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ABSTRACT

We present a Research through Design project that explores
design opportunities and challenges of a personal visualiza-
tion tool in artistic settings. The research process includes
technical material exploration, an approach where state-of-
the-art enabling techniques are examined to inspire artistic
design decision-making. We propose three experiential quali-
ties of such a tool: uniqueness, memorability, and aesthetics.
They also serve as the heuristics throughout the design and
evaluation process, aiming for meaningful user experience of
personal visualization. Furthermore, we present how proce-
duralism democratizes user-generated content creation, how
immersiveness improves the overall virtual experience, and
how various computer graphics techniques are combined to
improve the accessibility, learnability, and usability of the
tool.

SAMMANFATTNING

Vi presenterar en forskning genom ett designprojekt som ut-
forskar mojligheter och utmaningar for ett personligt visualis-
eringsverktyg i konstnarliga scenarier. Forskningsprocessen
inkluderar teknisk materialutforskning, ett tillvigagangssitt
dér state-of-the-art mojliggorande tekniker undersoks for att in-
spirera till beslutsfattande i konstnirlig design. Vi foreslar tre
upplevelsemissiga egenskaper hos ett sddant verktyg: unikhet,
minnesbarhet och estetik. Dessa egenskaper agerar dven som
heuristiken genom hela design- och utvirderingsprocessen,
som syftar till en meningsfull anviindarupplevelse av person-
lig visualisering. Dessutom presenterar vi hur proceduralism
demokratiserar anvindargenererat innehallsskapande, hur up-
pslukande forbittrar den 6vergripande virtuella upplevelsen
och hur olika datorgrafiktekniker kan kombineras for att for-
bittra tillgidngligheten, ldrbarheten samt anvindbarheten av
verktyget.
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INTRODUCTION

Art Value is a project based on the research and art of Dr.
Vegas Simbelis [47], under the artist name Das Vegas [38].
Situated in the Art-Tech field, the project aims to build an
ecosystem of apps and websites to support the artistic pro-
cesses using blockchain technology [46, 27]. New artworks
based on numbers are created, distributed, and traded through
generative auctions [39].

While the artworks are generated as the abstract and concep-
tual form of numbers, a need for concretizing them arises with
the subsequent procedures of acquisition, collection and exhi-
bition. As a common means of concretization, visualization
is therefore used at this point of the Art Value project. To
provide a sustainable solution to number artwork visualization
for the stakeholders, a computer-based interactive tool was
proposed as an addition to the current software ecosystem. In
this context, the research was also proposed since the design,
implementation, and evaluation of such a tool in this novel
scenario could also be interesting for various communities in
art, design, and computing.

With the goal of producing a usable product prototype as part
of the research outcome, this work is an example of scenario-
based design [6]. The research project was born in an underde-
fined interdisciplinary field intersecting visualization, interac-
tion design, and computer graphics. The process of narrowing
down research scope and articulating research questions is
therefore reported as part of the research since it addresses
challenges and constraints designers could face in real design
scenarios.

LITERATURE REVIEW

Situated in an emergent interdisciplinary area, innovation in
both design and technical implementation is needed in this
work. The goal of this work was relatively open and broad at
the beginning. To deepen the understanding of both the context
and the work’s position within the design space, the literature
review is composed of two parts. The first part introduces


https://artvalue.org/

relevant concepts and design opportunities while the second
part focuses on technical aspects and their use of related work.

Background and Foundational Work

Data relevant to personal lives are playing increasingly im-
portant roles in the digitized world. They enable exploration
and reflection on ourselves and personally relevant issues. In
recent years, research into visualization in personal contexts
has been emerging across various research communities in-
cluding visualization (Vis) and human-computer interaction
(HCI) [14]. A new field named personal visualization is thus
created to unify research aiming to empower people in non-
professional life through visualization tools and studies, which
involves the "design of interactive visual data representations
for use in a personal context" [14].

Research on virtual possessions and digital collections can
bring abundant design opportunities and implications to per-
sonal visualization in that they share similar goals, processes,
and product formats. People use virtual possessions to sup-
port the "value construction activities of self-reflection and
self-presentation" [26]. Derived from the experiential qual-
ity analysis of existing instances, Odom et al. proposed a
strategy to create more unique virtual possessions reflective
of personal life experiences: By using metadata, new interac-
tive applications and toolkits supporting the construction of
experience-oriented assemblies could afford the user a higher
level of control and awareness over their virtual belongings
and the collation process [26].

Watkins et al. presented a design framework in support of
collecting practices and the development of meaningful and
valued digital collections [41]. In terms of acquisitions, it
is concluded that "making things challenging to acquire by
demanding a level of skill, knowledge or effort may enhance
the value of digital collections" [41]. As for exhibitions, it
is stated that digital collections’ role in personal reflection
and public identity could be better supported by "providing
ways to view collections in their entirety, and to produce more
enduring, socially visible exhibitions" [41].

The design implications above could contribute to the dimen-
sion of uniqueness of personal visualization processes.

Another emerging area in visualization is storytelling. Tong
et al. argued that memorability is an important goal of story-
telling for visualization and it addresses why authors present
data in the form of a story [37]. However, the key elements
for making a memorable visualization remain an immature
research direction [37]. In terms of visualization for personal
storytelling, Carpendale et al. concluded that most subjectivity
techniques "require considerable skills and strong data and vi-
sualization literacy" [5]. They also expressed the necessity for
further research and development to provide "accessible and
expressive personal visualization tools" that allow novice nar-
rators to manipulate and invent new visual encodings and make
it easier for them to express their personal perspectives [5].

The knowledge taken here is that injecting personal mean-
ing by creating personal narratives with visualization could
be an effective approach to increase the memorability of the
generated artifacts for both narrators and the audience.

Kennedy et al. argued that emotions matter in everyday en-
gagements with data and their visualization [17]. They have
found out that some study participants had strong emotional
responses to the visual style of some visualizations: Both
pleasure and frustration as initial impressions can be drawn
by the aesthetics of the visualization [17]. Cawthon et al.
demonstrated a correlation between usability and the perceived
aesthetic of visualizations [8].

As for evaluation of this dimension, Filonik et al. presented
an overview of aesthetic measures and several analytical
approaches to quantify certain aspects of aesthetic appear-
ance [10]. Cawthon et al. proposed a conceptual evaluation
model of aesthetic effect in the user experience of informa-
tion visualization [7]. They also argued that to facilitate the
transition into more effective evaluation methods with a user-
centered philosophy, the testing process within the develop-
ment of visualizations should be considered as important as
the overall design phase itself [7].

As with most design research, this work also addresses wicked
problems [31, 4] that are not easily approachable with sci-
entific or engineering modes of inquiry. Instead, the goal of
solving such under-constrained problems should be an optimal
solution for the specified situation and "not a focus on the
discovery of truth" [44]. The "optimal solution" depends on
the context. The context includes the person, the data, and the
current experiences.

Some researchers believe that Research through Design (RtD)
might be "one of the most important contributions of design
researchers to the larger research community" [44]. The RtD
frameworks will therefore be adopted as the main methodology
of research inquiry within this work.

Zimmerman et al. proposed a model and a set of evalua-
tion criteria of RtD for interaction design and other HCI re-
searchers [43]. They emphasized the production of design
artifacts as research outcomes, which are also exemplars "pro-
viding an appropriate conduit for research findings to easily
transfer to the HCI research and practice communities" [43].

Due to the underspecification of design theory and the gener-
ative nature of design, Gaver suggested that "practice based
research might better view theory as annotation of realised
design examples" rather than "aiming to develop increasingly
comprehensive theories of design" [12]. He also stressed the
value of the design research community’s "ability to produce
results in the form of new, conceptually rich artifacts" [12].

Related Work

A range of studies and industrial practices sharing similar
goals or design elements with this work has been examined as
part of technical material exploration. The focus is placed on
both design techniques and the enabling technologies behind
them.

Thudt et al. proposed the creation of visual mementos as a
new application area for visualization [36]. As an instance of
digital collection and personal visualization, visual mementos
are created to support reminiscing and sharing of personal ex-
periences. A web-based geographic information visualization



tool was used as the technology probe [15] of the presented
case study [36]. This technique can be employed in the partic-
ipatory design and the evaluation process of this work.

Pousman et al. presented a longitudinal study of Tableau
Machine (TM), a system that interprets and reflects house-
hold lives by sensing, characterizing, and expressing occu-
pants’ activities [29]. Regarding the visualization aspect of
TM, Romero et al. stated that the system is designed to
achieve intelligibility without predictability, by seeking "a
mid-point along this spectrum between one-to-one and ran-
dom mappings" [32]. These techniques for dynamic artis-
tic visualization and the meaning-producing mechanism of
co-interpretation [32] are also inspiring for the algorithmic
choices of this work.

CineShader [20] is a web-based real-time 3D shader visualizer
that provides an immersive and interactive 3D environment as
a gallery showcasing thousands of existing shader artworks
using the Shadertoy API [30]. This work demonstrates the per-
ceivable advantages of the immersive virtual gallery over the
traditional two-dimensional web interface, especially for 3D
artworks. Another implication is that a wide range of digital
3D artworks is created with fractal or noise-based algorithms,
bringing randomness and abstraction to the results. Algorith-
mic randomness as an interaction design element can also
bring unique aesthetics values to digital materials [34] [33].

The Turn of the Screw Immersive Trailer [21] is a web-based
3D interactive project that serves as a trailer for an opera. It
creates an explorable immersive environment with rich inter-
activity on both 3D visual effects and stereo opera recordings
using binaural techniques. This work demonstrates a range of
design and technical implications to turn a completed artwork
into an interactive and immersive audiovisual experience.

Procedural content generation (PCG) refers to "the creation of
content automatically through algorithmic means" [42]. It is
commonly used in areas such as computational aesthetics and
computational creativity in general [28]. PCG techniques have
been widely applied in the creation of video games, which
are viewed as "one of the most representative examples of
content creation applications" [42]. Being highly interactive
and immersive environments, this project shares abundant
characteristics with video games, including three-dimensional
graphical visualization and contents eliciting complex user
affective states.

Using PCG tools to create user-generated content (UGC) [18]
in this field, however, requires a high level of skill and under-
standing in art and relevant technology. User-mediated content
(UMC) [9] tools lower the barrier to entry by enabling the user
to choose from a set of contents generated with PCG tech-
niques. Throughout the steps along the PCG process, the user
can fine-tune the available content based on their preference by
directly altering parameters through graphical user interfaces
and intuitive interactions without understanding the underly-
ing technical details. This method combines "the strengths of
human perception and selection criteria" with "the strengths of
computer processing power and procedural computation” [1].

Therefore, works combining PCG techniques and UMC de-
signs are also examined.

Spore is a life simulation game featuring PCG as a central
mechanic [2]. All creatures, vehicles and constructions in the
game are generated and shared by other players with in-game
editors. The editors use procedural animation to determine
how the creatures act and move based on the player’s design.
The galaxy contents are generated with runtime pseudorandom
number-based level generation techniques and the music is
also procedurally generated in games [2].

Polygonal Planet Project [35] is a web-based experimental tool
for 3D terrain generation using the Wave Function Collapse
(WFC) algorithm [16], a PCG method based on constraint
solving. The user can customize the content and appearance
of the terrain by simple interactions with hexagon-based 3D
tiles. While the user creates by picking from 4 different tile
units and placing them on a discrete spherical map, the results
can be diverse as the graphical contents between tessellated
tiles are generated by the WFC algorithm based on several
contextually meaningful local constraints. Townscaper [3] is
a city-building game based on the same technique but also
considers local constraints of more tile units to increase ran-
domness and unpredictability.

RESEARCH QUESTIONS
To fulfill the motivation of this project and to facilitate struc-
tured evaluation of the potential research outcome, the follow-
ing qualitative research question had been proposed before the
practical work was started:

RQ1: What are the main opportunities and challenges of em-
ploying interactive procedural generation tools for creating
unique, memorable, and aesthetic personal visualizations of
meaningful numbers to the user?

To further specify the terms and concepts in the research ques-
tion, the following definitions will be used throughout this
work:

e [nteractive procedural generation tools are systems with
interfaces that allow users to customize and algorithmically
generate 3D computer graphics contents with simple build-
ing modules.

e Unique visualizations stand for visual representations that
are different in a way that is meaningful to the user and
affords a sense of ownership.

e Memorable creations are those that allow users to remember
why the artifact was created.

e Aesthetic creations can be evaluated by both general metrics
of proportion and composition, and the satisfaction level of
user experience.

o Meaningful numbers mean quantities that are personally
meaningful to the user: e.g. birthdays, postcodes, famous
numbers, interesting statistics.

Uniqueness, memorability and aesthetics will also be referred
to as the experiential qualities of the design in this work. These
evaluative dimensions are inspired by Lowgren’s concepts:



"Digital design materials are temporal as much as they are
spatial." [19]. In a sense, the visualization tool is but a medium
for providing valuable experience for the users of the Art Value
platform.

METHODOLOGY

The methodology section mainly comprises two parts: design
and implementation, although they are mostly interlaced with
each other during real processes. The part of design focuses
on reporting the iterative process while the implementation
part focuses on the choice of technologies and the system of
final prototype.

Design Workshop

To support iterative design throughout the process, workshops
were held as the main way of receiving feedback on proto-
type increments. In contrast to conventional user-centered
approaches, users are not directly included at the early phase
of design since the potential user profile can be highly broad
and divergent. With the idea of providing novel experiences
to non-professional users in mind, the design ideation starts
from the principal’s need to facilitate the artistic process in
the larger Art Value project where a platform for generating,
selling and authenticating artworks is being developed. Vi-
sualization thus comes in as a means of transforming digital
abstractions into artworks. To support artistic production and
creation of unique visuals from user data, a digital tool and a
range of relevant techniques are proposed as the basic format
of the solution to visualization design.

The goal of the final product is to provide an evocative envi-
ronment with relevant tool sets that elicits user’s creativity and
their desire to add value through the experience of creating
artifacts by themselves.

The first step was to define the said experiences. As men-
tioned in the research questions, three experiential qualities
are chosen as the guideline of the design. In the intended use
scenarios, users will be using the tool to generate meaning for
both the artwork and themselves.

Therefore, uniqueness comes as a dimension to evaluate how
closely the resulting artifact is related to each individual that
created them. This dimension is also considered to contribute
to the sense of ownership for users. On the one hand, a tool
affording users enough power to customize should be able to
produce diverse results and each result is unique by nature.
On the other hand, the results of the limiting factors that
users cannot customize should also be considered as unique
when the artifacts generated by this tool are compared with
those generated by other tools. This means the combination
of visualization techniques, graphic design styles and even
rendering techniques should be carefully chosen.

Memorability is another dimension that adds value to meaning-
fulness. In an ideal case, if meanings have been injected into
the resulting artifacts through user’s efforts made in personal
storytelling, the users should be able to remember why the
artifact was created. This is important in that the artifact is the
only keeper from the creative experience, which is temporal. It
is supposed to serve as an extension of time in space. The time

could be related to either the user’s motivation of the creation
or the creation process itself, or both. However, this level of
meaning construction will fail if the user could not recall why
they have created the artifact. Another benefit of memorability
is that it can be easier to share and even exhibit these virtual
possessions since the artifact itself only constitutes part of the
collection—the author’s self-reflection and self-presentation
constitute the other part.

Finally, aesthetics is a dimension that cannot be neglected in
visual-based design, especially in this work where art plays
a crucial part in all aspects. Considering the subjectivity of
aesthetics in art, increasing the degrees of freedom of cus-
tomization could be a solution. However, the main target
group of non-professional users is also kept in mind. The
tool should be easily used by anyone without requirements of
specific skills, even hidden ones such as visualization literacy.
Another aspect to be considered is the interface and environ-
ment aesthetics of the tool as they provide the context where
artifact aesthetics are created.

To achieve the goals specified by the experiential qualities,
more detailed design requirements and decisions were also
generated from the early ideation phase. These decisions
were made based on both the context and use scenario of the
desired research outcome, as well as the knowledge gained by
examining related academic and industrial work.

For the artifact generation:

e The visualization starts from the input of a meaningful
number acquired by the user. The visualized results of
artifacts are in spatial 3D shapes.

e They can be either concrete or abstract, in a meaningful and
aesthetic way.

e They can be present in both virtual and 3D-printed physical
form. This extends conventional virtual possession to the
physical world and bring another angle to placelessness,
spacelessness, and formlessness [26].

e They can either be still or animated when presented in
virtual form.

e They are certified by non-fungible tokens (NFTs) [40],
linked to respective numbers in the blockchain system, and
embody them in a way.

e They can be collected, exhibited and explored in a virtual
gallery after generation.

For the environment:

e It should be easily accessible by non-professional users
anywhere and anytime.

e The environment should provide an virtual 3D space where
immersive experiences can be developed.

e The space should incorporate functionalities of the visual-
ization tool and experience-oriented at the same time.

e It needs to be aesthetic, inspiring and evocative.
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Figure 1. Low-fidelity prototype made with Unity.

e It needs to be highly interactive with good affordances,
meaning that usability and learnability should be considered
during interaction design.

With more detailed design specifications in mind, an interac-
tive low-fidelity prototype has been developed using Unity
and discussed with the principal. In this prototype, there are
five user interfaces located in different locations with differ-
ent orientations in a 3D space with white background. One
can use the mouse scroll wheel to navigate among these 3D
interfaces. The camera transformation is linearly interpolated
between adjacent scenes to provide a smooth semantic and
visual connectivity. It is designed to be easily understood that
the result from the previous scene is the start of the current
one. The user starts from turning a 2D number into its 3D
form with animated shader effects. After five iterations of user
customization, the final result will be a 3D-printable artifact
that represents the number but much more than a number in
shape and meaning. As shown in Figure 1, the second step is
for converting the number into 3D form.

The takeaway from this first prototype is the framework of
design for the final product: This would be a visualization tool
inside a 3D virtual environment where camera movements,
interactive 3D elements, lights, shadows and shader effects are
key features. However, the actual visualization method trans-
forming the numbers to the intended forms of representation
has not yet been proposed at this stage. Therefore, more tools
and techniques for further implementation are examined and
PCG-related topics turned out to be the most relevant.

PCG techniques supporting UMC creation are adopted as
the main method for artifact generation. PCG algorithms take
parameters that can be easily manipulated by users as input and
generate stylized graphics content through constraint solving.
This feature highly suits the design needs of learnability and
usability for non-professional users. From the perspective
of the principal, it also saves considerable space resources
on the server since only customized parameters need to be
stored for each user and the graphics contents are generated
in real time when requested. The design ideas of UMC could
further reduce the complexity of the interactive system without
affecting the degree of freedom in terms of creativity.

The questions left now is clearer: What kind of PCG-supported
UMC creation tool can facilitate meaning construction and

combination? How could the abstract notion of number art-
works be combined with user’s stories behind it through this
artifact generation process?

Shadows can be very interesting and informative in computer
graphics. It is an important element for perception of shape
and position in 3D space. Therefore, creative projects us-
ing shadows are examined. Eventually, a computational tool
presented by Mitra et al. for creating 3D shadow art sculp-
tures [23] was adopted as the main inspiration of the artifact
visualization technique in this work. With this method, a 3D
shape is generated from the projection of 2D shapes on dif-
ferent angles. With spotlights shooting from different angles,
the generated 3D shape casts completely different 2D shadow
patterns onto the plane behind it.

We found the artifacts generated with this technique very in-
teresting in that the physical characteristic of them matches
exactly the philosophy behind the entire project: An object
can seem completely meaningless when being observed from
a random perspective. However, the same object can also
contain a very specific meaning if observed from a specific
perspective—and even several meanings from more perspec-
tives. Those meanings may seem to have little relations with
each other while the act of integrating them into the same ob-
ject establishes the link between them. A tool supporting such
acts can thus provide the user with a memorable experience of
storytelling and meaning construction.

An interesting coincidence with these design concepts is that
a visualization using similar techniques is used as the cover
design of the book Gddel, Escher, Bach: an Eternal Golden
Braid, which discusses how systems can acquire meaningful
context despite being made of "meaningless" elements [13].

As for the environment, an immersive virtual gallery was
proposed to create a sense of contemporary art. The design
of visual style is based on the exhibition of a date painting art
project by On Kawara [45].

Implementation

The implementation starts with the choice of appropriate en-
abling techniques. These decisions were made along with the
literature review and design workshops.

Since the tool targets non-professional users and aims to be
accessible and usable for most potential users, a lightweight
tool based on web is determined to be the form of the outcome.
It should be cross-platform and allow users with devices of dif-
ferent computational power to use. Therefore, Three.js [24] is
adopted as the main development tool for this project. It results
in universal web pages and has an advantage in performance
control and optimization when compared to transcompiled 3D
graphics web from game engines.

As for 3D asset creation and pre-processing, Blender [11]
is adopted as the main tool. Since the development of tool
interactions are highly dependent on space references, an im-
mersive virtual gallery is created first. As shown in Figure 2,
the gallery is roughly divided into five sections and the user
follows a linear path from the first section till the last. In
the first section, the user starts with an abstract concept and



Figure 2. Top view of the virtual gallery model design.

Figure 3. Perspective view of the virtual gallery model.

a concrete shape of a number. In the last section, the user
ends up with a concrete concept and an abstract shape of the
same number. Each section serves as a step of meaning con-
struction by providing the user with different functionalities
of customization.

Keeping software performance in mind, most 3D graphics
assets used in the scene are not added as static meshes in the
virtual gallery model at this stage. Details on how dynamic
asset spawning could reduce rendering overhead will be elab-
orated later. As is shown in Figure 3, the scene is kept basic
as the start point of the environment.

The gallery, along with most other 3D assets, are saved into
GLB file format, featuring compact size and short time of
loading into graphics engine.

Software Overview
Model-View-Controller (MVC) is the base of software design
of the tool (shown in Figure 4). Since the tool behavior highly

Model

State machine

Updates Manipulates

User input

————————|

Sometimes
updates directly

View Controller

Animation loop Event handlers

Figure 4. Software design pattern: MVC.

depends on which stage of customization process the user is in,
a state machine is used as the model to control the overall logic
of the tool. As the intended flow of use is linear, each state
corresponds to either one of the gallery section or a transitional
state between them, both spatially and logically.

To create an immersive experience, most of the user interface
is designed as part of the 3D space. Therefore, the View of
the 3D tool is essentially rendered from an animation loop by
virtual camera. View updates are only performed within the
loops and rendered in the next frame.

For the prototype described in this work, mouse is the main
device for user input, which is handled by the Controller before
passing on the message to the Model. Considering the hidden
time cost in the updating cycle, interactive Ul in the View
is also directly updated by the Controller in the immediate
frame. The event handlers also interpret the input message
based on the actual view instead of intermediary states in order
to achieve user-centered interaction design.

Software Flow Design

The five stages of customization are respectively integrated
into five spatial sections inside the virtual gallery. They will
be referred to as rooms for short.

With an introductory animation of camera tilt and forward
dolly, the user is situated in room 1 of the immersive virtual
gallery. Three icons indicating software usage with mouse
buttons and their mapping to camera movements are presented
in a noticeable way (shown in Figure 5). The user holds
down the left mouse button and move the mouse to control
camera panning and tilting. Similarly, the right mouse button
controls camera trucking and pedestal. The middle scroll
wheel controls camera dolly.

As this is the main way of navigating through the virtual space
and achieve other goals, the icons are placed at the bottom of
the window as a translucent 2D overlay throughout the process
to remind user of the way of interaction (shown in Figure 6).

Following the style of modern gallery, the walls around room 1
are placed with pieces of painting. The content of the painting
is a pseudo-random number and can change for each time the
tool starts. The semantic representation of them is the number
artwork of other people. The main canvas in the front presents



Welcome to the

Art Value Experience!

Click to continu

Figure 5. Screenshot of the intro page.

Figure 6. Screenshot of room 1.

the number previously selected by the user. By interacting with
the drop-down lists on the 3D customization panel beside it,
the user can choose and combine style and font of the number.

The design goal of room 1 is to intrigue the user into explo-
ration of more rooms and wondering what could happen to the
number.

The tick button in the bottom of the customization panel comes
with the affordance of completion and moving on. After click-
ing on it, the tool enters a transitional state and only the scroll
wheel is enabled for linear navigation. In this state, the two
icons representing unusable interactions disappear to match
real functionality and demonstrate change of state. The spot-
light in room 1 is also turned off to guide the user’s focus to
the next room.

When the user scroll the mouse wheel forward, the virtual
camera follows a preset path leading to the location of room 2.
This can also be achieved by equivalent input instructions, e.g.
scroll gesture on a laptop touchpad.

While the camera position is close enough to the end of this
path, the spotlight for room 2 will be turned on automatically.
A short camera animation will then take over user control.
All of the control icons will also disappear to inform the user
of this system state. Once the animation is done, all control
icons are back to 2D overlay and the user have full freedom to
explore the new room again.

Figure 7. Screenshot of room 2 (front view).

Figure 8. Screenshot of room 2 (side view).

As is shown in Figure 7, a cube hollowed out with a pixelated
shape of the number resulted from the previous room is gener-
ated. The choice of voxel cube is based on the consideration
of both real-time rendering overhead and the limitation of 3D
printing format that will be generated from this mesh. This
will be elaborated in the next section.

A spotlight is shot to the front face of the cube to cast a shadow
pattern on the wall so that the carved image pattern of can be
clearly observed from the side (shown in Figure 8). To better
convey this affordance, an actual graphic asset of spotlight is
placed at the origin of the light source (shown in Figure 6).

When the user is satisfied with the result, they may click on
the tick button to move forward. Otherwise, the cross button
will lead to the previous state and allow the user to get back to
room 1, redo the customization and re-generate a new artifact.

Similarly, the user can move to room 3 by scrolling the middle
wheel. As the previous one, the camera transform is set along
the path. It pans over the gallery while moving to the next
location, giving the user a glance of the space left to explore.

In room 3, the user is presented with the side of the same arti-
fact in room 2 and asked to drag and drop the image into the
overlay box with dotted lines (shown in Figure 9). The content
of the image should be something that the user finds personally
meaningful and related to the number, which is described in
the intro page before the tool starts. Upon dropping the chosen



Figure 9. Screenshot of room 3 (image drop).

Figure 10. Screenshot of room 3 (result).

image, the blank side of the cube is carved based on sampling
result and a pixelated dichromatic version of the image will be
cast on the wall behind it (shown in Figure 10). The drag and
drop interaction design intends to increase the intuitiveness
that this side of the cube is imprinted by the dropped image.
Two intersecting spotlights casting different shadows on per-
pendicular walls from the same artifact demonstrates the key
design concept of the tool and the resulting artifact.

By confirming the result with the tick button, the user gets to
move on to room 4. Placed in the center of the room is a plain
cube of the same size and without any patterns carved out. It
is of lime-like material instead of the previous translucent one.
It also stands on an exhibition platform on the ground instead
of floating in the air as before. This design intends to provide
a sense of connection to the real world and a glance of what
could happen in the next step.

Once the user moves close enough to the uncarved cube, a
progress bar overlay displays itself and the 3D print generation
process automatically starts. While the actual process that
blocks the CPU here is merging all the instanced voxels into
one geometry, the user can find it hard to understand this
technical process behind the scene. Therefore, the uncarved
placeholder cube is placed here until the computation is done,
when it is replaced by the carved object (shown in Figure 11).
This design intends to make the user naturally interpret the
waiting as time needed to carve out the 3D print.

Figure 11. Screenshot of the result in room 4.

Once it is ready, the loading bar disappears and free control
is returned to user so that they can observe the result from
different angles and distances.

When the user clicks on the tick button, a window for saving
the 3D file in STL format pops up. Since the data is cached
in the user’s local memory, the download should be complete
almost instantly. Now the user has the artifact in a 3D printable
format.

This also brings the user to the state where they can scroll on
to the next room. The path will now lead the user upstairs, into
an exhibition room. Now the user is presented with a colored
and animated version of the artifact (shown in Figure 12). The
result is achieved by applying a vertex shader implementing
classic 3D Perlin noise and a fragment shader implementing
interpolation and extrapolation from two base colors of the
user’s choice. The user can also customize speed, frequency
and elevation of the wave-like animation by manipulating
sliders on the control panel.

It is noticeable that this is also the first time that color is
introduced into the styling of scene. This contrast marks the
culmination of the virtual artistic tour.

When the user is satisfied with the result, they can confirm
submission of the result. Along with the number styling pa-
rameters and the image data, the shader parameters will also
be saved on the server for reconstruction of the artifact and
future use.

Room 5 is the final scene and aims to provide a surreal perspec-
tive of the same object that is just available for 3D printing.
While the 3D-printed version can be collected in the physical
world, this virtual artifact can also be collected in the Art Value
platform as a digital twin.

Tools and Techniques

In this project, Node.js is used for dependency management
and local testing, webpack is used for module bundling, and
Chrome Performance Monitor is used for profiling and opti-
mization.



Figure 12. Screenshot of the result in room 5.

The animation loop is combined with rendering on demand
throughout the process. This means that the rendering com-
mand are not called for each animation loop unless a render
request is actively triggered. In this way, unnecessary com-
putational overhead, e.g. continuously rendering a still scene,
is avoided. This could save a considerable amount of user
device’s computing power. Another benefit is responsiveness
in low frame rate for some cases like 3D UI updates. As the
rendering function is called whenever a visual change happens
instead of following the animation loop, the response time of
one-frame update is reduced.

Asynchronous functions and promises are widely used in the
project, especially in asset loading and initialization processes.
Although the user is usually not given control during these
time gaps, async functions allow camera and progress bar
animations to be rendered while assets are being loaded and
initialized. These transitional animations intends to smoothen
user experience.

The main artifact comprising a large number of small cubes is
created as an instanced mesh in all scenes. This is supported
by WebGL instancing interface and can reduce the number
of draw calls for rendering objects sharing the same buffer
geometry. In this work, it transfers the bottleneck of rendering
performance from CPU to GPU and substantially improves
frame rates in scenes where the artifact is present.

After the customization in room 1, the artifact pattern is gener-
ated by supersampling the number shape for each of the voxel
on the face to be hollowed out. Rotated grid algorithm is im-
plemented to achieve higher accuracy on shape edge detection
(shown in Figure 13). To improve the performance of this pro-
cess, Web Workers are implemented to achieve multithreading
in JavaScript. Sampling raycasting processes of each unit are
dispatched into 8 workers, each returning with the collision
counts detected. If the sum of the counts is equal to or greater
than half of the sampling rays, the unit is considered to be
occupied by the number geometry and all voxels behind the
sampling unit will be removed. With this method, the artifact
can be generated during the camera transition animation time
and placed in room 2, which is behind the wall of the first
scene. For the user, this can also give an impression that the
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Figure 13. Supersampling with rotated grid algorithm [22].
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artifact is ready and placed in the next scene in a very short
time.

The choice of voxel counts of the artifact, as previously men-
tioned, is based on the acceptable memory and computing
power usage. While real-time rendering performance may al-
low higher voxel counts, the process of merging them into one
mesh is the actual bottleneck for most devices. In room 4, the
buffered geometries of the instanced mesh need to be merged
into one geometry before being exported as an STL file. The
process blocks CPU for a noticeable time and the generated
intermediary raw data can take a lot of memory. To reduce the
negative effects of this, the process has been divided into 20
sub-processes, between which unused memory is released and
a loading bar is updated every 5 percent of progress. However,
memory occupancy of the necessary 3D data is still high and
an overflow can crash the entire program. Therefore, GPU
rendering power, CPU computing power and memory size are
all considered when determining the voxel counts.

To maintain usable frame rates for the entire process, asset
deployment for each scene is optimized. The ceiling lights
are always turned off when spotlight and the voxel artifact
is present because shadow map ray casting is very expensive
for a large number of objects and multiple light sources. This
situation is also avoided from the other perspective. During
transitional stages from one room to another, the user may
want to have the environment lit up. Since the camera posi-
tions and orientations are controlled along the way, they are
manipulated so that the camera frame does not capture the
artifact. Once the artifact is out of the field of view, it is re-
moved from the 3D scene and the ceiling lights are turned on.
Similarly, assets from the previous scenes are also removed to
reduce overall draw calls.

To further increase the accessibility for devices with lower
computing power, the tool can be set to 3 levels of quality:
low, medium and high. The controlled parameters include:
artifact voxel count, shadow map type and size, web pixel
ratio, and renderer level anti-aliasing option.



Pseudonym  Field of Expertise Sex
Graham  Applied computer graphics male
Denise HCI and UX design female
Fiona Film aesthetics and directing female
Ariana Architecture, yacht and 3D design female

Table 1. Overview of the expert evaluators.

EVALUATION

Qualitative evaluation is the most relevant due to the creative
and open nature of this work. Since clear principles and guide-
lines had been used to design the interactive system, heuristic
evaluation [25] is used as the main method to evaluate the
research outcome and answer the research questions. To con-
trol the effects of environment variables during evaluation, a
standard flow combining hands-on testing and interview is
designed. First, the project background is introduced to the
evaluator. Then they try out the tool without prior knowledge
of it, using think-aloud protocol. Finally, a semi-structured
interview is conducted. The following questions are always
asked to ensure the heuristic dimensions specified in the re-
search questions are discussed with the evaluator:

1. Can you comment on uniqueness of the visualization and
its process?

2. Can you comment on memorability of the experience you
had with the tool?

3. Can you comment on aesthetics of the tool?

Based on their performance during the hands-on session and
the answers to these questions, more follow-up questions are
asked.

Another effort made to collect more comprehensive data is di-
versifying the evaluators’ background, as long as it is related to
one of the fields that could contribute to this cross-disciplinary
project. Mixed experts with technical and artistic background
are recruited and none of them were stakeholders or aware of
this project beforehand. (Results shown in Table 1).

To collect accurate and complete data, both their screen and
conversation are recorded throughout the evaluation process.
Permission is requested and granted for each recording. These
data are analyzed by transcripting think-aloud contents and
summarizing their usage from screen recording. While there
is no time limit for each section of the interview, all of the
interviews last for about one hour.

As expected from heuristic evaluation of interactive system,
some common points mentioned by different evaluators with-
out purposeful guidance emerge as usability issues. However,
the unexpected result is that other common points reveal the
unique design of the project.

The first usability issue spotted is the textual description and
guidance of the intro page. All evaluators did not realize what
kind of image file they need to prepare until reaching the
point of room 3, where it is required to upload one image to
continue. This could be due to either user’s habit to ignore
textual contents on a page with other interactive graphical
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elements, or the difficulty to understand the actual meaning
out of context.

Another common issue is that the user sometimes finds it
challenging to find a way out of the current room while they
really want to move on to the next step. This could be caused
by unclear goals of each room. Conventionally, there are no
specific goals for each individual space of an art exhibition.
However, the interactive experience provided in this project
aims to afford non-professional user with the uncommon goal
of artwork creation. Therefore, the user may find it hard
to spatially move on to the next stage without confirming
the current stage of artifact creation. This gap may be filled
by explicit overlay instructions considering that the design
concept is novel.

Unique design features are also identified from the free-use
session. All evaluators reported appreciation of the graphic
style of shadow and lighting. All of them expressed curiosity
of the following steps along the way and found the process of
exploring the 3D space intriguing. All learned the free space
navigation from the 3 icons quickly and reported that they are
clear. They also noticed the artifact generates pixelated and
dichromatic patterns and found it interesting to have this kind
of abstraction.

The results from the interviews are individual and insightful.

Graham actively tested out the tool’s usability. He found the
interaction instructions clear. He also found the unexpected-
ness of the tool interesting: "I had absolutely no idea what
I was to see on the other side of the wall. I enjoyed that el-
ement of surprise." He reported that he "had a good time"
and has "never done anything like it before. It’s still a first
and unique experience." He also mentioned that the reason
for strong graphic limitation is not obvious. He had expected
more customization options in terms of font, outer shape of
the artifact and other visual effects. "If I only do it once, 1
would be satisfied. But if I were to do it more than once, I
would very soon start to expect more from the tool."

Denise focused more on the underlying logic behind inter-
actions. She reported that the corresponding meanings of
different navigation instruction icons are clear. She naturally
found out the affordance: "I have a sense of what the website
wants me to do in the second scene. At this point, I want to
find out what the rest of the scenes are like." She found the
drag and drop operation intuitive but also found the relation-
ship between lighting and shadowing not clear. She expressed
interests in constructing meaning by using the tool: "I don’t
have much feeling about the number itself. But the combina-
tion of image and number makes it interesting. I would like to
carefully choose a picture and number and download it, print
it and buy it."

Fiona showed more interests on the artistic aspects of the
project and consider it as a form of contemporary art. She
spontaneously took a picture of the screen when the artifact
shape is carved out in room 3. "I can play with it for a much
longer time." She found the artifact memorable. "The picture
was combined with the number. This saves my effort of trying
to recall the link between the two elements." She expressed



positive opinions on the "simple and clean" setup of the scene.
She believed that a virtual exhibition is even better than a phys-
ical one from the perspective of customization. She thought
it was positively surprising when she found out that the ex-
hibition is interactive and the user gets to design everything.
She also extended the topic to the question if numbers can be
owned: "It’s like the Café Terrace at Night by Vincent van
Gogh. When people buy such a painting, they just bought the
painting. They don’t actually own the public space of that
Café."

Ariana has experience in art exhibition and 3D software. She
approved the lighting and architectural style of the space: "The
first several parts without any colors present a sense of sculp-
ture while the staircase gives me a sense of sacredness of
ceremony." She expressed the interest in seeing other users’
works and stories: "If I found an artwork produced by others
that I could relate to, I may want to buy it as well. It’s like a
nice coincidence that I can find a like-minded person out of all
authors behind the works." Compared with other’s personal
meaning, she is more interested in "seeing how the authors of
these artifacts interpret and express those meanings".

DISCUSSION

The results and contributions of this RtD project consist of
the design artifact, the design process, and the dimensions of
experiential qualities of a personal visualization tool in artistic
settings. These dimensions serve as ways to annotate this RtD
project and conceptualize how this particular work can become
inspirational and generative for other design researchers [12].
The proposed experiential qualities: uniqueness, memorability,
and aesthetics, characterize the experiences a user might have
during the interaction with an immersive personal visualiza-
tion tool that aims to generate meanings. Through heuristic
evaluation, we found out the perceived results of these experi-
ential qualities from different perspective. We could see the
novelty and positive surprise brought by strong graphics and
interaction styles. However, we also found the main risk and
limitation of such design: It’s less easy to learn to use for the
first time and less interesting for repeated use.

CONCLUSION

In this paper, we presented a RtD project exploring design
opportunities and challenges of a personal visualization tool
based on novel context and scenarios. The research process in-
cluded technical material exploration, design workshop, tech-
nical implementation and heuristic evaluation. The procedural
generation tool, along with the entire cycle of design, imple-
mentation and evaluation, can provide readers from various
backgrounds with an example of how technology plays the
role of enabling and inspiring art. We contributed to the design
community on the level of design thinking in that the research
project sourced from real demands and the research outcome
will be directly used in the original context. There are more
questions to be answered by future work, such as: How to
construct a virtual artifact collection and exhibition system
for such a tool? How could learnability and freedom of cus-
tomization be balanced? How could diverse visual effects be
achieved by techniques other than shaders? More limitations
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of both design and technical interest in this work are to be
resolved by researchers from the broad community.
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