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1. Introduction to be able to provide users with a more realistic experience and
rich activities, which requires more advanced technologies to
support metaverse’s construction and user-centric exploration.
Recently, some scholars defined metaverse from an aspect of a
comprehensive technical architecture. Lee et al. defined meta-

The word “metaverse” was first coined from the 1992 science
fiction novel named Snow Crash, written by Neal Stephenson
in 1992 (Joshua (2017)). The novel depicts people in a vir-

tual reality yvorld (fom.pejting against each other for social status verse as a 3D virtual cyberspace blending the physical and dig-
by controlling their digital avatars. Over the next 30 years OF jtal world, facilitated by the convergence between the Internet
so, the concept of metaverse has appeared in books .and m9v1e and Web technologies and Extended Reality (XR) (Lee et al.
shows. At this stage, the concept of the metaverse is ambigu-  (2021b)). Duan et al. also categorized the related technologies
ous and is more understood as a virtual world parallel' tothe  of metaverse into three levels: infrastructure, interaction and
real world. For exgmple, t}_le film Ready Player One (Spielberg ecosystem (Duan et al. (2021)). Different from their overall
etal. (2018)) described a virtual world in which everyone could  perpeciive, we don’t discuss the infrastructure techniques like

customize their avatars and explore freely through multimedia Blockchain, Network and Edge computing. We focus on the
techniques (VR/AR, etc.). It was considered a classic film that  critical technologies that support visual construction and user

interpreted the concept of the metaverse. However, it is not  exploration, including Graphics, Interaction and Visualization.

enough to rely on multimedia technologies. Metaverse needs . . .
The visual construction of metaverse is based on the graph-

ical techniques that build the integrated world combining the

p - physical and virtual world, including the 3D construction of
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Fig. 1. The framework of this survey. The essential visual elements users
can see compose the metaverse environment. The explorative behaviors
that users can conduct in such an environment. Three key technologies
fuel the visual construction and exploration of the metaverse.

elements, explore freely in the metaverse and provide an im-
mersive experience. To improve users’ awareness of the virtual
world, supplementary instructions and guidance are required.
Visualization can provide such guidance by processing the data
in the metaverse and presenting it to users in an appropriate
form. The development of these technologies makes metaverse
more realistic and interesting for users to perceive and explore.
In this work, we propose a framework for visual construc-
tion and exploration of metaverse (Figure 1), where we start
with what can be seen in the metaverse and what people can do
in it, summarizing (1) the visual elements (scenes, NPCs and
Avatar) in metaverse environment and how the graphical tech-
niques used to create them, and (2) exploration of metaverse
(interaction and awareness) and how interaction and visualiza-
tion techniques can support these behaviors. We discuss the
current applications and future opportunities in the context of
our framework. To our best knowledge, this survey serves as the
first effort to offer a view of visual construction and exploration
of the metaverse. The detailed contributions are as followed.

¢ A framework of visual construction and user exploration
of metaverse from the perspectives of graphics, interaction
and visualization.

e A visual construction pipeline that consists of two meth-
ods and three phases supported by graphics techniques
and two taxonomies of interaction and visualization tech-
niques for user interaction and awareness when exploring
in the metaverse.

e A set of research challenges and opportunities derived
from our review of techniques and applications.

We hope this paper can provide a stepping stone for further
research in the area of visual construction and user exploration
for the metaverse.

2. Overview

As the metaverse is still in its infancy of development, no
work has been done to systematically summarize the technical

framework for its complete visual construction and exploration,
nor have graphics, interaction and visualization been explored
separately from the context of the metaverse. The work most
closely related to ours investigates the current state of research
in their respective fields.

In terms of computer graphics, many scholars have intro-
duced how to build 3D models. Some of them proposed
software-based authoring processes (Tang and Ho (2020)) and
automated generation to reduce processes (Freiknecht and Ef-
felsberg (2017)). Some introduced 3D reconstruction of real
objects (Intwala and Magikar (2016)). However, there lacks a
comprehensive introduction of visual elements construction in
the metaverse. We summarize three kinds of elements and pro-
pose a pipeline that consists of the above two methods and com-
pare the construction differences between different elements.
As the elements in metaverse are often dynamic and interactive,
we investigated 3D animation as a part of the pipeline.

Surveys on interactions specifically related to metaverse are
limited as well. Some of them summarize from different sen-
sory channels, such as haptic solutions (Bouzbib et al. (2021)).
Besides, there are surveys summarizing interaction methods for
certain devices, such as smart glasses (Lee and Hui (2018)),
optical head-mounted displays (Grubert et al. (2017), virtual
reality headset (Kelly et al. (2021)). Rather than focusing on
interaction methods via certain sensory channels or concentrat-
ing on interaction methods supported by particular devices, we
try to summarize interactions methods used in metaverse from
perspectives of interaction tasks, user action and feedback via
various channels and devices.

In the perspective of visualization, many scholars have sum-
marized immersive visual analytics from the data types and en-
vironments (AR/VR) (Kraus et al. (2021)), interactions for vi-
sualization (Fonnet and Prie (2019); Besancon et al. (2021)) or
its future challenges (Ens et al. (2021a)). However, there lack of
discussions about the connections and challenges in the meta-
verse. A basic connection is to help users perceive the environ-
ment, for example, the map visualization of spatial data is used
for navigation. However, with the development of the meta-
verse, there will be more complex visualizations that need to be
investigated to help perceive the environment or further applica-
tion to understanding and analysis. Therefore, we will discuss
visualization from data types, visualization view, position, in-
teractions, and environments, by fully considering the diversity,
shareability, and user-centered experience of the metaverse.

This paper serves as the first effort to summarize the technical
framework for visual construction and exploration in the meta-
verse. In the next section, we will first introduce the visual ele-
ments that compose the metaverse and how they are constructed
in terms of design-based and physical-based construction meth-
ods with a pipeline. In section 4, we will introduce the two tax-
onomies of interaction that support user interaction, and visual-
ization techniques that support user awareness in exploring the
metaverse. In section 5, we will summarize current metaverse
applications (including virtual social, smart city, medical and
games) in terms of visual construction and exploration. We will
discuss the current limitations and future research opportunities
derived from our analysis in section 6.
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Fig. 2. The two ways to construct a virtual scene in metaverse: physical-based construction and design-based construction, and the construction process
can be divided into three steps: Initialization, Modeling and Rendering, and Animation.

3. Virtual World Construction

The virtual environment of metaverse blends physical and
digital, which consists of various scenes, non-player characters
(NPCs) and player characters (Avatars). Scene refers to diversi-
fied virtual spaces, such as virtual campus (Duan et al. (2021))
or virtual museum (Beer (2015)). NPC is an object that cannot
be controlled by the player but has an important role in the game
itself so that it makes the world in the game feel alive (Warpefelt
and Verhagen (2015)). Avatar refers to the digital representa-
tion of players in the metaverse, where players interact with the
other players or the computer agents through the avatar (Davis
et al. (2009)). The creation of these objects is based on com-
puter graphics techniques. The scene, NPC, and PC differ in
the detail of their creation because they focus on different fea-
tures. In this section, we will introduce a pipeline and two ways
for constructing virtual models in metaverse: physical-based
or design-based construction, and compare the construction of
scenes, NPCs and Avatars.

3.1. Visual Construction Pipeline

The pipeline can be divided into three stages: initialization,
modeling and rendering, and animation (Figure 2).

3.1.1. Physical-based Construction

One way to build 3D models is the physical-based construc-
tion by using 3D measurement methods, primarily laser scan-
ning and photogrammetry, to create digital twin models, termed
3D reconstruction (Deng et al. (2021)). Recently, the global
trend towards Virtual Reality (VR) and Augmented Reality
(AR) has increased the demand for creating high-quality and
detailed photorealistic 3D content based on real objects and en-
vironments. One major difficulty is how to restore high fidelity
with collected data.

Data acquisition is the first stage of 3D model reconstruction
in the metaverse, which determines how realistic the model is.
With the rapid development of 3D acquisition technologies, 3D

sensors are becoming increasingly available and affordable. At
present, there are two popular and convenient point cloud ac-
quisition methods: laser scanners (LiDARs), RGB-D cameras
(such as Kinect, RealSense and Apple depth cameras). 3D data
acquired by these sensors can provide rich geometric, shape and
scale information (Guo et al. (2021)).

Preprocessing refers to the registration, denoising and re-
sampling of the obtained point cloud model (Ma and Liu
(2018)). Notably, which of three steps are required depends
on the application requirements and the quality of data.

Normally, an object usually needs many site scans, which
requires multi-site data registration, that is, the data of each
site is converted to the same coordinate by using a cloud-to-
cloud alignment tool (Intwala and Magikar (2016)). The al-
gorithm typically used for registration is the ICP algorithm
(Khaloo and Lattanzi (2017)), which estimates the rigid trans-
formation between two point clouds iteratively by minimizing
the distance. Recently, the developments of optimization-based
methods and deep learning methods have improved registration
robustness and efficiency (Huang et al. (2021); Perez-Gonzalez
et al. (2019); Wang and Solomon (2019)). Point clouds after
registration incorporate the points from the objects of inter-
est and the noise points. Therefore, de-noising is normally a
needed step. An effective method is random sample consensus
(Liu et al. (2016)). Finally, the amount of data after registration
will be extremely large and makes overlapped regions denser,
which will reduce the efficiency of subsequent processing. Re-
sampling is necessary to solve such problems. In practice, three
commonly used approaches are random, uniform, and point-
spacing (Son et al. (2015)).

Modeling is the core process in the visual construction. The
prepossessed point cloud to build contains rich information of
the target object, but it still needs to be converted into a 3D
model represented by basic geometric shapes such as planes,
surfaces and cuboids, etc. There are major two modeling meth-
ods: geometric modeling and mesh reconstruction.

One modeling method is to generate geometric models by
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point cloud segmentation and modeling. A segment is charac-
terized by a planar cluster because it is a set of points located
within a given threshold distance about a calculated plane. Af-
ter segmentation, the segmented planar clusters are used to ex-
tract the main contours of architectural components. The region
growth (Pu et al. (2006)) and RANSAC (Liu et al. (2016)) are
two efficient segmentation methods (Nguyen and Le (2013)).
Another commonly used method is to generate a mesh model
since it can be used for complex surface modeling, which can
be generally established by constructing a triangular net or
NURBS (Non-uniform rational basis spline). Nevertheless, the
two approaches can also be combined to create semantically
segmented 3D mesh models (Leotta et al. (2019)).

Rendering is an important step for endowing virtual objects
real features and presenting them in front of our eyes. Ren-
dering usually includes coloring, texturing and lighting. Since
laser scanning lacks color information that is required in many
applications. Therefore, a hybrid 3D reconstruction based on
images and scan data is adopted to colorize the point cloud
data. For example, Ma et al. proposed a differential framework
for freestyle material capturing (Ma et al. (2021)). This tech-
nique can greatly improve the sampling efficiency and restore
the material properties with higher precision, which supports
the creation of more realistic “virtual things” in the metaverse.

Physical-based animation has emerged as a core area of
computer graphics and is widely applied in many areas such as
film, game and virtual reality (Bargteil et al. (2020)). In general,
physical-based animation is a method to simulate and animate
the dynamic changes of objects based on physical rules or mo-
tion control theory. For example, the animation of rain falling
on leaves, the swing of leaves under the wind and the floating
animation of leaves on the water can be realized through physi-
cal simulation. These physical animations of objects in a virtual
scene will make people wander the metaverse as if they were in
the real world. When applied in the virtual reality environment,
the research focuses more on how to generate animations based
on interactive models (Llobera et al. (2021)).

3.1.2. Design-based Construction

Another way to create a 3D model is using specialized 3D
modeling software.

Detail demands in the start of design-based construction
from the designer’s ideas (e,g. conception of shape and appear-
ance) and iterates during the drawing process. The advantage
of this approach is that we can design entirely based on imagi-
nation, for example with objects designed with futuristic tech-
nology and unheard of fantasy creatures, or things that cannot
be seen or scanned up close.

Modeling and rendering can be implemented by a num-
ber of modeling software available and they can be divided
into three categories. First, parametric 3D modeling or CAD
(computer-aided design) such as AutoCAD' and SketchUp?, is
the preferred method for engineers and designers to create mod-
els by setting the parameters as the real thing: materials, weight,

1 https://web.autocad.com/
Zhttps://www.sketchup.com
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Fig. 3. Examples of scene construction. (a) Urban 3D reconstruction from
multi-view satellite imagery (Leotta et al. (2019)). (b) A room scene 3D
reconstruction with a RGB-D camera (Navarro et al. (2017)). (¢) A remote
client-server system for real-time reconstruction (Stotko et al. (2019)).

etc. Second, unlike CAD modeling, polygon models are more
concept-oriented than measurement-oriented. The popular soft-
ware are 3Ds Max>, Maya4, Blender?, etc. Third, digital sculp-
ture modeling software such as ZBrush®, requires more artistic
skill than polygon modeling. The modeling software can be
combined with engines (Unity3D’ or Engine®) to construct the
virtual environment.

Design-based animation is achieved by computer graphics
software to make objects appear to move in 3D space. The de-
signers use such software to construct the simple object first,
followed by rigging. The animator places rigs at strategic points
to make it appear to be moving. Some of the common modeling
software we mentioned above can support animation creations.
For example, Blender is an all-rounder, capable of handling a
full line of tasks from 3D modeling and animation to video edit-
ing. Recently, some interactive controller-based animating are
proposed. For example, AnimationVR is proposed as a plugin
for Unity, which supports beginners to easily create animations
in virtual reality (Vogel et al. (2018)).

3.2. Scene

In the metaverse, users will see many colorful and realistic
scenes. The construction of the scene focuses more on the real-
ism of architecture and layout.

In the modeling process, mesh models are more suitable for
reconstructing some buildings with complex surface shapes,
such as murals and statues. For example, Leotta et al. recon-
structed urban buildings combining segmentation methods into
mesh models (Leotta et al. (2019), Figure 3a). Navarro et al.
used the mesh method to reconstruct indoor rooms into virtual
worlds (Navarro et al. (2017), Figure 3b). Some researchers
also studied how to make remote multiple clients realize real-
time reconstruction access in the virtual environment. SLAM-
Cast achieved a practical client-server system for real-time cap-
ture and many-user exploration of static 3D scenes (Stotko et al.
(2019), Figure 3c).

3 https://www.autodesk.com.hk/products/3ds-max/
“https://www.autodesk.com.hk/products/maya/
Shttps://www.blender.org/

Shttps://pixologic.com/

7https://unity.com/ or Unreal
8https://Www.unrealengine.corn/






