual gatherings. Prioritize users’ active par-
ticipation to support collective experience. In the mean-
time, allow users to be spectators and facilitate their
communication.

3. User Engagement. Users tend to be more active and
prefer small groups (~10 users) over large groups (>50
users) in virtual gatherings based on DanMu. Support
small-group activities if a strong sense of agency and
pragmatic quality are desired.

Our results and findings support the use of cost-effective,
widely accessible, and easy-to-learn approaches (ie, Bilibili
and DanMu) to engage users in collective activities in an
online virtual gathering. The current work focused on multi-
player single-character control, which can be generalized to
many application areas in future metaverse that necessitate
social interactions, focused attention, and collective experi-
ences. The findings are also applicable to general 3D virtual
environments other than Minecraft. Here we name a few
example scenarios that can apply the design guidelines in
practice. For example, in a group virtual tour, visitors could
collectively determine a travel path. In this case, we recom-
mend that users should be allowed to vote if it is a large
group (>50), so that users can have a greater sense of
agency in control and social richness. For an immersive vir-
tual performance, audiences can have a participatory experi-
ence of the show, travel around the scene, and unlock new
plots. In this scenario, adopting FCFS may introduce a sense
of uncertainty and enrich the experience, as efficiency is
likely not the primary concern. In the meantime, it is neces-
sary to allow users to be spectators. In a virtual classroom,
collective control allows students in a group to determine
whether or not to move forward to the next part of the
teaching and when to do so. Showing credits to students
who contributed to the teaching progress in this scenario
may stimulate students’ motivation to learn. These example
scenarios cover typical use cases of future metaverse in tour-
ism, entertainment, and education.

The current work has some limitations. First, while our
studies have reasonable sample sizes, it is not representative
of the general public. Participants of our study are mainly
university students, and most of them are males. Given it is
a virtual gathering in a campus environment, our study
findings could implicate future work on gathering activities
taking place in an educational environment and designed
for young adults. However, researchers and designers should



be aware of the potential influence of demographic charac-
teristics (eg, experience in gameplay and socio-cultural back-
ground) on user behaviors, as indicated in previous work
(Monteiro et al., 2022). Second, there was a noticeable delay
in the streaming view and the active commands. However,
some participants reported that they had managed to gauge
the streaming delay and adapted their commands to it,
which significantly increased their experience. Third, the
constructed environment in Minecraft simulates relatively
simple control tasks (ie, movement only). Future work
should explore more complex MSCC tasks, such as the
change of views, the manipulation of virtual objects, and
even social interactions with virtual avatars. Allowing users
to define new command syntax for customized controls
would also be an interesting extension in future work. This
feature will enable adaptable DanMu controls based on user
preferences and support the optimization of DanMu con-
trols on the go. While we did not aim to improve the effi-
ciency or fairness of crowdsourcing control methods, our
work can be combined with existing works to assign weight-
ing to players’ inputs when aggregating the commands
(Lesniak & Maistro, 2022). Finally, the virtual gathering in
our experiment was largely task-driven and time-intensive as
we were interested in understanding the efficiency of crowd-
sourcing control methods. Virtual gatherings in the meta-
verse are likely to happen on more casual occasions and
around complex tasks, such as giving presentations in lec-
tures and having brainstorming activities in creative design.
The examination of the social dynamics associated with the
use of DanMu as a communication tool is poised to yield
further insights and warrants investigation in future
research.

7. Conclusion

Web-based virtual worlds are likely to be the near-future
medium of the metaverse. This work examined a novel
approach that allows groups of online users to interact with
a live-streamed virtual world using DanMu. Specifically, we
studied three methods for multiplayer single-character con-
trol (MSCCQC): First Come First Served (FCFS), Vote (VOTE),
and Super Command (SCMD). Our results showed that in a
large group (>50 users), SCMD allowed users to perceive
significantly greater user experience and social richness than
FCEFS, but the presence was not affected by the collective
control methods. These findings provide answers to RQ1. In
small groups (~10 users), the differences in user experience
using varying control methods were insignificant, except
that SCMD had higher usability. Virtual gatherings in a
small group allowed greater pragmatic quality, usability, and
a sense of agency than in a large group, but the hedonic
quality, social richness, and presence did not significantly
differ. In addition, active users perceived greater hedonic
experience and social richness than inactive users. These
findings provide answers to RQ2. We validated three
DanMu controls for multiplayer single-character control and
suggested design guidelines for future work. Our work
showed that DanMu not only enables communication and
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sharing reactions in online video sharing platforms, but can
also be used as a control method to facilitate collective expe-
riences in virtual worlds. Despite the opportunities to
enhance social connections through DanMu in future virtual
gatherings, challenges remain in effectively moderating
DanMu and addressing privacy concerns in a growing and
diverse user base. It is also necessary to consider the appro-
priateness and needs of the virtual world’s context when
designing systems based on DanMu. Our work has implica-
tions for future human-computer interaction with the meta-
verse in the fields of gameplay, tourism, entertainment, and
education.

Note

1. https://live.bilibili.com.
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