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ARTICLE INFO ABSTRACT

Extensive human-computer collaborative painting systems have been explored to assist
people in ideating and creating the content of paintings. Recently, the popularity of VR
has opened up the novel possibility to facilitate painting by providing an immersive vir-
tual environment. To create immersion, previous VR painting systems mainly focused
on simulating real painting environments. However, our preliminary study revealed
that the lack of multisensory interaction in existing VR painting applications detracted
people from the fully immersive experience. Grounded on the findings of the prelimi-
nary study, we developed Painting++, a human-computer collaborative painting system
that synthetically integrates visual, audio, haptic, and smell feedback to enhance the
sense of immersion. Particularly, the content generation ability of Al is also adopted
to assist users in obtaining completed stereo paintings from rough sketches. Paint-
ing++ has been evaluated in a comparative study with two mainstream VR painting
applications (N=18). The results illustrate that multisensory interaction and Al assis-
tance make Painting++ succeed in creating highly immersive painting experience. Our
work further reveals distinct VR painting systems’ impact on painting behavior and
demonstrates the multiple roles that Painting++ plays in supporting human-computer
collaborative painting.
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1. Introduction

Painting serves as a potent medium for individuals to explore
and express their thoughts through visual representation [1].
With the advent of computer technology, painting has transi-
tioned into the digital era. While the traditional role of the com-
puter was to provide digital painting tools, the recent advance-
ments in Artificial Intelligence (AI) have elevated computers
to the status of collaborators in the painting process [2, 3].
For instance, Creative Sketching Partner effectively stimulated
ideation by generating sketches similar to user input [4], and
DuetDraw facilitated real-time collaborative painting between
the user and Al [5].

*Corresponding author: chenpei@zju.edu.cn

http://dx.doi.org/10.1016/j.displa.xXXX.XX.XXX
Received ; Received in final form ; Accepted ; Available online
0141-9382/© 2024 Elsevier B. V. All rights reserved.

While AI predominantly assists in producing the content of
paintings, Virtual Reality (VR) as a computational collabora-
tor could support painting by providing an immersive virtual
environment (VE). In this paper, we define human-computer
collaboration as the mutual engagement of human and comput-
ers in achieving a shared goal through coordinated efforts [6].
In the context of painting, computational collaborators include
not only those who paint together with people like Al does, but
also those who provide novel stimuli to induce creativity [7] as
VR does. Studies have demonstrated that immersive VR could
alleviate stress [8], improve task performance [9], and promote
creative thinking [10]. To create immersion, existing VR paint-
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Fig. 1. Painting++ is a human-computer collaborative painting system based on multisensory VR and Al (a) The system adopts various devices to provide visual,
audio, haptic, and smell feedback, so as to create immersion for users. (b) The simulated natural scene immerses users in VE and fosters their creativity. (c) Al’s

capability is adopted to help users obtain stereo paintings from casual 2D sketches.

ing systems such as Painting VR [11] and Vermillion [12] trans-
ported users to a virtual painting studio, where they dove into
the painting process as authentically as they would in the phys-
ical world.

Despite the existing research, the potential of immersive VR
in facilitating painting has not been fully exploited. According
to prior research, immersion augmented by multisensory inter-
action can effectively activate people’s multiple brain areas and
physical senses [13, 14, 15], which is conducive to promoting
creative activities [16]. For example, earlier work combined
vision, audition, touch, and olfaction in VE to aid students in
exploring creative ideas [17]. However, in the realm of exist-
ing VR painting systems, the incorporation of multisensory in-
teractions remains limited, impeding users from experiencing
painting in its fullest immersive potential.

In this context, we aim to explore how to encompass mul-
tisensory interaction within VR painting systems for enhanc-
ing immersion and facilitating idea expression. To achieve this,
we first conducted a preliminary study involving two commer-
cial VR painting applications (Painting VR and Tilt Brush)
with 12 participants. The preliminary study aimed to deepen
our understanding of existing VR painting applications and ex-
plore strategies for integrating multisensory interaction into VR
painting. Our findings revealed four design implications for an
immersive painting system, including sensory interaction with
scenes, external painting assistance, scenes for inspiration, and
simplified painting interaction.

Grounded on the above findings, we designed and developed
Painting++, a human-computer collaborative painting system
that provides users with an immersive VR painting experience
through multisensory interaction. As depicted in Fig. 1, the
system seamlessly integrated visual, audio, haptic, and smell
feedback to immerse people in the natural scene and invigorate
their creativity. In addition, we applied a conditional genera-
tive adversarial network (GAN) [18] to generate high-quality
stereo cartoon paintings based on people’s rough 2D sketches.
To validate the usability of Painting++ and whether it effec-
tively provides immersion, we conducted an evaluation involv-

ing 18 participants. The subjective results indicated that Paint-
ing++ outperformed the existing VR painting applications in
most usability factors, largely due to the Al assistance it pro-
vides. Our multisensory system not only inspired participants
but also facilitated a deeply immersive painting experience. We
further utilized behavior coding for objective evaluation, reveal-
ing Painting++’s advantages in usability and immersion based
on participants’ behavior pattern and analyzing how distinct VR
painting applications influenced participants’ painting behavior.
The main contributions of this paper are as follows:

e We performed an empirical analysis of existing VR paint-
ing applications, which provides implications for the de-
sign of an immersive VR painting system.

e We presented a human-computer collaborative system
named Painting++, which allows people to paint collab-
oratively with multisensory natural scenes and Al. Paint-
ing++ immerses users in painting and helps them produce
pleasant paintings.

e We conducted an evaluation that demonstrated the effec-
tiveness of multisensory interaction in supporting immer-
sive painting experience and revealed the design opportu-
nity to incorporate Al into VR painting.

e We summarized the multiple roles that Painting++ played
in painting as well as the advantages and limitations of our
system, which could hopefully inspire future research on
human-computer collaborative painting.

2. RELATED WORK

2.1. Human-computer Collaborative Painting

Recently, human-computer collaborative painting systems
have been extensively explored. Based on previous research
that delved into supporting human-computer collaborative ac-
tivities [19, 20], this section reviews various collaboration
modes in existing painting systems.
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A branch of research seeks to inspire users by showcasing
supportive examples. For instance, systems such as IdeaEx-
pander presented sketches related to the design task as inspi-
ration [21], Creative Sketching Partner applied deep learning
models to generate inspiring sketches according to users’ in-
put [4], and the work of Tholander and Jonsson generated con-
cept illustrations to inspire kids [22]. Furthermore, ImageCas-
cade provided images and generated color palettes to support
ideation [23]. Beyond virtual painting collaborators, embod-
ied robots such as Cobbie helped designers ideate iteratively by
drawing creative sketches on paper [24].

Another type of systems created and improved the content
of paintings in collaboration with users. Several computa-
tional collaborators could complete paintings with users in real
time [25, 5]. For example, Drawing Apprentice analyzed users’
input using object recognition algorithms and responded on a
shared canvas [26]. For individuals not skilled at painting, sys-
tems such as StoryDrawer [27] applied text-to-image genera-
tion models to transform users’ descriptive words into paint-
ings, and Artverse supported painting generation through users’
action, vision, and linguistic interaction [3]. Focusing on Al-
based visual art creation, Shahriar further summarized existing
human-Al collaborative painting systems [28]. Prior work also
assisted users in colorizing paintings by analyzing color com-
binations [29, 30] or target styles [31], while systems like Ship-
Shape [32] attempted to beautify and smoothen users’ strokes.

Meanwhile, the recent popularity of VR has transformed
human-computer collaborative painting. Instead of contribut-
ing to the content of paintings, VR supports painting by creat-
ing an immersive and inspiring VE. As indicated by prior work,
immersive VR helps users reach a special state where they are
able to dive into the creative process [33]. However, the po-
tential of immersive VR in empowering painting has not been
thoroughly explored yet. Therefore, we seek to further harness
the immersive experience brought by VR to facilitate painting.

2.2. Multisensory Interaction in Immersive VR

VR provides users with a computer-simulated synthetic en-
vironment, opening up new possibilities for fields such as
games [34], sports [35], and education [36]. Recently, more
VR-related research paid attention to immersion enhance-
ment [37, 38], and providing sensory cues has been verified
effective in improving immersion [39].

Stereoscopic vision using head-mounted dis-
plays (HMDs) [40] and spatial audio based on space ren-
dering [41, 42] have been widely used in VR. Besides, the
touch and olfaction augmentation methods have been exten-
sively explored. Haptic feedback enhances physical presence,
emotional scale, and user interaction [43], have been integrated
with VR to enrich gaming interactions [44], improve the design
expression of visual artists [45], and enhance the perception of
environment by simulating haptic sensations such as vibration
and wind [46, 47]. In addition, smell feedback has been proven
to be related to users’ attention and immersion [48], commonly
delivered through fans [49, 50], tubes [51], or wearable
devices [52, 53]. Adaptive smell feedback has also been
explored to enhance sensory engagement within interactive
experiences [54].
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Beyond providing a single sense channel, recent research has
suggested the approach of achieving full immersion in VR by
synthesizing multiple senses [55]. Multisensory interaction can
activate the brain [13, 15] and facilitate bodily engagement [14].
Taking advantage of this, multisensory interaction has been in-
corporated into many scenarios, such as creating memorable
experiences in tourism and marketing [56], increasing the ex-
pressiveness of visual art [57], and enhancing situated learn-
ing in education [38]. Multisensory interaction is not a sim-
ple superposition of several senses. Instead, special attention
should be paid to the coordination and consistency of different
senses [58]. For example, Season Traveler customized scents
and haptic feedback for different natural scenes [54]. However,
while existing practices have consciously incorporated haptic
feedback in painting through VR controllers, physical proxies
such as pens and tablets [59, 60], and wearable gloves [61], we
barely see existing research integrate multiple sensory channels
to enhance immersion in the field of VR painting. This gap mo-
tivates us to develop a multisensory VR system that facilitates
immersive painting experience.

2.3. Creativity Work and Painting Experience in VR

Augmented by multisensory interaction, immersive VR has
a positive effect on individual’s creativity [16]. In VR Rehearse
& Perform, musicians were transported to rehearsal rooms with
pleasant music in VR, which facilitated their creative impro-
visation [62]. In addition, prior work indicated that a VE com-
bining vision, audition, touch, and olfaction helped students ex-
plore creative ideas [17] and natural scenes with sound effects
foster creativity in brainstorming and design [63].

As a form of art, painting also bares several unique advan-
tages when combined with VR. First, VE provided in VR al-
lows users to paint without restrictions of place or time. For ex-
ample, VR can reproduce reality and even create novel percep-
tual dimensions that have never existed [64, 65, 66]. Second,
VR expands the painting dimensions to 3D space, enabling in-
dividuals to create 3D objects directly through 2D strokes. Sim-
ilar to Tilt Brush [67], some studies also supported users to cre-
ate 3D artworks in VE [68, 69, 61, 70, 71]. Furthermore, paint-
ing in VR brings enjoyment to users owing to the unique in-
teractive details. For instance, previous work adopted gesture-
based input [61] and transformed local scenic images into col-
ors [72] for digital artwork. Additionally, a VR-embedded tu-
torial system was developed to enhance users’ understanding of
three-dimensional painting details [73].

While the aforementioned studies demonstrate VR’s value in
enriching painting experience, addressing existing limitations
is crucial for better collaboration between users and VR paint-
ing systems. First, users find it challenging to precisely control
stroke shapes in 3D space [69, 74]. To alleviate the difficulty
of 3D mid-air painting, previous work has explored solutions
such as providing a physical drawing interface [75], optimizing
the input algorithm [59, 76], and using tactile feedback to en-
hance rendering accuracy [73, 77]. Another potential solution
is to beautify strokes or paintings with Al assistance [78, 79],
similar to what Calliope achieved, enabling designers to ex-
plore and manipulate generative design solutions in real time
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manner [80]. Despite this, these systems primarily focused on
the aesthetic quality of the painting output, seldom addressing
subjective aspects such as users’ sense of immersion and their
holistic experience during the painting process. Secondly, as
stated in Section 2.2, there is ample opportunity for existing VR
painting systems to enhance immersion by integrating multiple
sensory channels.

3. PRELIMINARY STUDY

3.1. Methods

To enhance users’ immersion during human-computer col-
laborative painting in VR, the preliminary study was guided
by two research questions: (1) what contributes to and detracts
from users’ immersion in existing VR painting applications?
and (2) how to integrate multisensory interaction in VR paint-
ing systems for immersive experience?

3.1.1. Participants

We recruited participants via social media and employed a
pre-screen based on applicants’ interest in painting. Twelve
participants (P1-P12; 6 males and 6 females; aged 21-26 years
old) who were interested in painting took part in the prelimi-
nary study. Seven participants had prior experience using the
VR headset while the others did not. All participants signed
informed consent forms and were compensated monetarily.

3.1.2. Procedure

During the study, each participant used Painting VR and
Tilt Brush respectively on an Oculus Quest 2 headset. Painting
VR provides a vast virtual studio with various painting tools and
2D canvases. Tilt Brush allows users to paint in 3D space with
dynamic brushes. These applications were chosen because (1)
they are among the most popular commercial VR painting ap-
plications with relatively comprehensive functionality; (2) their
efforts to create immersion for users align with our goals; (3)
their target users include both painting enthusiasts and expert
painters, similar to our participant profile.

For each application, we introduced its main functions and
interactions, and participants were given 10 minutes to paint
with the application. Participants were encouraged to freely ex-
plore the functionality of the application, and they could ask
questions anytime if they had trouble using the application or
the VR headset. Participants were specifically instructed to con-
sider their collaboration with the system and their sense of im-
mersion while using the applications. Afterward, participants
were asked to describe their experience of using the application
with examples. Follow-up questions were asked based on their
responses.

After participants used two applications, a more comprehen-
sive semi-structured interview was conducted. The main ques-
tions include: (1) Can you compare the immersion levels of
the two applications? (2) What multisensory feedback do you
expect from VR painting applications (e.g., haptic and smell
feedback)? (3) What additional support do you wish existing
applications would offer? These questions were adjusted flexi-
bly based on participants’ responses.
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3.1.3. Thematic Analysis

Two coders (co-authors of this paper) analyzed the interview
results through a hybrid process of deductive and inductive the-
matic analysis [81]. The recordings of the interview were tran-
scribed into text, and the two coders repeatedly read the tran-
scripts to acquaint themselves with the interview data. With the
two research questions serving as predefined themes, the coders
independently assigned different statements to these themes and
manually developed a set of initial codes. The coding process
strictly pertained to the semantic content of the interview data
instead of the coders’ assumptions. For example, the state-
ment “I think it was very close to the real painting scene” (P5)
was coded as “realistic scenes”. Then, the two coders resolved
disagreements by discussion and finally obtained eight codes:
realistic scenes, visual effect, expanded painting dimensions,
complex interactions, restricted scenes, lack of sensory feed-
back, painting process, and painting environment.

3.2. Findings

This section first summarizes the factors related to immer-
sion, then introduces findings regarding the integration of mul-
tisensory interaction in VR painting systems, and finally, we
draw conclusions about the design implications for an immer-
sive VR painting system. We support our discussion with il-
lustrative quotes, where “P1” represents quotes from the first
participant.

3.2.1. Factors Concerning Immersion

For factors enhancing immersion, participants appreciated
the realistic scenes of Painting VR and the visual effect of Tilt
Brush. Participants felt that Painting VR “simulated the paint-
ing scene in real life” (P5, P11), which gave them “the feeling
of being there” (P2, P10) and made them feel like artists. In
Painting VR, participants could select brushes and mix colors
as they did in real life. For Tilt Brush, “the vivid brushes in-
spired me to create wonderful paintings” (P9). In the infinity
3D space of Tilt Brush, participants could “walk around to en-
joy my painting from different views” (P6).

However, the expanded painting dimensions in VR pre-
sented challenges for participants to paint concentratedly and
decreased immersion. While P2 appreciated the novelty of
painting in VR because it subverted the traditional methods,
some participants found“it was struggling to control strokes
in 3D space” (P3) as they were not accustomed to 3D mid-
air painting. In this context, participants tended to think about
“how to obtain the shapes I wanted” (P12) instead of immers-
ing themselves in the painting process. Despite being able to
paint on a 2D canvas in Painting VR, some participants still
found it difficult to create satisfactory paintings. They felt that
painting with VR controllers lacked the precision of using pens
and brushes. Furthermore, three participants mentioned that
they hoped to “receive assistance from external sources, such
as remote collaborative partners or the assistance of genera-
tive AL”(P3, P10, P11).

Moreover, the lack of sensory feedback made participants
feel like “painting on a browser instead of in VR (P3), and
“I could not interact with the environment or my painting”
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(P6). Although Painting VR provided haptic feedback when
the brush touched the virtual canvas, P11 thought that “ir was
not enough for me to immerse in the painting process. I felt that
there was almost no audio feedback.” For Tilt Brush, partici-
pants noted that the absence of feedback corresponding to the
input operation negatively influenced immersion. P6 stated that
“although I was painting in a 3D space, I could not gain the
feeling of presence through other senses such as touch”. Par-
ticipants also expressed disappointment in the lack of sensory
feedback from the scene.

In addition, other factors such as complex interactions and
restricted scenes also slightly decreased immersion. In Paint-
ing VR, the process of selecting brushes aims to replicate the
real-world experience of picking up a brush. However, as high-
lighted by P4 and P10, mastering this interaction took time.
Furthermore, according to P1 and P6, “the brushes usually fell
accidentally and could not be picked up again”, leading to frus-
tration among some participants. Regarding the scene, partic-
ipants thought that “current VR painting applications offered
relatively limited scenes” (P3, P8), which restricted their inspi-
ration. Specifically, P11 mentioned that “when I put on the VR
headset and faced with the blank space in Tilt Brush, I strug-
gled to decide what to paint”. P2 also suggested that “it would
be nice to have a river or other natural scenes in front of me
when I was painting”.

To summarize, the findings were consistent with our assump-
tion that the lack of sensory feedback somewhat reduced immer-
sion while also revealed additional factors influencing immer-
sion. Existing VR painting systems showcased how realistic
scenes and visual effect brought immersion, which could be also
integrated into our system. To further increase immersion, we
have to assist users in overcoming challenges posed by the ex-
panded painting dimensions and complex interactions through
providing more painting assistance or simplifying the interac-
tion. Specifically, inspired by various existing painting systems
leveraging Al, we could incorporate AI’s generative ability into
VR to collaboratively create paintings with users. Additionally,
the scenes in VR painting systems are supposed to inspire users.

3.2.2. Approaches for Integrating Multisensory Interaction

When it comes to integrating multisensory interaction in VR
painting, participants expressed a desire for augmented sensory
feedback during the painting process. Meanwhile, some partic-
ipants longed for richer sensory stimuli from the painting en-
vironment. For the painting process, P2 mentioned that “when
1 painted with the snow brush, I expected there to feel the sen-
sation of snow or the sound of snow falling”. In this regard,
Painting VR provided richer feedback, with participants noting
that the haptic and audio feedback during painting made them
feel like they were painting on a real canvas (P7, P12). Further-
more, participants desired to interact with the scene through
different senses. While painting in VR, they not only conveyed
their artistic ideas but also “released pressure in the virtual en-
vironment” (P4, P10, P11). Compared with painting in the real
world, P12 figured out that VE shielded them from external dis-
tractions, and “if there were some sound from the environment,
it might be more immersive than painting on a pad”. Similarly,
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P3 stated that “having sound and natural scents would create a
more relaxing atmosphere”.

3.2.3. Implications for System Design

Based on the above findings, we derive the implications for
the system design as follows:

e Sensory interaction with scenes. Users desire the feeling
of painting from life in VR, necessitating the system to
facilitate interaction with the surroundings and offer mul-
tisensory feedback. (I1)

e External painting assistance. Users require external
sources to refine their painting effects in VR and enhance
the aesthetic appeal of their artwork. (12)

e Scenes for inspiration. The prefabricated scenes provided
by the system should be consistent with the content of
the painting, from which users can gain painting inspira-
tion. For instance, providing urban scenes when painting
streetscapes. (I3)

o Simplified painting interaction. Simple and intuitive paint-
ing interaction is necessary for users to concentrate more
on painting. (I4)

4. DESIGN AND IMPLEMENTATION

4.1. Design Consideration

In the preliminary study, participants painted on 2D canvas
(2D painting) in Painting VR and painted in 3D space (3D
painting) in Tilt Brush. In fact, the debate surrounding whether
to apply 2D or 3D painting in VR has been ongoing.

Taking advantage of the expanded painting dimensions in
VR, Tilt Brush facilitates the creation of stereo paintings and
3D models. However, participants also noted challenges such
as difficulty in locating brushes and strokes, as well as the lack
of a clear sense of distance between their painting and them-
selves. This finding aligns with previous study [75, 82], which
indicated the increased complexity of 3D aerial painting in VR
compared to 2D painting.

Compared to 3D painting, 2D painting aligns more with peo-
ple’s cognitive processes and habits. During the preliminary
study, most participants viewed 2D painting as advantageous
due to its lower learning curve and higher painting accuracy.
However, those who preferred Tilt Brush mentioned that 2D
painting might limit their ability to create 3D objects in VR. Ad-
ditionally, some participants expressed that 2D painting lacked
novelty in the setting of VR.

When designing Painting++, we carefully considered these
factors and adopted 2D painting. We assume that getting accus-
tomed to the subverted way of 3D painting may take time for
users. More importantly, while VR offers a three-dimensional
space, not all activities necessarily require a shift to 3D forms.
A promising solution is to ensure people’s performance on 2D
tasks while integrating 3D interaction [83, 84]. Therefore, we
plan to retain 2D painting functionality in VR while also simu-
lating various natural scenes and enabling the creation of stereo
paintings to provide a 3D experience.
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Fig. 2. (a) The painting workflow and main interfaces of Painting++. (b) The workflow of data transfer and data processing.

4.2. System Design

Motivated by the findings from the preliminary study, we
designed a human-computer collaborative VR painting system
named Painting++. It transports users to natural scenes, allow-
ing them to create landscape paintings. The system provides vi-
sual, audio, haptic, and smell feedback during the whole paint-
ing workflow to produce a sense of immersion. Meanwhile, it
incorporates deep learning algorithms to generate vivid stereo
images from user input sketches intelligently, which greatly re-
duces the difficulty of painting in VR.

4.2.1. Painting Workflow

The painting workflow and main interfaces are illustrated in
Fig. 2(a). Users start by coming to a natural scene with a large,
translucent 2D canvas (see Fig. 2(al)). We provide three prefab-
ricated scenes including the field, forest, and beach, and users
can freely switch between them. Each scene features several
natural objects, including the tree, grass, stone, river, sky, hill,
and path. Users can hide the canvas and walk around to enjoy
the natural scene as an inspiration for landscape painting (I3).

We provide three brush types with different thicknesses to ac-
commodate various painting preferences (see Fig. 2(a2)). Upon
selecting a brush, users can pick colors from the natural scene.
For instance, if a user intends to paint stones, they can point to
a stone in the scene, and the brush color will adjust to a suitable
gray shade for drawing stones (I4). This approach encourages
users to interact with the natural scene, sparking creativity and
motivation for painting (I1).

4.2.2. Multisensory Interaction Design

Our system incorporates multisensory feedback throughout
the painting process, with different forms of feedback triggered
by user behaviors. Specifically, to promote users’ interaction
with the natural scene, our system provides sensory feedback
according to the selected object (I1). For instance, when users
interact with grass, they experience the scent of freshly cut

grass; when pointing to a tree, they will hear the sound of wind
blowing and smell the woody fragrance. In addition, during
the painting process, when the brush touches the canvas in VR,
users receive haptic feedback through the controller, simulat-
ing the tactile sensation of brush and physical surface contact.
Users can also continuously hear the sound corresponding to
the object they are currently painting.

4.2.3. Al-assisted Painting Generation

To address the challenge of painting in VR, we seek to in-
corporate Al to enable collaborative painting (I2). Utilizing
Al algorithms (detailed in Section 4.3), users can sketch out
the semantic layout of their painting (see Fig. 2(a2)) to convey
their ideas to Al, and then AI generates a cartoon stereo im-
age with rich textures automatically. This approach empowers
users, even those without formal training, to create engaging
artworks in our system. We provide two ways for users to in
depth appreciate the completed paintings. The first is to present
the painting in the current scene (see Fig. 2(a3)), simulating
a real-life painting experience where users can walk forth and
back to observe it from different angles. Another way is a full-
screen display (see Fig. 2(a4)) that allows users to observe the
details of the painting and appreciate the scenery in it.

4.3. Implementation

Our system was developed using Unity 3D and compatible
with the Oculus Quest 2 VR headset. To minimize physical
strain on users, we primarily utilize desktop equipment to pro-
vide sensory feedback. Table 1 details the feedback of different
objects and the employed devices. Audio feedback is deliv-
ered through the built-in headset speakers. The system lever-
ages spatial audio technology provided by the Oculus Spatial-
izer to enhance the immersive experience. Haptic feedback is
achieved using controllers and three fans. The controllers vi-
brate during user interactions with the painting interface (e.g.,
selecting, painting), while the fans simulate wind sensations in
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Table 1. Feedback of each object and the adopted feedback device. (A: Audio
feedback, H: Haptic feedback, S: Smell feedback)

Object Feedback Device

Sound of wind blowing (A) Headset
Tree Feeling of wind (H) Fans

Woody fragrance (S) Odor display device
Grass Odor of mown grass (S) Odor display device
Stone Sound of rolling stones (A) Headset
River Sound of river flowing (A) Headset

Damp smell of water (S) Odor display device
Sky Warm feeling (H) Fans

Smell of sunshine (S) Odor display device
Hill Birdsong (A) Headset

Woody fragrance (S) Odor display device
Path Footstep (A) Headset

the natural scenes. Each fan has a 12cm blade capable of rotat-
ing at a maximum speed of 1000 revolutions per minute (RPM).
The fans are controlled via a PWM (Pulse Width Modulation)
signal, allowing precise control over their speed. Smell feed-
back is facilitated by a multi-channel odor display device that
can emit distinct scents through separate tubes. The device uses
piezoelectric pumps to control the flow of scented micro air-
flows, ensuring accurate and immediate delivery of smells to
the user’s nose. The system is designed to prevent odor mixing
by employing a series of valves and airflow channels that direct
the scents to the user while isolating each scent stream.

The Al generation of stereo images involves two stages, tak-
ing approximately 15 seconds in total. The first stage trans-
lates the user sketch into a plane cartoon image using a GAN
model trained on a dataset consisting of 7,234 cartoon images
with corresponding semantic annotations [85]. This model in-
cludes a painting producer for image-to-image translation and
an edge synthesizer to produce an edge map based on the input
sketch, providing details for painting generation. After train-
ing, the GAN model can generate cartoon images with appro-
priate textures based on the semantics and layouts of unseen
user sketches. In the second stage, a context-aware layered
depth inpainting algorithm converts these images into stereo
images. It first utilizes the pre-trained MegaDepth [86] to pro-
duce a depth map for an input image and then learns multi-layer
representations to synthesize novel views, ultimately producing
the final stereo image [87]. The above algorithms run on a PC
(Intel Core i19-11900K 3.50 GHz CPU, 64.0G RAM, NVIDIA
GeForce RTX 3090 GPU) using Windows 10 OS.

Fig. 2(b) depicts the workflow of data transfer and process-
ing. Information exchange between Oculus Quest 2 and the PC
is realized via TCP/IP. All sensory feedback devices are con-
nected to the PC through serial ports using a standard baud rate
of 115200 bps, within a local area network (LAN) environment.
When a user selects a color (representing a natural object), Ocu-
lus Quest 2 sends the corresponding instruction code to the PC
via TCP/IP. The instruction code, encoded in JSON format, is
processed by a custom-built parser developed in C within the
Unity environment. The PC then utilizes an Arduino micro-
controller to control the sensory devices. To ensure consistent

Displays (2024)

multisensory feedback, the PC synchronizes all actions using a
real-time clock and a feedback control loop, which monitors the
status of each device and adjusts the commands dynamically.
When the painting is completed, users can click the “Al Gener-
ation” button, sending a high-priority TCP/IP packet from the
Oculus Quest 2 to the PC. The PC processes the sketch using
the aforementioned algorithmsand the generated stereo painting
is sent back to Oculus Quest 2 for users to view in VR.

5. EVALUATION

We conducted the evaluation with three main goals: (1) Com-
paring the usability and immersion of Painting++ with other
mainstream VR painting applications (Section 6.1.1- 6.1.2). (2)
Exploring the influence of multisensory interaction on immer-
sion and participants’ satisfaction of each provided sense (Sec-
tion 6.1.3). (3) Gaining insights into Painting++’s impact on
users’ painting behavior and its roles in human-computer col-
laborative painting (Section 6.2- 7.1).

5.1. Participants

Based on the same pre-screening standard as the preliminary
study, we recruited 18 participants (P13-P30, 8 males and 10
females, aged 20 to 27 years old) via social media. None of
them overlapped with participants from the preliminary study.
All participants were interested in painting, and 11 participants
were skilled painters. Two-thirds of them had experience using
VR headsets, while the others did not. Each participant con-
firmed the informed consent and received compensation.

5.2. Procedure

The evaluation procedure is outlined in Fig. 3. During the
study, each participant wore an Oculus Quest 2 headset to use
three VR painting applications (i.e., Painting VR, Tilt Brush,
and Painting++) in shuffled orders based on the balanced Latin
square to avoid order effects. The setting of the evaluation appa-
ratus is shown in Fig. 4. Participants received brief instructions
for each application and had 10 minutes to explore its features

Procedure Introduction

Application Introduction

Application Experience (10 minutes)

Usability & Immersion Scale

No repeat

Is it Painting++ ? -
9 for 3:times

Yes

Sensory Scale

Semi-structured Interview

Fig. 3. The procedure of the evaluation.
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Oculus Quest 2

Fans

Odor Capsule

VR Controllers Odor Display Device

Fig. 4. The setting of the evaluation apparatus.

Table 2. Statements of factors in the usability and immersion scale.

Factor Statement
Whether it takes physical or mental effort to use

Ease of use .
the system for painting.

Flexibility Whether the system supports users to paint what
they want freely.

Functionality Whether the sy.ste.m could provide the expected
function for painting.

Effectiveness Wl?eth.er the quality of the painting outcome is
satisfying.

CF Whether users could take the initiative to interact
with the system.

DF Whether the system allows users to intently paint
without being distracted by external factors.
Whether the system appropriately encompasses

SF .
multisensory feedback.

RF Whether the painting experience is similar to that

in real world.

without thematic restrictions, and the whole process was video-
taped. Participants could ask if they encountered any trouble
using the application or the VR headset. After that, participants
needed to fill out a seven-point Likert scale related to the us-
ability and immersion of the application.

The usability scale evaluated aspects including the ease of
use, flexibility, functionality, and effectiveness of applications,
while the immersion scale estimated users’ immersion in terms
of four factors: control factor (CF), distraction factor (DF), sen-
sory factor (SF), and realism factor (RF). Each factor contained
several underlying questions, which were distilled from widely-
used questionnaires [88, 89] and tailored to the context of VR
painting. For each factor, we calculated the average score of all
questions for the quantitative analysis. Table 2 provides brief
descriptions of all factors, while detailed questions can be found
in the Appendix. In the following semi-structured interview,
participants were asked to describe their experience using the
application and provide specific instances. Follow-up questions
were posed based on their responses. Notably, for Painting++,
participants completed an additional seven-point Likert scale to
rank each sensory channel’s impact on immersion and report
their satisfaction with each sense.

5.3. Analysis

For subjective measures, a Shapiro-Wilk test [90] indicated
a significant departure from normality distribution for most
scores, so we applied the Friedman test to compare the three
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Table 3. Coded types of behavior and the corresponding sub-behaviors.

Behavior Introduction Sub-behavior
. Look around and no Observe environment (OE),
Observation . .
actual operation observe painting (OP)
Select brush (SB),
. Select something and select color (SC),
Selection .2
prepare for painting select eraser (SE),
select other tools (SO)
o . Create or change Paint (P),
Painting strokes erase (E)

VR painting applications with a significant level of 5% (0.05).
When significant differences were found, we conducted pair-
wise comparisons to determine the variations between each
pair. To explain participants’ quantitative feedback, interview
recordings were transcribed into text. One co-author assigned
each statement to one or more factors in the scales. For exam-
ple, the statement “the audio feedback was so realistic that it
gave me a sense of presence” (P13) was assigned to both SF
and RF. Subsequently, another co-author reviewed the assign-
ment and resolved disagreements by discussing with the first
co-author. Furthermore, we incorporated participants’ feedback
to comprehensively compare the interaction and technical de-
tails of the three systems from various aspects, including paint-
ing interaction, painting environment, auxiliary functionality,
and multisensory interactions. We also analyzed how these as-
pects impact factors including usability and immersion.

In addition, we applied behavior coding to analyze the per-
formance of Painting++ in an objective way. Specifically, we
coded the screen recordings to delve into participants’ behavior
throughout the whole painting process, deepening our under-
standing of the systems’ usability and immersion, as well as
users’ collaboration with different VR painting systems. To be-
gin with, two co-authors independently watched the recordings
and collaboratively established the coding rules. Following dis-
cussions, three primary types of behavior were determined: ob-
servation, selection, and painting, each encompassing specific
sub-behaviors (see Table 3). Subsequently, one co-author an-
notated all video recordings based on the behavior types. The
other co-author went through the annotations and refined them
together with the first co-author. Based on the annotated record-
ing, we further (1) quantified data, such as the percentage of
each behavior and the duration/frequency of each sub-behavior,
to alternatively reveal the usability and immersion; (2) analyzed
participants’ behavior sequences and identified self-correcting
behaviors. In our analysis, self-correcting behavior referred to
users repeatedly performing selection actions without engaging
in actual painting, which could also be considered as an indica-
tor of usability [91]. Behavior sequences were also visualized
to help understand participants’ behavior patterns when inter-
acting with different systems.

6. RESULTS

6.1. Subjective Results
6.1.1. Usability

The quantitative analysis (see Fig. 5) revealed significant dif-
ferences in ease of use (y>(2) = 24.889, p < .001), function-
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ality (y*(2) = 21.556, p < .001) and effectiveness (y*(2) =
15.483, p < .001). Post hoc comparisons indicated that Paint-
ing++ and Painting VR had significant differences in ease of
use and functionality, and the effectiveness of Painting++ sig-
nificantly surpassed both Painting VR and Tilt Brush. The flex-
ibility of the three applications had no significant difference
(2(2) = 2.338, p = .311).

The simplified interaction of Painting++ made it signifi-
cantly outperform Painting VR in ease of use. In Painting++,
participants could directly point to the color or brush and select
it, which was “easy for VR novice to get started with painting”
(P21). In contrast, participants found the interaction of Paint-
ing VR “so realistic that it took me much effort to pick up the
brush” (P28) or “wash the brush” (P29). However, both Paint-
ing++ and Painting VR had the issue of misoperation, such as
accidental brush switching (e.g., P22, P25). In this aspect, par-
ticipants thought the interaction of Tilt Brush was simple and
intuitive, although they needed some time to adapt to get used
to 3D mid-air painting. Additionally, more than half of the par-
ticipants preferred painting on the 2D canvas in Painting++, as

*% * * * *% *
7
6
5
4
3
2
-l .
Ease of Use Flexibility Functionality Effectiveness
l:| Painting++ I:l Painting VR I:l TiltBrush % p<.05 %% p<.001

Fig. 5. Results of the usability scale.

(a) countryside / Painting++ / novice

mm—

(c) mountain / Painting VR / novice (d) forest / Painting VR / skilled painter

e) bamboo / Tllt Brush / novice f) garden / Tilt Brush / skilled painter

b) seaside / Pamtlng++ / skilled painter

Fig. 6. Paintings created by participants in Painting++, Painting VR, and Tilt
Brush. The caption below each painting shows the theme of the painting / the
used application / expertise of the participant.
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it aligned better with their cognition and habits, according to
both skilled painters and novices.

Regarding flexibility, feedback from participants indicated
the need for greater flexibility in all three applications. For
Painting++, participants noted that the limited color options
somewhat restricted their creative freedom, as expressed by
P13: “I could only choose the color from the given scene, and
it did not allow me to draw a dog or a cat” (P13). Apart from
that, P20 and P28 reported difficulty in obtaining desired colors
in Painting VR by simply mixing the provided colors. In com-
parison, as stated by P22 and P26, Tilt Brush provided a wider
range of brushes, scenes, and auxiliary tools. However, “its
painting style was somewhat limited to the cyber style” (P30).

Participants praised the functionality and effectiveness of
Painting++ due to its AI assistance. We present several
paintings created by participants in the three applications in
Fig. 6 to illustrate the quality of paintings. Both novices
and skilled painters achieved high-quality paintings in Paint-
ing++ (Figs. 6(a) and 6(b)). Conversely, even skilled painters
faced challenges completing paintings in Painting VR and Tilt
Brush (Figs. 6(c)- 6(f)). On the question “I can create better
paintings in this application than in reality”, Painting++ scored
an average of 5.72 (SD = 1.28), while Painting VR and Tilt
Brush scored 3.67 (SD = 1.73) and 5.33 (SD = 1.37), re-
spectively. P16 and P23 mentioned that “for an unprofessional
painting lover like me, the collaboration with Al helped me ob-
tain a better painting with vivid details”. In particular, P20 de-
scribed that “Al enriched the details of my painting, and I could
see the leaves of the trees”. Regarding Painting VR, partici-
pants thought that “it only provided the tools for painting, but
did not give me any further assistance in painting” (P21). As a
result, some participants found the painting outcome of Paint-
ing VR somewhat disappointing. As for Tilt Brush, P16 and
P18 appreciated its captivating brush effects that enhanced their
paintings to some extent, although creating ideal shapes and
items in 3D space remained challenging.

6.1.2. Immersion

For immersion, the quantitative results indicated significant
differences in DF (y*(2) = 8.100, p = .017), SF (x**(2) =
14.282, p = .001), and RF (x?(2) = 14.812, p = .001). Since
the immersion of Painting VR and Tilt Brush has been analyzed
in Section 3.2, this section mainly focuses on participants’ feed-
back on Painting++ (see Fig. 7).

Although there was no significant difference in CF, Paint-
ing++ had the highest mean score among the three applications.
For the question “How much were you able to control the effect
of painting?”, most participants agreed that Painting++’s Al
generation capability guaranteed the quality of their paintings.
In addition, interaction with the natural scene and multisensory
feedback contributed to a higher score for the question “How
responsive was the environment to actions that you initiated (or
performed)?”. However, due to the limited brush options in
Painting++, participants felt they had more freedom to control
the painting content in Tilt Brush and Painting VR. P29 also
mentioned that he wanted to manipulate the Al generation re-
sults in Painting++.
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Regarding DF, the simplified interaction of Painting++ effec-
tively immersed participants in painting. They found the system
helped them with tasks such as selecting the suitable color for
natural objects, allowing them to concentrate on painting rather
than the mechanisms. In addition, the audio feedback of Paint-
ing++ prevented distractions from real-wold noise (e.g., P25),
contributing to higher DF scores. However, the average DF
score was relatively low among the four factors. Qualitative
feedback revealed that some participants were not used to the
VR equipment (e.g., P22), and the heavy HMD distracted them
from painting. Additionally, participants need to wait about 15
seconds before obtaining the final painting. During this waiting
period, some participants may be distracted by events occurring
in the real world.

Participants’ positive feedback on SF also indicated that the
multisensory interaction of Painting++ profoundly shapes the
immersive painting experience. Generally, participants agreed
that the multiple sensory channels integrated into Painting++
vastly enriched their sense of immersion. P21 further pointed
out that “including multisensory interaction into the painting
process made Painting++ distinct from other VR painting ap-
plications”. Participants also appreciated that in Painting VR,
“[ felt the touch and heard the sound when I was painting”
(P17, P19), and spatial audio feedback in Tilt Brush surprised
P16. Participants’ detailed feedback on each sensory channel
of Painting++ will be introduced Section 6.1.3.

The RF of Painting++ was positively influenced by realistic
scenes and multisensory interaction. Participants agreed that
the natural scenes in Painting++ authentically reproduced the
real sceneries, including the beach, forest, and field. In con-
trast, the scenes in Tilt Brush leaned toward a more futuristic
style. It could be noticed that some questions of RF overlapped
with those of SF, indicating that multisensory feedback not only
enriched participants’ sensory experience but also increased the
realism of VE.

6.1.3. Multisensory Interaction

In terms of participants’ feedback on different sensory chan-
nels, we observed that for most participants, visual feedback
remained predominant (see Fig. 8(a)). Surprisingly, two par-
ticipants thought that haptic feedback had the most significant
influence on their immersion.

Question Index
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Fig. 7. Painting++’s results of the immersion scale.
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Fig. 8(b) depicts the detailed results of sensory satisfaction.
All participants appreciated the visual effect of Painting++
(M = 6.39, SD = 0.68). P20 specifically described that “when
I look around, I found a vast ocean behind me, which inspired
me to add an island to my painting”. Besides, P19 and P25
agreed that the natural scene broadened their views and evoked
feelings of painting outdoors. Moreover, participants put for-
ward expectations for improved visual effects of the brush. For
instance, P27 desired textured strokes, and P23 wished for color
overlay effects.

As for audio feedback, participants’ average response was
6.50 (SD = 0.83), with more than half of them expressing
strong satisfaction with it. For instance, P17 mentioned that
“the sounds, especially the singing of birds, could bring me to
the natural scene in a short time and increased my willingness
to paint”. The audio feedback also brought P22 the illusion
of being outdoors and reminded P27 of painting experience in
natural settings.

The average score for haptic feedback was 6.11 (S D = 0.87).
Participants noted that the simulated wind from VE made them
feel comfortable and relaxed. P19 further mentioned, “I could
feel my hair fluttering with the wind”. The vibration from the
VR controllers provided intuitive feedback, as described by
P18, “once I painted on the canvas, I could get the haptic feed-
back”. However, while some participants felt the haptic feed-
back distinctly, others found it hard to recognize. Meanwhile,
P20 observed that the haptic feedback was not always notice-
able enough and expected the system to provide feedback when
the brush was lifted from the canvas.

The average score of smell feedback was relatively low (M =
5.39, SD = 1.25). Most participants appreciated the involve-
ment of smell feedback, with P14 describing that “the smell
made me think of the immersive cinema in Disneyland”. It was
generally agreed that smell feedback could assist participants
in choosing their desired brush color (e.g., P21). However, par-
ticipants also found that some scents needed to be stronger, as
they were difficult to distinguish.

(a) Preference (Count of Rank)

88.2% EX115.9%
76.5%
11.8% 17.6%

Visual
Audio
Haptic

Smell

11.8%

Visual

oo D

11.8% [11.8% 29.4%

1 2 3 4

Smell

Fig. 8. (a) Participants’ preference for different senses. (b) Participants’ satis-
faction of each sense.
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6.1.4. System Comparison

Despite sharing similar core functionalities, target users, and
design objectives, Painting VR and Tilt Brush differed from
Painting++ in terms of interaction and technical details. These
differences could impact the above factors including usability
and immersion. Therefore, we further summarized the primary
differences among the three systems (see Table 4), and made a
comprehensive comparison based on participants’ feedback.

Painting Interaction. While Painting VR and Tilt Brush
adopted embodied interaction and menu-based interaction sep-
arately, Painting++ combined these two ways of interaction
to maximize their respective strengths. Embodied interaction
refers to how people interact with digital technologies through
their physical bodies [92]. The incorporation of embodied in-
teraction reproduces users’ real-life experience and facilitates
the involvement of one’s body, increasing the sense of presence
for participants. However, while embodied interaction of creat-
ing strokes (Painting++ and Painting VR) was mentioned to in-
crease usability by 8 participants, employing embodied interac-
tion (Painting VR) to select tools decreased usability (stated by
14 participants). Meanwhile, 12 participants agreed that menu-
based selection (Painting++ and Tilt Brush) positively influ-
enced system usability.

Painting Environment. Environment is a critical component
of a VR painting system, which is typically characterized by
its realism and type. For technical implementation, all three
systems used Unity to build their environments but differed in
their choices regarding realism and type. Realism of environ-
ment refers to the extent to which a VE convincingly simulates
a real-world environment [93], and 13 participants thought that
the realistic environment in Painting++ contributed to its higher
immersion. In contrast, Tilt Brush offered an abstract environ-
ment without any realistic objects, and participants were unable
to draw inspiration directly from this environment. The types
of VE mainly include neutral environment (e.g., plain back-
ground), indoor environment (e.g., studio, gallery), and outdoor
environment (e.g., forest, street), and the neutral environment in
Tilt Brush was considered to decrease immersion (suggested by
6 participants).

Auxiliary Functionality. With auxiliary functionality from
VR painting systems, users could possibly obtain more satisfy-
ing works than painting alone. In Painting VR and Tilt Brush,
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some basic auxiliary functionalities such as rulers (to help users
draw straight lines) and mirrors (to copy a symmetrical pattern
from the original painting) were available. As for Painting++,
we incorporated GAN-based Al generation to help users obtain
rich-textured output by outlining the layout of painting, and 11
participants appreciated it for increased usability.

Multisensory Interaction. Painting VR and Tilt Brush primar-
ily relied on the built-in equipment in Oculus to provide multi-
sensory feedback, whereas Painting++ utilized additional hard-
ware for more comprehensive haptic and smell feedback. Ac-
cording to feedback, 13 participants felt that the multisensory
feedback provided by Painting++ enhanced immersion, while
8 participants mentioned that the insufficient sensory feedback
in the other two systems negatively impacted immersion.

6.2. Objective Results

6.2.1. Quantitative Metrics of Behaviors

Observation. Based on the behavior coding, the average per-
centage of observation in Painting++ (M = 42.74%) exceeded
that of Painting VR (M = 7.94%) and Tilt Brush (M = 3.84%).
By analyzing the average duration and count of observed be-
haviors (see Fig.9), we found that when using Painting++, par-
ticipants’ average duration of observing the environment and
painting far exceeded that of the other two systems, while the
frequency of these behaviors did not differ significantly.

Selection. The time proportion participants spent on selection
in Painting VR (M = 53.56%) and Tilt Brush (M = 50.01%) far
exceeded Painting++ (M = 17.42%). Evident findings include:

Duration of selecting brush. In Painting VR, the average brush
selection time (M = 10.80s) far exceeded Painting++ (M =
4.99s) and Tilt Brush (M = 3.67s), which somewhat illustrated
Painting VR’s weakness in usability. Specifically, the longest
time for one brush selection took 68s in Painting VR. P28 at-
tributed this extended brush selection process to the highly real-
istic embodied interaction in Painting VR, which might enhance
immersion but meanwhile diminish usability.

Frequency of selecting brush. When using Tilt Brush (M =
29.30), participants’ brush selection frequency obviously sur-
passed that of Painting++ (M = 3.42) and Painting VR (M =
9.92). This was primarily due to Tilt Brush’s variety of brushes,

Table 4. Differences in interaction and technical details of Painting++, Painting VR, and Tilt Brush.

Painting++

Painting VR

Tilt Brush

Painting Interaction Menu-based interaction, embodied interaction

Embodied interaction

Menu-based interaction

Realistic, natural environment modeling with

Painting Environment Unity

Realistic indoor painting studio modeling
with Unity

Abstract neutral environment created
by panoramic pictures

Auxiliary Functionality GAN-based Al generation, scene switching

Ruler, browser

Ruler, mirror, teleport, zoom in
and zoom out

Seven types of simulated natural sound

Simulated sound of physical contact between

Magic sound effects for different

Audi
Multisensory udio (Oculus’ built-in speaker) brush and canvas (Oculus’ built-in speaker) brushes (Oculus’ built-in speaker)
Interaction Haptic Haptic feeQback to simulate pl?ysical contact  Haptic feedback to simulate physical contact Haptic feedback (Oculus)
(Oculus), simulate natural feeling (fans) (Oculus)
Smell Simulated smell of natural environment (a

multi-channel odor display device)
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Fig. 9. Quantitative metrics of behaviors, including (a) average duration per behavior and (b) average count of each behavior.

and participants tended to “switch the brush frequently to ex-
plore the visual effects of different brushes” (P15). Such variety
provided by Tilt Brush enhanced the freedom of painting, but
it also resulted in more self-correcting behaviors that reflected
lower usability (see Section 6.2.2). Besides, the frequency of
brush selections in Painting++ was the lowest because it of-
fered fewer brush types compared to the other two systems.

Duration and frequency of selecting other tools. Partici-
pants demonstrated frequent and rapid selection of other
tools (Myyration = 4298, Mtrequency = 16.80) when using
Tilt Brush, but an opposite trend in Painting++ (Myuration =
13.305, M frequency 2.67) and Painting VR (Myyration
1.335, M frequency = 14.90). In Painting++, participants mainly
used the scene-switching and Al generation tools, with the latter
resulting in a longer duration due to a technical bottleneck. In
Painting VR, participants primarily utilized other tools to move
their positions in the virtual environment, but the unnatural in-
teraction design of this feature caused many participants (e.g.,
P21 and P30) to spend some time adapting to the current view
and overcoming dizziness after moving, reflecting its lower us-
ability. As for Tilt Brush, participants tended to switch differ-
ent auxiliary tools to understand their actual functions. This
revealed that Tilt Brush lacked a suitable tutorial for beginners,
and the relatively high learning curve of these tools was consid-
ered a factor decreasing usability.

Painting. Regarding the time proportion spent on actual paint-
ing, there was no obvious difference among Painting++ (M =
39.84%), Painting VR (M = 38.50%), and Tilt Brush (M =
46.15%). However, the average duration of individual painting
instances in Tilt Brush (M = 6.59s) was shorter than in Paint-
ing++ (M = 12.79s) and Painting VR (M = 10.20s). Partic-
ipants noted that the virtual canvas and embodied painting in-
teraction in Painting++ and Painting VR allowed them to ‘con-
centrate more on the painting process”, possibly explaining the
variance in average duration and frequency. Notably, the av-
erage time of erasing in Painting VR (M = 10.8s) was higher
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than in Painting++ (M = 6.94s) and Tilt Brush (M = 6.525),
possibly due to the frequent falling of the eraser, thus negatively
influencing the usability of Painting VR.

6.2.2. Behavior Sequences

During the behavior coding of participants’ video recordings,
we found distinct degrees of self-correcting behaviors when us-
ing different systems. Based on our predefined behavior codes,
recognized typical sequences of self-correcting behaviors in-
clude:

e P-SE-SB-P: Participants selected the eraser but switched
to a brush without erasing anything.

e P-SB(-SB)-SB-P: Participants consecutively switched
brushes, with some brushes not being used.

e P-SC(-SC)-SC-P: Participants consecutively switched col-
ors, with some colors not being used.

According to the statistical results, the average number of
self-correcting behaviors in Painting++ (M = 2.08,S D = 0.76)
was lower than in Painting VR (M 2.75,SD 1.09)
and Tilt Brush (M = 6.42,SD = 2.63). Based on partici-
pants’ feedback, we believed this difference was mainly be-
cause that: (1) lower usability led to frequent misoperations and
self-corrections, and (2) systems did not provide sufficient in-
spiration or guidance to help participants decide which tool to
use. Overall, according to our observation of self-correcting
behaviors, participants interacted more smoothly with Paint-
ing++, demonstrating higher usability for our system.

To gain a more comprehensive understanding of differences
in participants’ behavior among the three VR painting systems,
we further compared the visualized behavior sequences. Exam-
ples of behavior sequences for P14 and P22 are illustrated in
Fig. 10, aiding our discussion on these differences. For Paint-
ing++, participants typically observed the environment first be-
fore selecting a brush. The observation process helped them
make rapid and correct selections, which might also explain
the fewer self-correcting behaviors in Painting++. In addition,
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Fig. 10. Example of behavior sequences in three VR painting systems.

while in Painting++ participants made observation throughout
the entire painting process, in Painting VR and Tilt Brush, they
primarily observed at the beginning only. These differences
were likely influenced by the distinct environmental setups. In
Painting++, participants were able to draw inspiration from
the natural environment surrounding them (as demonstrated by
P24), thereby leading to longer and more frequent observations.

7. DISCUSSION

7.1. Roles of Painting++ in Human-computer Collaborative
Painting

In Painting++, we aimed to enhance the immersion of VR
painting and extend the roles that a computational collaborator
could play in collaborative painting. To gain a deeper under-
standing of the collaboration between Painting++ and users, we
outline the roles of Painting++ based on participants’ feedback.

7.1.1. Painting++ as a Painting Assistant

Our system leveraged AI’s generation capabilities to produce
vibrant cartoon paintings from rough sketches and converted
plane paintings into stereo paintings. The utilization of Al as-
sists users in achieving more satisfying paintings in VR com-
pared to painting alone. In our preliminary study, both skilled
painters and novices reported that painting in VR posed more
challenges than traditional tools, hindering their ability to con-
vey intentions and create aesthetically pleasing works. These
challenges stem from factors including the limited controller
flexibility and demanding 3D spatial imagination requirements.
Concurrently, as Al continues to advance, collaborative creative
systems involving Al are becoming prevalent [94]. Especially,
Al enables untrained users to participate in creative activities
without additional training or specialization [24]. Capitalizing
on this, Painting++ demonstrates the potential of integrating Al
capabilities into the VR experience. The Al-generated paint-
ings made users excited that they could “easily create person-
alized virtual worlds in VR’ (P30).

7.1.2. Painting++ as an Immersion Creator

By incorporating appropriate multisensory interactions
within simulated scenes, Painting++ deepened users’ immer-
sion in painting and rejuvenated their mental states. Our find-
ings (see Section 6.1.3) highlighted that Painting++’s multisen-
sory interactions prevented participants’ distractions and facil-
itated deeper concentration on their inner thoughts. For exam-
ple, P15 remarked that “the audio feedback was like white noise
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and the breeze from fans made me feel like I was getting a facial
massage”. Prior research also proved that multisensory interac-
tion could effectively engage one’s body [14]. Our study, along
with existing literature, suggests that combining painting with
multisensory interactions can effectively relax the mind and en-
hance the immersive experience. The created immersion could
hopefully activate users’ brains [13, 15] and bring users to a
creative state [33].

7.1.3. Painting++ as an Inspiration Trigger

Natural scenes augmented by multisensory interaction have
the potential to stimulate users’ inspiration and creativity. Par-
ticipants particularly noted that audio and smell feedback ac-
tivated their willingness to create, while visual feedback pro-
vided inspiration for the layout, theme, and details of the paint-
ing. Previous studies have indicated that true creativity extends
beyond mere conceptual imagination; it must manifest physi-
cally or sensorially [17], as seen in real sensory feedback. From
this aspect, multisensory interaction further enhances users’ un-
derstanding and perception of VE by allowing them to actually
hear, smell, and touch the scene, thus contributing to the in-
spiration. Moreover, advancements in virtual and augmented
reality technologies have expanded people’s perceptual bound-
aries, allowing for the creation of novel perceptual dimensions
that have never existed [64], which further contributes to trig-
gering creative inspiration.

7.2. Potential Value of VR Painting

7.2.1. Escaping from Physical Limitations in Simulated VE
Based on our findings, a significant benefit of VR painting
systems is their ability to liberate users from the constraints of
the physical world. When painting outdoors, individuals ob-
tain diverse experiences and rejuvenate their minds by engaging
with nature. By harnessing VR technology, users can immerse
themselves in their preferred painting settings within VE and
interact with it through multisensory feedback. For instance,
they can paint in a virtual countryside or seaside setting any-
time. According to the qualitative feedback on RF, participants
acknowledged that the natural scenes like the beach, forest, and
field in Painting++ crafted a vibrant virtual realm parallel to
reality, transporting them to “an imaginary world” (P20).

7.2.2. Creating Content in VR with Al Assistance

Our study delved into the collaboration between people and
Al to create content in VR, which is expected to promote the
development of VR applications [95]. Recently, numerous VR
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applications have garnered public attention. Providing content
such as diversified scenes is necessary to prevent users from
monotony in VR. However, crafting and rendering 3D content
remains time-consuming and complex, even for highly skilled
artisans. With the advancements of Al, certain existing mod-
els such as Stable Diffusion [96] and DALL-E [97] can swiftly
generate high-quality images, and research like 3DALL-E [98],
DreamFusion [99], and Dreambooth3D [100] further explored
the generation of 3D objects. While existing research already
supports text-based 3D generation, content creation through
human-AI collaborative painting leaves more room for users
to customize the shape and layout of the outcomes.In our eval-
uation, one participant mentioned that “the painting generated
in VR could be used as scenes for animations or games” (P24).
Future endeavors could delve deeper into human-Al collabora-
tion, integrating cutting-edge Al algorithms to facilitate user-
driven content customization across various VR applications.

7.3. Limitations and Future Work

Here we present some issues worthy of further discussion,
and consider several limitations of current Painting++ that war-
rant future research efforts.

When designing Painting++, we employed a self-developed
Al algorithm for generating stereo paintings, considering two
aspects. First, we chose a GAN-based model rather than large
models like Stable Diffusion, because these models mainly rely
on text-based prompts to produce images, which to some ex-
tent diminishes the interaction of painting activities. Further-
more, our primary goal is to preliminarily validate the feasibil-
ity and value of Al generation in VR painting, for which our
self-developed Al model is sufficient. Building upon our vali-
dation, the adopted algorithm could potentially be replaced by
other models with better performance in the future. Second, we
chose to further transfer the generated 2D paintings to stereo
ones because the approach could provide a more consistent ex-
perience in the three-dimensional space of VR without increas-
ing the complexity of painting.

To validate Painting++, we compared it with Painting VR
and Tilt Brush, but these two applications differed somewhat in
functionality and painting styles from our system. Ideally, we
should compare Painting++ with another painting system that
provides multisensory interaction and Al assistance. However,
no VR painting application has the same functionality as Paint-
ing++. Nonetheless, our evaluation primarily aimed to validate
the usability and immersion of Painting++, which aligned with
the design goals of Painting VR and Tilt Brush. Another factor
that may influence the evaluation results is AI’s impact on the
expressiveness of the created paintings. We acknowledge that
Al assistance can enhance painting expressiveness, leading to
the potential unfairness of the comparison between our system
and the other two. However, the design goal of Painting++ and
the primary focus of our evaluation are concerned with the en-
hancement of the overall painting experience through human-
computer collaborative painting, rather than the impact on the
expressiveness of the painting results.

Regarding the evaluation, another potential limitation is the
lack of an objective benchmark test suite for evaluating Paint-
ing++, primarily due to the current unavailability of mature and
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applicable suites. Additionally, the core design goal of Paint-
ing++ is to enhance immersion in VR painting, which is inher-
ently a subjective experience. Nevertheless, future work could
make efforts to develop objective evaluation standards for VR
painting experiences, such as assessments based on behavior or
electroencephalography (EEG) signals.

Although our system effectively brings immersion to VR
painting, the evaluation results imply that multisensory feed-
back is insufficient in some cases. We speculate that this is be-
cause the feedback devices used in Painting++ have a relatively
limited scope of effect. We adopted desktop equipment to pro-
vide sensory feedback to reduce users’ physical load, but this
approach may have restricted the scope of effects. To address
this issue, lightweight wearable feedback devices could be con-
sidered as alternatives. Additionally, adopting more advanced
equipment such as intelligent gloves and ultrasonic simulators
could enrich the tactile experience.

Another limitation of Painting++ lies in its relatively lower
functional flexibility compared to other commercial VR paint-
ing applications. While the simplified painting interaction and
external painting assistance of Painting++ reduce the difficulty
of painting in VR, they may limit the proactiveness of profes-
sional users, particularly those well-versed in using VR paint-
ing applications. Despite this, Painting++ could still benefit
professional users by creating immersion and triggering inspi-
ration. Apart from that, participants have expressed a desire for
Painting++ to provide more available colors and richer brushes.
Some participants also wish to make additional adjustments,
such as modifying layouts or textures in the generated paint-
ings. We have to clarify that this paper focuses on exploring the
collaboration between human and the computer in VR painting,
rather than developing a fully functional commercial product.
However, we will continually improve the functions based on
users’ painting habits to enhance functional flexibility.

Finally, some specific limitations of Painting++ can be im-
proved in a short term: (1) Optimize the data transfer approach
between PC and Oculus Quest 2 to reduce users’ waiting time.
(2) Add timely guidance during painting to avoid misopera-
tions. (3) Allow users to import their own sceneries and models
to address the issue of restricted scenes.

8. CONCLUSION

In this paper, we designed and developed Painting++, a sys-
tem that enabled human-computer collaborative painting in VR
with multisensory interaction. Specifically, we provided nat-
ural painting scenes and integrated visual, audio, haptic, and
smell feedback to enhance immersion in VR painting. We also
adopted Al to collaborate with users in creating stereo paint-
ings from rough sketches. The evaluation results suggested that
Painting++ outperformed existing VR painting applications in
terms of usability owing to the assistance from Al. In addition,
it effectively delivers a highly immersive painting experience
for users. Our work elaborates on the potential of multisensory
interaction and Al capability in facilitating painting. We expect
that Painting++ will provide inspiration for the design of future
human-computer collaborative painting systems.
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Appendix

Appendix A. Questions in the Scales

Table 1 presents questions in the usability scale and the cor-
responding factor of each question. Table 2 presents questions
in the immersion scale and the related factors of each question.

Table 1. All questions in the usability scale.

Question Factor
I can easily paint whatever I want with this application. Ease of use
I freel ideas through painting in thi
can. re.e y express my ideas through painting in this Flexibility
application.
The functions ided by this application can hel t
.e unctions provided by this application can help me to Functionality
paint.
I am satisfied with the painting created in this application. Effectiveness
I do not need any extra assistance when using
. . Ease of use
this application.
This application will not restrict the content of my painting. Flexibility
I am well aware of all the functions provided by this . .
. Functionality
application.
I can create better paintings in this application than in reality. Effectiveness
I can easily modify my painting in this application. Ease of use
Th feedback from th lication facilitat
Ie s.ensory eedback from the application facilitates my Flexibility
painting process.
Table 2. All questions in the immersion scale.
Question Factor

How much were you able to control the effect of painting? CF

How responsive was the environment to actions that you
initiated (or performed)? CF

How completely were all of your senses engaged? SF

How much did the visual aspects of the environment in-
volve you? SF

How much did the auditory aspects of the environment
involve you? SF

How natural was the mechanism which controlled move-

ment of painting? CF
How aware were you of events occurring in the real world

around you? DF
How aware were you of your display and control devices? DF

How much did your experiences in the virtual environment

seem consistent with your real-world experiences? RF
How well could you identify sounds? RF SF
How well could you localize sounds? RF SF

How well could you actively survey or search the virtual
environment using touch? RF SF

How proficient in moving and interacting with the virtual
environment did you feel at the end of the experience? CF

How well could you concentrate on the assigned tasks
or required activities rather than on the mechanisms
used to perform those tasks or activities? DF
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