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The latest innovations of VR make it possible to construct 3D models in a holographic immersive simulation
environment. In this paper, we develop a user-friendly mid-air interactive modeling system named EasyVR-
Modeling. We first prepare a dataset consisting of diverse components and precompute the discrete signed
distance function (SDF) for each component. During the modeling phase, users can freely design complicated
shapes with a pair of VR controllers. Based on the discrete SDF representation, any CSG-like operation (union,
intersect, subtract) can be performed voxel-wise. Throughout the modeling process, we maintain one single
dynamic SDF for the whole scene so that the zero-level set surface of the SDF exactly encodes the up-to-date
constructed shape. Both SDF fusion and surface extraction are implemented via GPU to allow for smooth user
experience. We asked 34 volunteers to create their favorite models using EasyVRModeling. With a simple
training process for several minutes, most of them can create a fascinating shape or even a descriptive scene
very quickly.
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1 INTRODUCTION

Nowadays, VR experience halls can be seen everywhere in shopping malls, and VR/AR technology
has gradually used in the education of primary and middle school students. An easy-to-use and
WYSIWYG modeling system allows students to get started quickly and focus on creative design,
which can greatly stimulate students’ interest in VR/AR learning. However, building a modeling
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Fig. 1. Some appealing and realistic 3D examples created by volunteers (marked with V1, V2, V3, V4, V5).
All the vivid characters and descriptive scenes are created based on a dataset of 155 basic components. (a)
Little kid; V1; 8 min. (b) Bamboo; V2; 17 min. (c) Flower; V1; 15 min. (d) Pikachu Spring Tour; V3; 8 min. (e)
Illustration; V2; 13 min. (f) Snail; V4; 7 min. (g) Rabbit House; V3; 18 min. (h) Animal war; V5; 5 min. (i) Merry
Christmas; V3; 12 min. (j) Bunny Pavilion; V2; 9 min. (See the accompanying video for more details)

oriented VR modeling system is highly non-trivial. On one hand, it has to integrate many function-
alities into one system - developing a user-friendly interface to support the diverse functionalities
is not easy. On the other hand, different from simply arranging the layout of basic units, it is better
to synthesize the components in real time. Therefore, in this paper, we develop a VR based mid-air
interactive modeling system named EasyVRModeling, which is used to overcome the couple of
difficulties.

Our system consists of a HTC Vive headset, two wireless controllers and two base stations. In
the beginning, we prepare a large set of primitive components, and each component serves as a
generator. We precompute the discrete SDF representation for each generator. The central idea is to
maintain a global discrete SDF to facilitate real-time fusion of generators [Duan et al. 2020; Fedkiw
and Osher 2002; Osher and Fedkiw 2006]. We denote the up-to-date shape of the work scene as A.
During each step, users need to select a generator B from the given dataset, translate/scale/rotate
it to a desirable positional and rotational status, and specify a kind of atomic operations, either
AU B, or AN B, or A — B. In implementation, we use a voxelized representation of SDF, which
enables instant voxel-wise fusion of two SDFs and voxel-wise surface extraction [Kobbelt et al.
2001; Lewiner et al. 2003; Lorensen and Cline 1987; Newman and Yi 2006].

To summarize, our contribution is twofold:

(1) We present an easy-to-operate VR based modeling system, with which users can create
appealing and realistic shapes/scenes based on component synthesis; See some examples
created by volunteers in Figure 1.

(2) We precompute the discrete SDF for each component in a diverse dataset. We also define a
transformation mechanism to align a local component with the global working scene based
on SDF representation, then perform 3D Boolean operations to synthesize components, and
finally transform the synthesized result to a renderable mesh. All the operations can be
parallelized, which is indispensable to ensure comfortable interactive experience.

Proc. ACM Comput. Graph. Interact. Tech., Vol. 5, No. 1, Article 5773733. Publication date: May 2022.



EasyVRModeling: Easily Create 3D Models by an Immersive VR System 5773733:3

2 RELATED WORK

At least two kinds of topics are very related to the theme of this paper, including VR based interaction
and VR based 3D modeling.

2.1 Interaction in VR

VR has the capability to provide users with a sense of immersion and realism, but how to interact
with the virtual environment pleasantly and comfortably is highly non-trivial [Jerald and Marks
2016]. There are mainly three interaction paradigms including VR controller direct control, VR
extended menu, and gesture control. For example, CASSIE [Yu et al. 2021] proposed to use dif-
ferent buttons of the VR controller to realize various actions such as draw, delete, add, and save.
Mendes et al. [Mendes et al. 2017] used gesture control and menu interaction for mid-air modeling.
Arora [Arora 2020] presented a gesture-based animation method that directly controls the direction,
diffusion and turbulence of the smoke simulation.

2.2 3D Modeling in VR

3D modeling is a central topic in the computer graphics field, and there is a large of literature on
this topic. There are several common ways to virtually create a 3D model including sketching [Drey
et al. 2020; Igarashi et al. 2006; Jackson and Keefe 2016; Liu et al. 2011; Lopes et al. 2011; Schmidt et al.
2007; Yu et al. 2021], drawing and sculpting [Arora and Singh 2021; Evans 2015; Peng et al. 2018],
direct manipulation of mesh vertices [Armin Rigo 2020; Baerentzen et al. 2019], and procedural
modeling with boolean operations [Jerald et al. 2013; Mendes et al. 2017].

Sketching is a common and natural 3D modeling way in VR. For example, CASSIE [Yu et al.
2021], as a lightweight sketch system, is able to transform sparse strokes in 3D space to a 3D mesh,
which can automatically detect closed loops of the curve network and predict the surface. Liu et
al. [Liu et al. 2011] used sketching techniques for plush toy generation, but their resulting models
do not have a high precision. The main disadvantage of the above mentioned sketching systems
lies in that they require relatively high sketching skills, and it is difficult to generate very complex
models and tedious to edit the final shape.

In addition to sketching, painting and sculpting can be also accomplished in virtual reality to
generate beautiful textures or elaborate carvings. Rahul et at. [Arora and Singh 2021] proposed
a 3D stroke projection technique to draw mid-air strokes precisely on the surface of a 3D virtual
object. Peng et al. [Peng et al. 2018] presented a 3D sculpting system with a 2D brushing interface
that consists of a sculpting canvas and a widget panel. They considered how a model is authored
via dynamic workflows in addition to what is shaped in static geometry, thus supporting accurate
analysis of user intentions and more general synthesis of shape structures.

Signifier-based approach [Beerentzen et al. 2019] realizes 3D modeling by directly manipulating
the vertices of polygonal meshes. The system performs operations such as face rotation and
translation, vertex movement and merging through the correspondence between the affordances and
signifiers. Sketchup is a CAD modeling tool that extends VRSketch [Armin Rigo 2020]. It includes
drawing layout functionality and surface rendering in different styles, and enables placement
of its models within Google Earth. Because of the limited resolution of the mesh model, mesh
manipulation based approaches usually require further refinement processing.

There are also some VR based modeling approaches that depend on boolean operations, such
as [Jerald et al. 2013] and [Mendes et al. 2017]. They respectively use the magic wand, menu or
gesture to define boolean operation types. The biggest problem lies in that they do not include
an efficient CSG solver, and thus cannot run very smoothly. For example, the modeling system
presented by Mendes et al. [Mendes et al. 2017] has to stop for half a second when one boolean
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Fig. 2. A typical workflow to create a 3D model with EasyVRModeling. During modeling, users need to select
a favorite component, transform (translate, scale or rotate) it to a desirable configuration, and specify the
boolean operation type. By a sequence of simple interactions in VR, users finally obtain a synthesized model.

operation is triggered. Dreams [Evans 2015] directly evaluates the SDF to generate a dense point
cloud on the surface of CSG sculpts. Dreams focuses on sculpting and rendering, without producing
a watertight manifold polygonal mesh.

Besides, there are some VR based systems to simply combine a number of basic objects into a
scene, without really synthesizing them into a whole object [Beever et al. 2020; De Leon et al. 2016;
Ferreira et al. 2021; Wang et al. 2013].

3 WORKFLOW

Our EasyVRModeling system uses two in-
teractive ways at the same time, i.e., menu
interaction for selecting the next generator
and direct control by the VR controller for
grabbing/transforming objects and selecting
boolean operation types. In our system, the
boolean operation types include union, inter-
sect and subtract, and the transform bahav-
iors include translation, scaling and rotation.
Figure 3 shows the snapshot of the working
scene of the EasyVRModeling system, which
the menu is the dataset panel. Currently, our
system has a dataset of 155 basic models, which
can be divided into three categories: simple
geometric primitives, animal models and chair
components (from COSEG [Wang et al. 2012]).
Users are allowed to freely augment the dataset to increase the shape diversity.

EasyVRModeling accomplishes a modeling task by decomposing the whole task into a sequence
of atomic operations. Figure 2 illustrates the modeling process of how to add a pedestal onto the
Kitten model. Starting from opening the menu, the user can select a torus A and a sphere B from
the dataset. Then the user places the two models in the appropriate position and orientation, selects
them as the subtraction operands and finally performs the boolean subtraction B — A, yielding
a new model M. After that, the result M can be shrunk to D. The user then selects a cube and
improportionally scales it to E. Finally, the user selects the Kitten model C, as well as D and E, as

Fig. 3. The menu display EasyVRModeling system’s
component dataset which provides 155 models. Users
can select favorite components using the magic wand.
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Fig. 4. (a)We use a pair of controllers to define all necessary operations for boolean operations, coordinate
transformation and import/export operations. (b)The SceneOperate and Scale panel. For left, the SceneOperate
mode is activated when single-clicking “Cross Key”. For right, the scaling panel appears when the right-hand
“Touchpad” is touched during the selection mode.

the union operands, and perform CUD UE to get a synthesized model, which finishes the operation
of adding a pedestal.

4 MID-AIR USER INTERACTION

In this section, we present the 3D modeling interface of our system. More technical details on
geometric representation of a 3D shape and the voxel-based SDF fusion in Section 5.

4.1 Various operation modes

In order to facilitate users to perform real-time modeling, we use a pair of controllers (see Fig-
ure 4(a)) to define all necessary operations for boolean operations, coordinate transformation and
import/export operations.

e Model selection: pop the dataset panel and specify a favorite component;
e Coordinate transformation: translate, rotate or scale an object;

¢ Boolean operations: union, intersect, and subtract;

e File export: save the final shape/scene into a file.

All the operations are implemented with a VR extended menu and a pair of 6-DOF controllers.
EasyVRModeling provides eight operation modes: grab, select, update, menu, save, SceneOperate,
scale, delete as Figure 4(a) shows. For ease of user interaction, most of the operations can be done
using any one of the two controllers without any difference. Only menu (pop the dataset panel)
and save (save the final shape/scene into a file) distinguish between the left and right hands.

When any of the controllers hits a model, it indicates that the model is selected. The user can
keep grabbing the model by pressing the grab button, and move it to a different position or rotate
it to a different orientation. Clicking the menu button of the right-hand controller can pop the
dataset panel. Users can select a favorite component by press select button with the help of the
magic wand, as shown in Figure 3. The menu can be toggled off by clicking the menu button again.
The save button of the left controller, instead, is used to save the object hit by the left controller. The
SceneOperate mode allows users to select (or deselect) operands, and the update mode activates the
real boolean operations (synthesis of SDFs) and extract mesh surface. The touchpad of HTC VIVE
controller is a multi-function button. When it is single-clicked the cross key area, the SceneOperate
mode is toggled on. When it is double-clicked the center area, the delete mode is toggled on. When
the touchpad of the right-hand controller is touched, the scale mode is toggled on.
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4.2 SceneOperate mode

As Figure 4(b) shows, the SceneOperate mode
has 4 kinds of operations, i.e., union, intersect, \. & :
subtract and cancel. We always interpret a CSG R

task as a sequence of boolean operations. For . .

example, in order to compute AUBNC, we inter-

pret it as (AU B) N C. Users can hit A first (rep- (a) () (c) @
resentative selects the model) to click union (be Fig.5. (a-c) the two components are selected for union,
ignored), then hit B to click union again, and intersect, subtract respectively. (d) After update is fin-
finally hit C to click intersect. The cancel option ~ished the result is rendered in yellow.

is to remove an operand from the CSG calculation sequence. Furthermore, in order to give more
visual cues to users, we render the operands in a specified color according to the boolean operation
type. When it enters the union/intersect/subtract modes, the operands are respectively rendered in
blue, green and orange. After update is finished, the result is rendered in yellow as Figure 5 shows.

4.3 Scaling mode

The EasyVRModeling system also supports various scaling operations. In order to enter the scaling
mode, users can use the two controllers to hit the target model at the same time and hold the
grab button. After that, users can touch the “Touchpad” of the right-hand controller and then see
a scaling panel as Figure 4(b) shows. X/Y/Z/A respectively represent a scaling operation along
X-axis, Y-axis, Z-axis and an isotropic scaling. The cursor tracks the touched position to indicate
the selected quadrant. Suppose that the two controllers are respectively located at (x1,y;, z;) and
(x2, Y2, 22) at the moment that the two grab buttons are pressed simultaneously. Once the positions
of the two controllers are updated, we render the scaled model immediately. The scaling ratio is
defined as

VG = x5)2 + (y; — y3)? + (2] — 25)?
\/(xl —x2)% + (y1 — y2)? + (21 — Zz)z’

(1)

where (x{,y], z]) and (x3, y,, z;) are the new positions. Currently we limit the ratio within [0.4, 4],
which suffices for most applications.

4.4 Other modes

During the modeling process, it’s observed that the copy and delete functions are also very useful.
In our implementation, the delete function is activated when users double-click the delete button
for the selected model and the copy function is activated only one operand when the update button
is pressed.

5 SDF SYNTHESIS

Explicit and implicit representations are two ways to represent geometric models in computer
graphics. Compared to explicit approaches, Implicit representations are proven to be very helpful for
synthesizing multiple models [De Aratjo et al. 2015; Duan et al. 2020; McInemey and Terzopoulos
1999; Pasko et al. 1995; Wyvill et al. 1999]. In this section, we propose to use SDF as the implicit
representation, with which we discuss various boolean operations and surface extraction.
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5.1 Continuous and discrete SDF

Let Q~, 9Q and Q* respectively denote the point set inside the surface, that on the surface and that
outside the surface. The SDF ¢ (p) [Duan et al. 2020] is thus defined as

-d (p; 89)5 p €Q”

¢ (p) =10, p €9Q (2)
d(p, o), peQt,

where d (p, 0Q) is the straight-line distance from point p to the closest point on 9Q. Given a SDF,
the surface can be obtained by extracting the zero-value level set surface.

For a continuous SDF, it can report the signed distance value at any point. But it is hard to
operate since there are infinitely many points in the bounding volume D. Therefore, by discretizing
D along X-axis, Y-axis and Z-axis in a step of S, the bounding volume D can be decomposed into
|_§J X [%J X I_%J cells, where L, W, H are respectively the side lengths of D along X-axis, Y-axis
and Z-axis. It’s obvious that smaller S leads to higher resolution yet larger memory usage and

computational cost. The grid points can be thus indexed by
H
e 3
4 ®

The signed distance field ®p is the discrete SDF in the bounding volume D, which relationship is
as follows:

) w
,OS]S\\?J,OSICS

{Pi,j,k 0 < i <

®p = {4 (pijik)}- (4)

Finally, we can use Marching Cubes [Lewiner et al. 2003; Lorensen and Cline 1987; Newman and Yi
2006] to extract the polygonal surface from ®p.

5.2 Precomputing SDFs and local-global alighment

In the preprocessing phase, we need to compute
®p for each component (typically a polygonal
mesh), which denoted local ®p:

(1) Compute the axis-aligned bounding box
D; ¥

(2) Move the component such that its center
coincides with the origin;

(3) Scale the component such that the
longest side length of D is 0.4 and set
the bounding box padding is 0.1;

(4) Discretize D into a set of regular grid
points, with the step Sjpcqr = 0.01 by de-
fault;

(5) For each grid point p; ; x, we compute the
distance from p; j i to the surface using PQP [Gottschalk et al. 1996; Larsen et al. 1999] while
determining whether p; ; « is located inside or not with CGAL [The CGAL Project 2021]. In
this way, we get a signed distance value ¢; (p; ;x) for p; jx;

(6) Transform ®p into a 3D texture and keep
it in a ScriptableObject asset of Unity.

N !
C: local coordinate X Cr: global coordinate ¥
Discretization iDiscrelizaﬁon

Tri-linear
* interpolation '
il asnray

local @

global

Fig. 6. Computing the global ® of the ellipsoid using
precomputed local ® of the sphere.

See Figure 6 for illustration, a component C is placed in the scene, transformed by a matrix T,
during the modeling phase. Therefore, the counterpart after transformed is Cr, which can be
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discretized in a step of Syiopal, denoted as global ®p, as shown in Figure 6. we have to align global
®p with the local ®p. First, we need to compute the bounding box Dt of Cr and discretize it in the
step Syiobal- Second, for each grid point p; ; x in Dr, we compute ¢y (p; jx) by querying ¢; (T™*p; j k)
with a tri-linear interpolation technique.

Tri-linear interpolation. Suppose that in the local coordinate system of the component, its bound-
ing box has been discretized into a set of cubic elements. Generally the point T !p; jx £ (x*, y*, z*%)
is in one cubic element that is bounded by x; < x* < xp, 41 < y* < yp, 21 < 2° < z5. We define
A T e T z9—2Z*

V= (5)

A= , , ,
X2 —X1 Y2 — 1 22—

and denote the values at the 8 grid points by

$000> P100 Po10> Po01> Po11, P101> P10, P111- (6)
Then ¢, (i, «) can be estimated by

Apveooo + (1 = ) pveroo + A(1 = p)voro + Ap(1 = v)door + A(1 = ) (1 = v) ot
+ (1 =Dp(1=v)dio1 + (1 = )(1 = )vro + (1 = (1 = ) (1 = v)P111.

In fact, it is likely that after the grid point p; ; x is mapped from the global coordinate system to the
local coordinate system, the position (x*, y*, z*) is located outside the bounding box D so that one
cannot find a suitable cubic element to contain (x*,y*, z*). We simply set ¢, (p; jx) = o0, which
does not influence the extraction the zero-value level-set surface. In this way, we can quickly update
the SDF of a component after it is transformed, without re-computing the distance between each
grid point and the surface.

5.3 CSG-like boolean operations

At this moment, we suppose that the SDF of the first object M; is ¢; and we come to synthesize ¢,
with a new object M, whose SDF is ¢,. We consider the union/intersect/subtract operation between
M, and M;. For each grid point p; ; x in the scene, we set

min (¢1(pi k) $2(Piik)) » M; U M,
Dpiji) = Y max (¢ (pijk) P2 (pijk)) » M; N M, (7)
max (¢1(pijk). —d2(pijk)),  Mi— Mp.

where ¢(,, ) is the synthesized SDF value at p; j .

In order to reduce the computational cost, it suffices to restrict the computation in a smaller
region. Let Dy and D, be respectively the bounding boxes of M; and M,. We define the restricted
region Dyestricted as follows:

D; U Dy, Union
Drestricted = { D1 N Dy, Intersect (8)
Dy, Subtract.

5.4 Speedup strategies

Since the real-time experience is crucial to develop a VR based modeling system, we have a set of
speedup strategies to accelerate the computation and provide instant feedback to users.
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Parallel SDF fusion. We maintain a global discrete SDF throughout the whole modeling process.
During each step of boolean operations, we first get the restricted bounding region (see Eq. (8))
where the SDF values need to updated. Then we map the task of SDF fusion to Compute Shader by
using two 3D textures. We recommend to use a 3D local size of 8x8x8 for internally storing 3D
texture data on GPU. The detailed fusion rules are available in Eq. (7).

Parallel marching cubes. In the modeling phase, it is important to render the surface (instead of
the SDF) in real time in the virtual scene. For this purpose, each time when we finish a set of boolean
operation, we need to immediately extract the zero-value level-set surface from the fused SDF.
Similarly, we map the task of surface extraction to Compute Shader by importing {(p;jk, ¢ (pijr))}
to GPU, where p; ji is the coordinate of a grid point while ¢(p;¢) is the SDF value at this grid point.
Finally, we need to synchronize the mesh pieces from GPU to CPU and stitch them together to a
single mesh surface. The use of precomputed SDF, parallel SDF fusion and marching cubes enables
EasyVRModeling to run in real time.

Lazy boolean operation update. Generally, the CSG computation task specified by users each time
can be decomposed into a sequence of atomic computation sub-tasks, where sub-task operates
between two operands. Suppose that the CSG computation task is like

((AUB)NC) -D, 9)
which contains three steps:
(AUB) = E1 - (El N C) 2 E2 - (E2 —D) = E3. (10)

In order to enable users have a smooth experience, rather than run marching cubes for 3 times, it
is better to perform a single marching cubes computation. Therefore, we suggest a lazy boolean
operation update scheme. Users first take the following actions in order: hit A to click union (be
ignored), hit B to click union (U), hit C to click intersect (N), and hit D to click subtract (=). After that,
users can click update and see the fused surface. In this way, it requires one single surface extraction
operation for the compound CSG task. Another benefit of the lazy scheme lies in that after the user
selects these operands, we still allow the user to have a chance to transform (move, scale or rotate)
each operand. Although we implement the marching cubes in parallel, it is impossible to perform
the surface extraction at 90 FPS.

Choice of the step parameter. It’s also important to seek for a trade-off between accuracy and
efficiency. Syiopa1 is a hyperparameter that users can set according to their needs. In implementation,
we tried various step parameters Sgjopqr about global ® within [0.001, 0.02] and found that Syiopar =
0.01 is a good choice. If Syjopq; is too small, it requires a huge computational workload, causing
non-smooth experience. But if Syj,pq; is too large, the extracted models have a low resolution,
causing serious visual artifacts.

6 USER STUDY

In this Section, we evaluate the EasyVRModeling system based on user study statistics and training
periods. We also give a detailed analysis on the run-time performance of the main operations of
our algorithm.

6.1 Participants

We recruited 34 volunteers (8 females and 26 males) aged from 18 to 30. The volunteers consist
of undergraduates, graduate students and doctoral students. Most of them have an educational
background of computer science. Four of them have a long VR experience of more than one
year, five volunteers ever used VR devices but the experience is less than one year, and the rest
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Fig. 7. Training tutorial: (a) teach volunteers to learn how to conduct union/interact/subtract between a cube
and a sphere. (b) synthesizing a chair model using six components. (c) synthesizing a cup model using a torus
and a cylinder.

are VR newcomers. Nearly none of them tried VR based modeling systems before, but most of
the volunteers can remember the operation manual of our system and learn how to create new
3D models very quickly. Our tests were divided into two phases. In the first phase, part of the
volunteers are asked to use EasyVRModeling and give their feedback about interaction. Based on
their feedback, we improved EasyVRModeling and added some new features (copy and delete). In
the second phase, we asked volunteers to synthesize their favorite shapes or scenes and then fill
out an online questionnaire on simplicity, practicability and versatility.

6.2 User training

In order to enable users to quickly master the basic operations of the EasyVRModeling modeling,
such as grasping, moving, rotating, scaling, boolean operations, copy and deletion, we provided the
volunteers with an EasyVRModeling instruction in advance. After a simple training of less than ten
minutes, users began to create their favorite models and then filled out an online questionnaire.

EasyVRModeling ran on a computer with Intel Core i7-6700 Processor, 24GB memory and NVIDIA
GeForce GTX 1070. Before using EasyVRModeling to implement creative modeling, volunteers
need to warm up in advance to ensure that they are fully familiar with the use of the system. In the
training phase, we asked the volunteers to accomplish three tasks. The first task is to use a cube
and a sphere perform the union/intersect/subtract of boolean operations successively (Figure 7(a)).
Through this task, users can learn basic interaction operations. Second, we asked the volunteers to
build a chair from six components (Figure 7(b)). The purpose of this task is to teach users how to
model a complicated model using a sequence of boolean operations. Finally, we asked the volunteers
to build a cup model using a cylinder and a torus (Figure 7(c)). By this task, we want to teach users
to realize that it is possible to create a complicated model with a carefully designed operation
sequence from a quite limited number of basic components.

We asked volunteers to accomplish the three training tasks and kept down the training period
for each volunteer. The training period is used to check if the interaction is user friendly and the
system is easy to use.

6.3 Evaluation

After users finished the training phase, we asked them to use EasyVRModeling to create their
favorite models/scenes, and then score the system based on various indicators. Figure 1 shows some
interesting results modeled by 34 volunteers. The results are created from some basic components
such as cylinder, torus, cube, sphere, bunny and chair parts. Although most of the volunteers lack the
VR modeling experience, they can still build very impressive models/scenes with EasyVRModeling.
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In Figure 1, a female amateur Maya modeling enthusiast (V3) showed enthusiasm and talent
in scene construction. V3 built three beautiful and descriptive scenes, and named them by Rabbit
House, Pikachu Spring Tour, Merry Christmas, respectively. Rabbit House (Figure 1(g)) describes a
summer scene where a rabbit is resting in his house, and there are mushrooms, a hand symbol
and a small shrub nearby the tiny house. Pikachu Spring Tour (Figure 1(d)) conveys a story that
Pikachu is riding on a dog and running in the forest. Merry Christmas (Figure 1(i)) conveys a vivid
scene that Santa Claus went to deliver Christmas gifts, leaving two elk pulling a sleigh and waiting
for him. Another female volunteer (V1) used a sphere, a chair leg, and a chair board to create a
delicate flower (Figure 1(c)). Firstly, she constructed a petal by subtracting two scaled spheres and
then combined multiple petal into a flower by rotation and copy. Furthermore, she used a sphere to
produce the stamen, the chair board to produce the flower leaf, and the chair leg to produce the
flower stem. V1 also used a sphere, a cylinder, a chair leg and a chair board as the basic elements to
construct a Little-Kid model (Figure 1(a)) by copy, scale, and union operations. What’s more, the
Snail model (Figure 1(f)) was constructed from a torus, a cylinder and a chair leg by a male volunteer
(V4); The bamboo clump (Figure 1(b)) was constructed from a sphere and a chair leg, where the leaf
was obtained similarly to V1’s petal construction. To summarize, by skillfully using the geometric
transformation operations and the boolean operations, users can create very complicated shapes
from a limited number of basic components.

Quantitative analysis. The average timing Taple 1. For the three tasks of training tutorial in Fig-
cost for volunteers to learn EasyVRModeling is  ure 7, we respectively record the GPU time (in mil-

233 seconds, where the shortest period is 105s liseconds) spent for one update operation (including
and the longest period is 420s. On one hand, it multiple SDF fusions and one surface extraction). Note
shows that users can get familiar with the sys- that the timing cost depends on the choice of the step
tem after a relatively short period of learning. Parameter Syiopal-

On the other hand, the large variance of train- Step Sylobal 0012 001 0008 0006
ing time shows that different volunteers have & SDF fusion 3 9 11 12
different backgrounds, and more skilled volun- 5 | surface extraction | 14 22 46 98
teers can understand/accomplish the training c total time 22 31 57 110
stuff more quickly. 5 SDF fusionA 26 28 35 45
In Table 1, we keep down the timing statis- 5 | Stface extraction | 27 34 76 186
tics for performing one update operation. To be Stgt;ﬂf::; ?2 ?2 11181 22311
more detailed, it involves multiple SDF fusions 5; surface extraction | 24 45 89 208
and one surface extraction. It can be seen that total time 39 61 104 229

the operation of surface extraction is particu-
larly sensitive to the step parameter Syjopas - @ smaller Sgjopqr requires a larger timing cost of surface
extraction. If Sgjopq is too small, there is a conspicuous frame rate fluctuation. That’s why we
invent a “lazy boolean operation update” strategy to reduce the effect of stuttering or lag. In our
implementation, we set Sgjopq = 0.01 by default to balance efficiency and accuracy.

User feedback. The questionnaire for evaluat- Taple 2. The practicability statistics of the EasyVRMod-
ing EasyVRModeling is divided into three parts: eling system (between 1 and 10; the higher the score,
the first part is to fill in the tester’s personal the better).
information, the second part is to investigate

the tester’s recognition of the practicality of EasyVRModeling Mean (deviation) Weighted Mean

i . Playability 9.00 (1.28) 9.52 (6.32)
the EasyVRModeling modeling system, and the Ease of utilization 8.26 (1.90) 8.87 (6.22)
last part is to give the creation support index Fluency 7.91 (4.20) 8.64 (6.17)
(CSI) [Cherry and Latulipe 2014]' Overall practicability 8.39 (1.82) 9.01 (6.22)
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Considering that different users have different backgrounds, we ask the volunteers to rate their
professional level about the VR based modeling, ranging from 0.0 to 2.0 (i.e. the mean of weights is
1.0). Using the professional level as the weighting scheme, we get a significance weighted score.
See the statistics in Table 2.

In Table 2, we provided the statistics of vol- Taple 3. The average Creative Support Index
unteers’ evaluation of the practicability of the (csI) [Cherry and Latulipe 2014] scores (between 1
EasyVRModeling system. The practicality of and 20; the higher the score, the better).
the modeling system is evaluated from three

perspectives: playability, ease of operation, and EasyVRModeling Mean (deviation) Weighted Mean
. Enjoyment 16.65 (3.40) 16.97 (11.45)

fluency. Baseq on the §tatlstlcs (mean value and Exploration 1735 (3.61) 1764 (12.16)
standard deviation), it can be seen that users Expressiveness 17.26 (2.38) 17.54 (11.36)
agree EasyVRModeling is fun and easy to oper- Immersion 17.91(2.47) 17.93 (11.59)
N R Results Worth Effort 17.35 (2.18) 17.44 (11.12)

ate. It’s also worth noting that some users the oS 1731 (2.90) 1751 (1137)

system may lag during modeling. In fact, it is
due to that currently we didn’t limit the maximum length of the boolean operation sequence. Our
system assumes that during each step, the operations of SDF fusion and surface extraction can be
confined in a small region. However, if users select too many operands at one time (e.g., larger than
6), generally the influenced region becomes very large, which requires a long computation time.

In Table 3, the volunteers gave their scores in terms of CSI [Cherry and Latulipe 2014]. Statistical
data in Table 2 shows that users believe that EasyVRModeling modeling system really helps in
creative modeling, and has high entertainment, exploration and strong expression ability, enabling
users to give full play to their imagination in modeling.

6.4 Comparison to other VR based modeling tools

MakeVR [Jerald et al. 2013]. It introduces a free-form modeling tool in VR, with a two-handed
3D multi-touch interface, for designers and makers. Since it aims at a professional-grade CAD
engine, it has a high accuracy requirement on boolean operations, and cannot ensure smooth
interaction when the scene becomes complicated. Our system, instead, maintains the whole scene
in a fixed-resolution of volume data and thus does not suffer from the increasing complexity of the
scene.

Mendes [Mendes et al. 2017]. To our knowledge, Mendes supports boolean operations between
two given operands. However, it has at least two disadvantages. First, the interaction is not user
friendly - users need to grab the two objects simultaneously. Second, the computation is not efficient
enough to conduct real-time boolean operations between two complex shapes.

VRSketch [Armin Rigo 2020]. It combines Sketch and other CAD tools for VR modeling.
VRSketch directly manipulates mesh vertices, edges and faces to build models with diverse shapes.
Based on our experience, there is an occurrence of stuttering or lag if the mesh has a high complexity.
Generally, it can only deal with low-resolution mesh models, making the resulting mesh not very
informative. One has to refine the model as a postprocessing step.

EasyVRModeling. Our EasyVRModeling system enables users to easily and quickly synthesize
components, by various geometric transformations and various boolean operations, into a visually
appealing model. Generally the output is a closed watertight polygonal model, which shows that
our system is much different those layout arrangement approaches. Due to this nice feature, users
can directly export the synthesized model to a 3D printer for direct fabrication, which is very
helpful for educating artistic students. In Figure 8, we show the printed version of the Bunny
Pavilion model (see Figure 1) from 4 different perspectives.
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Fig. 8. Users can directly input the synthesized model into a 3D printer for fabrication. We show the printed
version of Bunny Pavilion (see the digital model in Figure 1) from 4 different perspectives.

7 CONCLUSIONS AND FUTURE WORK

In this paper, we build an easy-to-use VR based modeling system, without the help of any external
devices. The central idea is to help users create a complicated model with a limited number of
simple primitives. On one hand, our system provides user-friendly interaction. The system provides
a menu for component selection and two controllers to define CSG boolean operation types and
control coordinate transformation. On the other hand, we use the discrete SDF to represent each
component and further develop a trilinear interpolation technique to support real-time synthesis
of two SDFs for quick CSG-like operations (union/intersect/subtract). Both SDF fusion and surface
extraction are implemented via GPU in real time. However, EasyVRModeling, in its current form,
still needs further improvement. For example, if a component is scaled down to a very little size, it
is hard to grasp the object. Furthermore, it is interesting to explore the possibility of collaborative
creation in EasyVRModeling.
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