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Fig. 1. (a) A third-person perspective of the user wearing the Head-Mounted Display, and (b) the first-person view of the user’s hands
interacting with the particles

Music performances have transformed in unprecedented ways with the advent of digital music. Plenty of music visualizers enhance
live performances in various forms, including LED display boards and Holographic illustrations. However, the impracticability of
live performances due to the Covid-19 outbreak has led to event organizers adopting alternatives in virtual environments. In this
work, we propose Liquid Hands, an Augmented Reality (AR) music visualizer system, wherein three-dimensional particles react to
the flow of the music, forming a visually aesthetic escapade. With hand-particle interactions, Liquid Hands aims to enrich the music
listening experience in one’s personal space and bridge the gap between virtual and physical concerts. We intend to explore the
psychological effects our system induces by conducting a pilot study, in which we measure the user’s psychological state through
Electroencephalography (EEG). We hypothesize that the proposed system will evoke emotions akin to those exhibited in live music
performances.
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1 INTRODUCTION

Music science has advanced in innovative ways coherent with the technological advancements in computational
power and computer graphics. Music interfaces and visualization tools have also evolved, steering interactions with art
forms to new heights. Live performances such as Deadmau5’s Cube V3 [8] and Eric Prydz’s Epic 5.0 [26] have set the
unofficial standard in transforming the music VFX industry through stimulating visual imagery. The latter of which
even implemented abstract holographic illustrations to convey the artistic standpoint better.

Scherer and Zentner [29] hypothesized that associating music with memory-dependent visual imagery is an important
path by which listeners may feel emotions in response to the music. The hypothesis was later backed by a study [18], in
which listeners indicated that visual imagery was among the essential factors that induced emotions in their everyday
life. Digital music has afforded us the capability to consume music with ease and access; nevertheless, little innovation
has been done to enrich this listening experience in a personal setting. Hence, there is a necessity for a more intimate
and personal interaction with music than a two-dimensional screen.

Moreover, the Covid-19 pandemic has amplified this need as the increasingly growing numbers of events have
resorted to virtual spaces such as AltspaceVR [21]. Recently, the hip-hop artist Travis Scott’s event on the video game
Fortnite had a record-breaking attendance of 12.3 million people [43], and the virtual Tomorrowland music festival saw
more than one million fans tuning in [33]. In this work, we introduce a proof-of-concept AR particle music visualizer,
Liquid Hands, with the intent to bridge the gap between virtual and physical performances. AR enables superimposing
of graphical objects onto the real-world and thereby enabling comprehensive views of it. By utilizing an Optical
see-through Head-Mounted Display (HMD), the system provides an immersive experience where the particles react
intuitively to the music in one’s personal space, as seen in Figure 1. The color, movement, and speed of the particles
correlate with the music’s characteristics. We extend upon this intimate experience by implementing hand-particle
interactions, providing the user with a stronger sense of control.

Emotional responses to music are governed by the interplay of several factors related to the music, listener, and the
situation [12]. We hypothesize that through the perception of connectedness, the proposed system will evoke identical
emotions induced in a physical concert. We now intend to conduct a pilot study by measuring the user’s psychological
state via EEG. A significant increase in the Gamma band power before and while using the system would corroborate
its efficacy [25]. We also propose to extend this work in eliciting mindfulness and a more relaxed state of mind by
alleviating anxiety. Csikszentmihalyi [7] states, "Listening to music wards off boredom and anxiety, and when seriously
attended to it, it can induce flow experiences. (pg. 109)". Furthermore, McKinney et al. [20] remarked that prompting
participants to experience visual images during music listening lowered basal cortisol and enhanced their mood.

In the subsequent sections, we discuss other prior work in the literature, followed by an in-depth overview of the
system’s working. We then conclude by outlining the directions for future work.
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2 RELATEDWORK

A plethora of real-time music visualizers provide a stimulating experience by reacting to the music’s tempo, rhythm,
strength, or pitch. Diverse varieties of geometric designs have been utilized in the visualization of musical rhythms,
such as bars [15, 23], radial forms [17], spirals [5], isochords [3], arc diagrams [39], and three-dimensional structures
[24, 38]. One of the earliest works by Kubelka [19] proposes a proof-of-concept interactive music visualizer comprising
three primary units - a sound analyzer, a visualization module, and a scene editor. The system utilized OpenGL for
rendering the graphics and was implemented on the Windows NT operating system. With the intention to visualize the
harmonic relationships in music, Ciuha et al. [6] demonstrated a visualizer that mapped concurrent music tones to
colors through vector addition. The colors were obtained by referring to the Circle of Fifths, wherein similar colors are
closer together, and complementary ones are on the opposing sides.

Dixon [10] cites that a note’s pitch and the corresponding volume are the most common extracted parameters.
Moreover, the mathematical models of time and frequency signals [13] are also among the factors employed for musical
analysis and synthesis. A variety of works [6, 16, 23, 24] have also interfaced with MIDI or Musical Instrument Digital
Interface that display visual illustrations so as to better comprehend and conceive the tonal patterns of the audio. A
program to parse MIDI data and automatically generate three-dimensional graphical depictions was developed by Smith
and Willams [30]. Their system also used the OpenGL framework for rendering the graphical components.

Fonteles et al. [11] implement a particle system in the form of fountains and are choreographed by a piece of classical
music. The particles were mapped to three music parameters - tonal pitch, volume, and the timbre. The tonal pitch
determined which color the particles will bear, and the volume controlled the size of the particles. Lastly, timbre is
characterized by the instrument that emits a particular musical note. The system was built upon OpenGL and Java;
the latter’s sound libraries assisted in interfacing with the MIDI, and through which the audio data is obtained. A
preliminary user study revealed that the corresponding computer animations matched the musical passages on cue. The
authors then evaluated the system with music students and experts, which confirmed a strong perceptual relationship
between music and visual attributes.

A large scale study of emotions induced during live music performances is carried out by Baltes et al. [2] One
hundred and twenty-six participants reported their music-induced emotions using the Geneva Emotional Music Scale
(GEMS) [44] after attending an Opera performance. GEMS involves forty-five emotion labels grouped into nine different
emotions - wonder, transcendence, power, tenderness, nostalgia, peacefulness, joyful activation, sadness, and tension.
The participants were notified only to report their emotions and not the ones portrayed by the characters in the
performance. The authors found that feelings of sadness and tension gradually increased during the performance, in
correspondence with the Opera’s story-line. It was also revealed that individual differences in empathy, visual imagery,
and mood influenced the reported emotions.

An enriched music listening experience can also elicit mindfulness and a state of flow. Through a study involving a
laboratory music listening task, Diaz [9] explores the effects of attention, flow, and mindfulness. Participants comprised
trained musicians who were asked to engage in a fifteen-minute guided induction prior to providing their responses on
a Likert-type questionnaire. The purpose was primarily to ascertain whether the participants had experienced the flow
or an aesthetic response. Results indicated that although there was no statistical difference in the summative accounts
of attentiveness, the majority perceived mindfulness benefits. A cursory analysis of verbal responses showed that
participants experienced decreasedmental distraction, increased awareness of musical characteristics, and improvements
in focus.
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In summary, much work has been realized in visualizing music in meaningful and intuitive ways. However, an
immersive Augmented Reality particle music visualizer with hand-particle interactions, aiming to enrich the music
listening experience in one’s personal space, has not been shown previously in the literature (to the best of our
knowledge).

3 THE PROPOSED APPROACH

Liquid Hands is developed using Project Esky [28], a software API designed explicitly for integrating six-degree-of-
freedom tracking, hand tracking, Microsoft’s Mixed Reality Toolkit (MRTK) [22], and the Unity game engine [36] -
allowing for rapid, high fidelity AR experiences. It exploits the large field-of-view (100 degrees diagonally) afforded by
the Project Northstar [35] Optical see-through HMD. The system employs the Stereolabs Zed Mini [31] for administering
the HMD with six-degree-of-freedom tracking capability and the Leap Motion [34] for hand-tracking. For development,
we use the Unity game engine, running on an HP VR G2 [14] backpack PC with the following specifications: Intel Core
i7-8850H, 32 GB RAM, and an NVIDIA GeForce RTX 2080. Using MRTK, we implement a simple set of music controls
with which users can interact using their hands, specifically - play/pause, forward, rewind, and a duration slider.

3.1 Audio Signal Processing

To visualize music in an intuitive, immersive, and a purposeful way presents a grand challenge. Initially, we convert the
audio signal from the time-domain to the frequency-domain by employing the widely known Fast Fourier Transform
alongwith the Blackmanwindow. Thewindow helps in preventing spectral leakage and smoothens the non-stationarities,
characteristic of an audio signal. The frequency-domain signal is divided into seven prominent frequency bands whose
amplitudes are then averaged to get the audio signal’s mean amplitude. Subsequently, this overall amplitude is normalized
and fed as input to the particle system. In addition, we also implement a buffer to ensure a gradual decrease from a
higher amplitude to a lower one. Not adding this buffer leads to the particles ignoring the music’s flow, resulting in an
unpleasant experience.

3.2 Particle System

A Particle system is a technique in computer graphics to simulate phenomena that are extremely difficult to produce
through other rendering techniques [40], and have been used in the video game industry to generate smoke, fire, and
explosions. Each particle is made of minute sprites and is overseen by parameters such as color, position, size, and
lifetime. Unity’s VFX Graph [37] serves as the underlying particle system for our work. We utilize a blob-like texture of
various sizes, and alpha-clip it to represent a single particle. To attune the particles to the music, the amplitude derived
from processing the audio signal controls several aspects of the particle system:

• Vector Field Force: The amplitude controls a virtual force-field’s size and intensity, thereby pushing the particles
away when the music’s amplitude increases and vice versa.

• Linear Drag: The amplitude is inversely proportional to the particles’ drag, resulting in a more leisurely movement
of particles when there is not much happening in the music.

• Alpha Threshold: The alpha property of the particles is also controlled by the amplitude to replicate a more
strobe-like appearance, i.e., the particles toggle on and off when there are large shifts in the amplitude.
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• Color: The color gradient of the particles are mapped to their respective speed. When there is an increase in
amplitude, the system pushes the particles away and reduces their drag, thus increasing the particles’ speed and
changing its color.

Moreover, we add a one-dimensional Value noise to make the particles seem more intuitive and natural. The particles
are specified a random lifetime value in the range of 3 - 8 seconds and a spawn rate of seven million. An overview of
the data-flow to the particle system is illustrated in Figure 2.

Fig. 2. An overview of the data-flow to the particle system.

3.3 Hand-Particle Interactions

By conforming the particles to the user’s hands, the system provides a more connected and stimulating experience. We
do this by first tracking the user’s hands via the Leap Motion Controller mounted on the HMD. The tracked graphical
hand’s mesh is then transformed into a Signed Distance Field (SDF) [42], where the distances are stored in a texture. An
SDF assigns positive values outside the mesh while approaching zero at its edges and negative values inside the mesh.

To derive an SDF from a polygonal mesh, the triangles in the mesh need to be converted into voxels. The algorithm
implemented [32] samples quasi-randomly distributed points along the triangles using the R2 sequence [27] and assigns
them to the voxel texture. The algorithm then employs Jump Flooding [4] to flood fill the voxel texture by obtaining
a Voronoi [1] diagram. Through this diagram, we ensure the seed (voxel) is closest to any pixel on the mesh, i.e., an
unsigned distance field. Finally, to thicken the voxel surface, we subtract a constant of 0.01 from the unsigned distance
field.

The particle system is then made to conform to this SDF, resulting in the particles flocking to the hand mesh. For the
user, it appears that the particles are pursuing their hand and reacting to its movements. A similar real-life phenomenon
to which this resembles is the Rayleigh Scattering [41]. When the hand is stationary, the particles enclose it from all
sides, providing a sense of control. Additionally, a custom shader is used to render the hands, which exhibits occlusion
by culling the objects behind it, thereby providing greater depth perception.
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4 CONCLUSION AND FUTUREWORK

For a long time, the music listening experience in a personal setting has generally only involved smartphones and a pair
of earbuds. Moreover, visually appealing artistry and imagery associated with the music has been restricted to live media
performances. Nevertheless, with the Covid-19 outbreak, live performances are now occurring in virtual environments
and cyberspaces. Furthermore, with the recent advancements in Augmented and Mixed Reality technologies and the
increasingly growing number of AR-enabled devices on the market, AR is more accessible than ever. In that regard,
we presented our work on an AR particle music visualizer system with hand-particle interactions to evoke identical
emotions, induced when in a live performance. Liquid Hand’s potential in eliciting mindfulness and a state of flow
should also be noted. We intend to conduct a pilot study followed by an evaluation to corroborate the system’s efficacy.
We plan to do this by measuring the user’s psychological state via EEG, followed by a GEMS questionnaire.
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