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Abstract

While traditional design sketches provide a quick way for designers to express
a 3D concept, sketches are inherently 2D, meaning that the artist must per-
form a projection of their 3D idea and that the viewer must decode it. The
idea to express one-self using 3D input is not new, as sketching in immersive
environments has been prototyped since more than 2 decades. However, users
face issues intrinsic to 3D sketching, which hamper their creation process. One
issue is the di Cculty to perform precise sketching motions in 3D, necessary to
sketch correctly. Another issue is with visualisation of a 3D sketch: while a 2D
sketch has a fixed viewpoint, a 3D sketch must be made to look correct from
any viewpoint. We set out to address these challenges with an approach based
on automatic stroke beautification, and on inferring the surfaces that the user
envisions while they sketch, in order to provide occlusion cues that help un-
derstand the sketch. Our prototype and the user study show that this method
o [ers promising improvements over free-hand 3D sketching.
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Chapter 1

Introduction

1.1 Motivation

A growing body of work on the subject of algorithmically understanding sketches
provides us with data and understanding of how designers use the medium of
2D sketching to represent the 3D shape of an object [21, 56]. Meanwhile, the
hardware technology to track headset and hand-held controllers precisely in 3D
is mature and commercially available [15, 23]. This technology enables artists
to draw in mid-air by simply moving their hand in space, creating 3D strokes
that can be directly interpreted as such in an immersive environment, without
the need for projection on a 2D screen. Bypassing that step of projection of a
3D concept to 2D, inherent to 2D sketching, could lead to interesting new ways
to create. Externalizing 3D concepts directly in 3D could provide a more im-
mediate creation experience, and enable designers to avoid one of the challenges
of sketching: making sure the observers can infer the correct depth information
from their sketch.



2 Introduction

1.1.1 Sketching: a traditional design tool

Designers use sketching early on in the design process, as a way to both external-
ize their mental concept of a product and develop the ideas further, evaluating
and precising them as they sketch [46].

Figure 1.1: Designer sketches from OpenSketch dataset [21]

By looking at examples of designer sketches [13, 21], and the de nition of a
sketch as described by Buxton in the context of user experience design [8], we
can extract a few core properties that designers seem to value in an exploratory
sketch:

Sketching is quick and inexpensive

A sketch should reveal aminimal level of detail, and suggestsolutions
rather than con rm one.

While both pen and paper and digital tools are now used commonly for this
creation process, these input modalities are inherently 2D. We seek to propose
a 3D sketching interface, for which the above desirable properties would be
satis ed while "3D sketching".

1.1.2 Using VR as an immersive creation interface

As virtual reality gains popularity, this technology is being used by artists as
a new creative medium that allows them to draw or model while immersed in
their creation, in a virtual 3D space. In recent years, commercial tools have
been released to enable artists to sketch free-hand in mid-air [17] and to create
3D design concepts by sculpting digital clay [14] or through an interface similar
to desktop CAD modelling [18, 20] (Fig. 1.2).
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Figure 1.2: Commercial tools for VR creation. From left to right: TiltBrush
[17], Oculus Medium [14], Gravity Sketch [20]

Despite the success of these tools among a nascent community of artists, ex-
perimental studies have shown that users face new challenges while sketching in
VR, as they are unable to draw precisely in all arbitrary scales and orientations
that a VR environment could a ord. Di culty to accurately judge distances in

the depth dimension, motor limitations and lack of a supporting surface are all
factors contributing to less precise strokes [2, 34].

While TiltBrush [17] has its main interaction as free-hand sketching, experienced
artists manage to create beautiful pieces by painting dense accumulation of
strokes (see Fig. 1.3), where lack of precision matters less than in the tasks
devised in previously mentioned usability studies. Such densely painted 3D
sketches also provide occlusion cues that help understand the objects by looking
at solid surfaces rather than at visually overlapping sparse contour and feature
strokes. However, the 3D paintings created in TiltBrush - because of their high
stroke density - put more emphasis on rendering the detailed look or texture
of a surface, rather than the overall 3D shape, as a design sketch should do.
Design sketches are composed of a sparse set of strokes that infer the surface
(see Fig. 1.1).

Figure 1.3: TiltBrush artworks. Left: by Estella Tse, right: by Tristan Eaton.
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Modeling tools such as Gravity Sketch and Google Blocks can be used to create
e cient 3D models, but they use interaction metaphors close to desktop-based
3D modelling tools such as Blender, where the underlying mathematical rep-
resentation of the geometry such as mesh vertices and curve control points are
exposed. While very ecient in the hands of a trained user, they lack the
immediacy and accessibility of sketching.

1.2 Goal

In this context, we set out to propose novel interactive solutions to use VR
sketching as a 3D concept design tool. We explore ways to help artists real-
ize their 3D visions by sketching a sparse set of strokes mid-air. We choose
mid-air sketching as the main interaction metaphor for creation, then augment

it with automatic stroke beauti cation and surface inference such that users
can focus on shape exploration through sketching rather than on ghting the
aforementioned di culties of VR sketching.

Interactive stroke beauti cation automatically corrects user imprecision, while
respecting the intent of their input. This allows them to focus on the main shape

of their strokes, rather than on trying to precisely reach target positions in 3D
space, which is known to be prone to errors and detrimental to stroke quality
[2]. With stroke beauti cation, intended stroke intersections are enforced, so

it becomes easy to draw a well-connected network of strokes. Assuming that
the user means to represent a solid object with a sparse set of strokes, we can
use the curve network obtained by beauti cation to infer the surface that the
strokes bound. These surfaces provide adequate occlusion cues, which helps the
user understand their sketch from any viewpoint.

We implement a VR application capable of interactive beauti cation of 3D
strokes and surface inference from those strokes. We then conduct a user study
to nd out whether such a sketching interface can enable artists to explore 3D
design concepts better than with free-hand 3D sketching. Finally, we produce a
variety of 3D sketches with our tool, to demonstrate its versatility.



Chapter 2

Related work

The work we present in this thesis is related to previous work on immersive
sketching, as we use similar interaction metaphors and face the same challenges.
Itis also related to work on inferring artist intent from 2D sketch, from which we
take inspiration to implement our 3D stroke beauti cation method. Finally, an
important part of this thesis is about inferring surfaces from 3D curves, therefore
we will give an overview of some work on surfacing of 3D curve networks.

2.1 Immersive sketching

Since early immersive environments such as th&®esponsive WorkbencH31] the
CAVE [9] and head-mounted-displays took o - if not commercially, at least
in many research groups - researchers have investigated the possibility of using
these new types of display and input as an interface for artistic creation. In
1995,HoloSketchpresented a novel "WYSIWYG" interface to create 3D objects,
by using direct 3D position input from a tracked hand-held device to create
primitive objects or free-form tubes that follow the hand motion of the user.
Surface Drawing enabled users to create and deform surfaces in mid-air with
a sweep of the hand (Fig. 2.1 left) [42]. InFreeDrawer, the 3D model was
created on the Responsive Workbenchby sketching a sparse network of feature
curves, from which the system inferred surfaces that could later be deformed
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(Fig. 2.1 right) [55]. While this body of work concerns interfaces that no
longer exist, their ideas are still very relevant to modern immersive sketching
applications. TiltBrush and many other creative applications employ a mid-air
sketching interaction similar to the ideas presented inHoloSketch and Surface
Drawing. Our work follows the same philosophy asFreeDrawer, where the 3D
form is de ned by a sparse set of curves. While they only snap nearby curves to
form a network, we support more beauti cation constraints. We also propose
automatically detected surface patches, while they rely on the user to indicate
all patches that should be surfaced.

Figure 2.1: Left: Surface Drawing [42], right: FreeDrawer [55].

Supporting our hypothesis that VR sketching could be of interest for designers,
Israel et al. [26] reported that designers have a strong interest in using an im-
mersive sketching interface. Moreover Israel et al. [26] claim that despite early
technical limitations, 3D sketching in a CAVE presents promising qualities to

help them externalize ideas and foster creativity.

However, new challenges arise in VR sketching interfaces, compared to tradi-
tional sketching. When tasking users with sketching simple strokes like a straight
line, a circle or perpendicular lines, Arora et al. [2] and Machuca et al. [34] have
measured that the accuracy of the result compared to the target is quite poor.
The lack of a supporting surface induces the need for better motor control in a
space with more degrees of freedom than traditional 2D sketching. Adding to
that, low spatial ability can inhibit users, making them more prone to errors
when positioning strokes relative to each other.

To overcome these challenges in immersive sketching, a variety of interfaces have
been proposed. One idea is to reduce the degrees of freedom when drawing a
stroke mid-air. 3-Draw [41] did so by decoupling the act of drawing the curve

to de ne its shape from indicating its position and orientation in the overall
drawing. Keefe et al. [29] use haptic feedback from a Phantom device and a
2-hand interaction metaphor inspired by tape drawing [6] to separate drawing
the curve from indicating its tangent direction (Fig. 2.2a). Other methods avoid
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direct 3D freehand sketching in the creation process. Jackson and Keefe [27]
proposed to use curves from a 2D sketch as a basis for VR creation, while Arora
et al. [3] use a 2D tablet on which the artist can sketch precise strokes that
were mapped to a proxy 3D surface de ned by a few freehand 3D strokes (Fig.
2.2b). In a similar spirit, Kim et al. [30] capture hand motion to describe 3D
sca olding surfaces on which to draw. Contrary to these methods, we tackle
head-on the challenge of imprecision in free-hand sketching. We keep free-hand
sketching as the main interaction metaphor for our system, and rely purely on
an algorithmic process to disambiguate imprecise strokes.

Finally, some work has been done on beauti cation of freehand 3D strokes,
which is directly related to our method. Machuca et al. [33] beautify the user's
strokes and suggest shapping targets by automatically detecting potential geo-
metric relationships between new and existing strokes (Fig. 2.2c¢). In contrast
to our approach, they only support planar strokes and they limit snapping to
the endpoints of strokes. On a high level, Machuca et al. [33] focused on en-
abling the user to sketch strokes with precise geometric relationships (such as
perpendicular lines or o set circles). In contrast, the goal for our beauti cation
method is to create connected free-form curve networks.

Figure 2.2: (a) Drawing On Air [29]. (b) SymbiosisSketcH3]. (c) Multiplanes
[33].

2.2 2D sketch beauti cation and sketch depth in-
ference

A number of methods have been developed to perform what is commonly called
"sketch beauti cation". Their usefulness comes from the common need to create
diagrams or drawings that satisfy speci c geometric constraints. Without sketch
beauti cation, it is di cult to do so by hand, especially with inputs such as a
computer mouse or trackpad.
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Pavlidis and Van Wyk [39] introduced one of the rst such systems, that can
take a line drawing as an input and output a drawing close to the input while
satisfying geometric constraints. However, they focused on simple drawings
composed of a small number of line segments. While this system was applied as
a post-process to the drawing once it was nished, Igarashi et al. [25] proposed an
interactive beauti cation method, that treats each new stroke as it is sketched,
while keeping the rest of the sketch as is. This approach enabled them to
consider more complex sketches and geometric relationships between strokes.
The interactivity of the system also gives more control to the user by letting them
choose between multiple possible beauti ed results. More recently, Fizer et al.
[16] proposed an interactive beauti cation method that supports general Bézier
curves as input, and an exhaustive number of geometric constraints, enabling
users to create very complex beauti ed drawings (Fig. 2.3a). While all of these
methods work with 2D sketches, we took inspiration from their approaches to
design our interactive 3D beauti cation method. While we support a smaller
set of geometric constraints, we also work on Bézier curve as iBhipShape[16]
and we draw inspiration from the way they select a set of geometric constraints
to apply to a stroke.

Figure 2.3: (a) ShipShape[16]. (b) CrossShade[47]. (c) Analytic Drawing of
3D Sca olds [44].

Another body of work focuses on inferring depth from 2D sketches, in order
to enable artists to create 3D curve networks, 3D objects, or a 3D appearance
from a 2D sketch [10, 43, 44, 47, 56]. While these methods take input that is
a lot more ambiguous than in our 3D sketching case, their core idea of lifting
ambiguities in the input while preserving the artist's intent is identical to our
goal. One approach to lift the depth ambiguity from a sketch is to leverage
domain speci ¢ knowledge on how artists draw. Shao et al. [47] observed that
concept sketches often contain cross-section curves, which help the viewers to
perceive the curvature of a drawn object. By expressing these perceptual cues
as geometric constraints, they derived a method to infer the surface normals,
and proposed an automatic shading technique for concept sketches (Fig. 2.3b).
Similarly, Xu et al. [56] leveraged global perceptual cues from concept sketches
in order to infer depth for each sketched curve, e ectively creating a 3D curve
network from a 2D sketch. While these algorithms are applied to a nished
sketch, other methods allow the users to create 3D curves interactively on a
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2D interface such as a pen tablet. Taking inspiration from traditional drawing
practices, Schmidt et al. [44] proposed an interactive method to infer depth of
3D curves sketched in 2D by using construction lines of the drawing as cues
(Fig. 2.3c). In a dierent application domain, De Paoli and Singh [10] use a
3D model as a base to draw on, and proposed a method for inferring depth by
recognizing the relations between the sketched 2D strokes and the model. Our
interface adopts a similar work ow, as we interactively lift ambiguities in an
input stroke by using information from the previously drawn strokes.

2.3 Surfacing of 3D curve networks

Following the rising availability of 3D curve network data, coming either from
2D sketches and the methods mentioned above (Sec. 2.2), from direct capture
with mobile devices [49], or from sketching interfaces [4], methods to generate a
closed surface that extrapolate those curves have been developed. In an artistic
context, the interest of doing so is mainly for visualisation, as the surfaces
provide a clearer representation of the shape, with occlusion cues. A curve
network created by a designer is a compact yet representative description of a
3D shape [19], that a human observer can easily interpret (see Fig. 2.4 left for
examples of curve networks). While this is natural to do for humans, there are
actually two distinct steps in this process. First, we must recognize which cycles
of the curve network bound solid surface patches, as opposed to the cycles that
bound cross-sections or boundary of the model for example. Secondly, we have
to infer the curvature of each surface patch, based on the sparse curve network.
In the following paragraphs, we summarize previous work on these two aspects.
We draw inspiration from these methods to implement an interactive surfacing
of curves (Sec. 3.3).

Figure 2.4: Curve networks and the envisioned surfaces, reconstructed with
the method by Pan et al. [37].
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To recognize cycles that bound surface patches algorithmically is not an easy
task. The search space of all possible cycles in the graph of a typical 3D curve
network from a sketch is big, and the validity or quality of one cycle can not be
determined locally, but rather in the context of the other cycles. Abbasinejad
et al. [1] proposed to construct an optimal cycle basis with respect to weigh-
ing of cycles de ned by simple heuristics. Their algorithm favors cycles that
are short (in number of edges), close to being at and that do not separate
the graph. Combined with a user interface to add a closing patch (the cycle
basis does not close o the surface) and eventually correct erroneous patches,
they achieved good results on thelLoveSketch dataset [4]. To support shapes
of higher genus and non manifold surfaces, Zhuang et al. [57] introduced a more
general approach by reformulating the search of an optimal set of cycles as a
search for the optimal mappings at each vertex and curve that describe how
incident curves at a vertex form cycles. The cost metrics they use favor patches
that are smooth, convex and if multiple patches share a curve, they should be
uniformly distributed around the curve. By searching for these optimal local
mappings with a dynamic programming algorithm, combined with an e ective
pruning strategy, they can nd a solution for a variety of complex 3D curve
models in under a second. The approach we have on this problem is di erent
from these methods, as the curve network that we treat is constructed interac-
tively. We leverage that fact by detecting cycles on the network locally, where a
new curve is added. In the context of the interactive VR application, it is also
possible for the user to indicate any missing surface patches, so we rely on that
to disambiguate some cases (see Section 3.3.2).

Once the cycles bounding patches are found, one must construct a geomet-
ric representation of the surface patch that matches human expectation (see
Fig. 2.4 right). This geometric representation is typically a mesh, for which
one must de ne both topology (connectivity) and geometry (vertex positions).
Zou et al. [58] proposed an e cient algorithm to triangulate multiple closed 3D
curves, by applying a dynamic programming algorithm to select the optimal tri-
angles with respect to a given metric (such as total triangle area or total dihedral
angles) among a reduced set of possible triangles obtained from the Delaunay
tetrahedralization of the input curves. This method can provide an initial tri-
angle mesh for each surface patch, but its geometry may not be aligned with
what an observer would envision for the curve network. With additional normal
information at the curves, Stanko et al. [48] guide traditional variational meth-
ods by providing curvature information through propagated normals, to obtain
more realistic shape curvature. Based on the observation that artist-created 3D
curve networks are largely composed of representative ow-line curves that are
mostly aligned with principal curvature directions, Bessmeltsev et al. [7] surface
a curve network with a quad-mesh by nding pairings between curve segments
that bound regions of homogeneous ow-lines, then use the pairings to de ne
the surface in-between as a smooth interpolation between those curve segments.
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Driven by similar perception-based heuristics, Pan et al. [37] proposed a method
to generate a surface with curvature lines well aligned with the ow-line curves.
They improve curvature by iteratively re ning the mesh and an associated cross
eld. The goal is to have the cross eld directions smoothly interpolate the
directions of the ow-lines, and the principal curvature directions of the mesh
match the cross eld. We choose to apply directly the e cient triangulation al-
gorithm by Zou et al. [58] to obtain a triangle mesh from a boundary curve (see
Section 3.3.4 for more details). While applying the fairing methods by Stanko
et al. [48] or Pan et al. [37] would have signi cantly improved our surface geom-
etry, we leave this for future work. The surfaces we obtain are mainly used for
occlusion purposes, so their geometry is not an essential aspect.
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Chapter 3

Method

In this chapter we present the components of our interactive stroke beauti cation
and surfacing VR application. First we showcase the high-level work ow to
create a 3D sketch in our application (Section 3.1). Then we give an overview
of the stroke beauti cation process (Fig. 3.1b). It takes as input a stroke drawn
by the user mid-air, and should output a stroke that is close to the input while
satisfying as many regularity constraints as possible, with respect to the existing
strokes in the sketch. Finally, we explain how we can use the strokes to infer
the envisioned surface (Fig. 3.1c) and further use this surface to constrain some
strokes to lie on it.

Figure 3.1: Method overview. (a) Existing sketch (light grey), newly sketched
stroke (black) and constraints (blue). (b) Beauti ed stroke. (c)
Inferred surface.
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3.1 User work ow

Let's illustrate the work ow with the example of drawing a computer mouse
(Figure 3.2).

(a, b) The user creates the base of the mouse by sketching multiple short
strokes that are automatically linked into one long continuous stroke. The
strokes are also neatened to be planar.

(c) When the user closes o the loop, a surface patch appears.

(d) The user adds a section stroke on the mouse, which is neatened to
intersect the base. The surface is updated to take the section shape into
account.

(e) After adding a few more strokes, the rough shape of the mouse is
de ned.

(f) The user re nes the surface by adding more strokes.

(9) Finally, the user adds some detail, the strokes are projected to lie on
the surface.

(h) Result.

Figure 3.2: User work ow of a computer mouse sketch.
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3.2 Stroke beauti cation

3.2.1 Principle

The need for stroke beauti cation in 3D sketching arises from the broadly ob-
served lack of precision that users face with this medium [2, 33, 34]. In the con-
text of 3D design sketches, we can formulate the hypothesis that some stroke
properties are highly desirable for the user (see Section 3.2.3). For example,
in Figure 3.3a, it seems likely that the strokes forming sections of the tubular
shape should intersect the strokes from the sides, like in Figure 3.3b.

Figure 3.3: (a) Freehand sketch, (b) Beauti ed sketch.

Each time the user draws a new stroke, we rst pre-process the stroke by tting
a smooth line or curve to the input samples (Sec. 3.2.2). Then we beautify it and
replace the raw input stroke (Fig. 3.3a) by a beauti ed stroke (Fig. 3.3b). The
process can be broken down into two main steps. First we must infer the user in-
tent to determine which constraints should be applied to the stroke (Sec. 3.2.3).
We look for potential constraints in the sketching environment, composed both
of an orthogonal 3D grid and the previously drawn strokes. Secondly, we min-
imally reshape the input stroke to satisfy the constraints (Sec. 3.2.4). We de-
vise a general method based on optimisation to apply geometric constraints on
sketched strokes, while ensuring that we preserve the user input as much as
possible.
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3.2.2 Stroke pre-processing

Before beautifying the stroke, we pre-process it to remove unintended noise, then
t a smooth curve to the input samples. We choose to use lines and cubic poly-

Bézier curves as parametric representations of the strokes. Poly-Bézier curves
- compared to other representations of curves such as Catmull-Rom curves -
comport a smaller number of degrees of freedom, with a relatively small number

of control points. They also strike a good balance between expressivity and
smoothness, so they are well-suited for design sketches [56].

Hooks removal ~ We notice that a common unintended pattern in VR sketch-
ing is the presence of "hooks" at the beginning and end of a stroke (Fig. 3.4).
This is caused by a slight involuntary hand motion when pressing and releasing

the trigger to draw.

Figure 3.4: Left: stroke with hooks. Right: hooks removed.

We use the same method as Liu et al. [32], and cut the hooks by detecting
C1 discontinuities near the start and end of the stroke.

Line tting We detect whether an input stroke is close to being a line, and
in that case replace the stroke by a line. We look at the following criteria to

decide:

The total length of the input stroke L. is close to the distance between
the stroke endpointsL,, as in ShipShape[16].

The average drawing speed of the stroke is above a threshold.
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Having a condition on the drawing speed enables users to deliberately draw
quasi-linear strokes without them snapping to lines by drawing slowly, to indi-
cate their intent to be more precise.

Bezier curve tting In the general case, we t a poly-Bézier curve to the
input stroke. We rst simplify the sampling of the input stroke by applying
Ramer-Douglas-Peuckeralgorithm [12] to the initial list of samples gathered
during the time the trigger was pressed. Then we t a poly-Bézier curve with
G* continuity using a least-square tting approach as described by Schneider
[45]. We obtain a succession of cubic Bézier curves, that minimally smooth the
input stroke. We parameterize the complete poly-Bézier curve asB (t);» j0:1)-

3.2.3 Detecting geometric constraints

The beauti cation approach relies on rst detecting which geometric constraints
are applicable to the input stroke [25]. We search for constraints by looking at
how the new stroke relates to previous strokes in the sketch. We also use an
orthogonal 3D grid that spans the drawing volume to constrain the strokes, just
as one would look for orthogonal alignments, or use a grid as support in 2D
sketches [16, 25, 44]. In this section, we rst explain how we de ne distance and
angular thresholds for detection, then we list the 3 types of constraints that we
detect. Finally, we explain the di erence between the constraints that we want
to enforce exactly, and those that we can settle for approximating.

3.2.3.1 Distance and angular thresholds

To detect constraints, but also to later apply them on the strokes, we need to
de ne some threshold values that we rely on to decide whether a distance or an
angle is small.

We decide to de ne a single distance threshold for the whole application: ,
which is the diameter of the sphere corresponding to the brush tip. Initially,
when the drawing is of scales=1, ! =0:02in the units of the Unity scene.

Having a single distance threshold enables us to smoothly handle drawing vol-
ume scaling. As the user zooms in, we update this application wide threshold
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such that for a scales 1, is appropriately scaled:

=

S (3.1)

This enables the user to gain more precise control over their strokes by zooming
in the drawing volume.

For the angular threshold, we de ne = &, which empirically seems to strike a
good balance between adequate snapping and expressivity.

De ning those threshold values to be appropriate for di erent users and sketches
is one of the main challenges we face in this project. While making dependent
on drawing scale is an intuitive way to provide some control to the user, it would
be necessary to make these thresholds customizable in a real application.

3.2.3.2 Geometric constraints

Intersections. We search for intersections between the input stroke and an
existing stroke (Fig. 3.5), or between the input stroke and a grid point. We also
detect self-intersections near the endpoints, to form closed loops.

To detect potential intersections with existing strokes, we use Unity's built-in
Physics Collidersto detect when the brush tip comes within a radiusr getect =

2 of an existing stroke while sketching. For the regular grid, we simply check
whether the brush comes within a radiusrgeect Of One of the grid points (see
Section 4.1.3 for more details about the grid). We assume that the user wants
to draw a closed loop if the endpoints of the stroke are within a distance getect
of each other.

Tangent alignment. At an intersection, we compare the tangents between
both strokes. If the angle between both tangentsT,e and Tqqg is under the
threshold , we add a constraint on the tangent of the new stroke at the inter-
section point (Fig. 3.6).

Planarity. We compute the best- t plane to the control points by least squares.
If the distance from the plane to the farthest control point is below the thresh-
old rgetect , We add a planarity constraint to the stroke (Fig. 3.7). We also test
whether the plane normal f1 is close to one of the orthogonal directions of the
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Figure 3.5: Left: strokes with near intersection. Right: beauti ed strokes with
intersection constraint. Insets: other viewpoint.

Figure 3.6: Left: strokes with near aligned tangents. Right: beauti ed stroke
with tangent alignment constraint.

grid, and if it is close within an angle , we snap the plane to be an orthogonal
plane with respect to the grid.

3.2.3.3 Exact constraints and fuzzy constraints

We decide to separate the geometric constraints between those that we want to
enforce exactly (hard constraints), and those that we will simply try to reach,
by minimization of a quantity (fuzzy, or soft constraints).

An intersection constraint enforces network connectivity, so we want to either
completely satisfy it or reject it. Therefore we formulate it as a hard constraint.
We formulate both planarity and tangent alignment constraints as soft con-
straints, because they correspond to aesthetic properties that are desirable but
that we can settle for approximating.
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Figure 3.7: Left: non-planar stroke and best t plane. Right: beauti ed pla-
nar stroke.

Having these constraints as soft terms gives us more exibility in applying sets of
constraints that would not lead to a feasible exact solution. For example we can
apply a planarity constraint on a stroke with non perfectly planar intersection
constraints, and still get a solution that enforces the intersection perfectly while
being as planar as possible.

3.2.4 Enforcing constraints while preserving user input

Our goal is to enforce an arbitrary number of constraints on the input stroke,
while preserving the user intention as much as possible. We assume that the
input motion performed by the user is reliable to some extent, and we want to
prevent deforming it, while making it respect as many constraints as possible.
This problem is similar to what Xu et al. [56] describe for lifting a 2D sketch in
3D. Taking inspiration from their method, we formulate this problem as solving

a constrained optimization.

We describe delity to the input stroke as an energy function with respect to
the control point positions (Section 3.2.4.1), and pose the geometric constraints
as hard and soft equality constraints on these positions (Section 3.2.4.2). We
further explain how we can select an optimal subset of constraints from the
set of all detected constraints, in order to avoid overly-deforming the input
(Section 3.2.4.4).

In the following sections we will provide details about how we beautify strokes
that are represented by cubic poly-Bézier curves. For line segments, due to their
low degrees of freedom, it is enough to use some simple heuristics to select which
constraints to apply. We then beautify the lines by modifying the endpoints
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position, within reasonable thresholds (see Appendix A).

3.2.4.1 Fidelity energy

The objective function of the optimization problem describes our goal of staying
as close to the user input as possible. Our formulation extends thérojection
accuracy energy described by Xu et al. [56], to compare 3D curves, instead of
2D curves.

We want to minimize both variation in absolute position of the control points

PX from the input positions Pk and variation in the slope of Bézier polygon
edgesex = PX; PK (see Fig. 3.8). This leads us to de ne the delity energy

as:

X o pgay L X 0PhL P (B PO
o 8]y Pk P2

1
Efidelity = W
ik
3.2)

We normalize each term by, respectively, the total number of control points
jPKj =3 K+ 1 and the total number of Bézier control polygon edgegey j = 3

K, K being the number of cubic Béziers. As our Bézier curves are all arbitrarily
subdivided, depending on both input stroke curvature variations and the number
of intersection constraints applied (see Sec. 3.2.4.2), we normalize these terms
so that we can later compare delity energy between di erent candidate results
(see Sec. 3.2.4.4). To the same end, we normalize the rst term by a scale
factor L = max;(jjPy Pgjj) (an approximation of the span of the stroke)
and the second term by the initial lengths of the control polygon edges length
iiPsy P

3.2.4.2 Geometric constraints formulation

In this section we provide details on how we express each of the geometric con-
straints mentioned in Section 3.2.3, in order to apply them in the optimization
problem.

As explained in Section 3.2.3.3, we di erentiate between hard and soft con-
straints. We note c the hard constraints, which are quantities that we constrain
to be 0. We note E the soft constraints, which are quantities to minimize.
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Figure 3.8: Input stroke (grey) and optimized stroke (blue) to match the in-
tersection constraint Prarget

Additionally to the geometric constraints that we detect (Sec. 3.2.3), we also
enforceG? continuity between the di erent Béziers of the cubic poly-Bézier curve
as a hard constraint. This is necessary to obtain smooth beauti ed curves.

Intersection constraint To constrain the poly-Bézier curve B(t);  [o;1) tO
intersect a point Parget , We decide to rst compute the closest point on the
curve from prarget

p =B(t)=min(kB(t) Prarget K) (3.3)

Then, if we are close from an existing control pointP, , such that: kP, p k< ,
we will constrain that control point. Otherwise, we split the input curve at t
using de Casteljau's algorithm. This yields a new control point on the curve
Py = p . In both cases, we express the hard constraint as:

c=Py Praget =0 (3.4)

We decide to split the input curve to allow for sets of intersections that may
not have been feasible with the original poly-Bézier curve, for lack of degrees
of freedom. We rely on the delity energy and the procedure described in
Section 3.2.4.4 to reject constraints that would deform the input too much, and
to select which constraint to apply at a control point if there are more than one.
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Closed curve constraint We express the constraint that enables the creation
of closed loops the same way as an intersection constraint between the endpoints
of the curve: P the rst control point and P§< ! the last (K being the total
number of cubic Béziers in the poly-Bézier curve).

c=P) PX '=0 (3.5)

G! continuity constraint We want the poly-Bézier curve to have G! con-
tinuity, even after the beauti cation process, meaning that we want to satisfy
some control point equality and tangent alignment between successive Béziers.

c=PX1 PE=0; fork 2 [LK 1] (3.6)

G B W )

= - ~=0; fork 2 [I;K 1 3.7
JPX T PK I P P [ I @D

For the C° constraint (Equation 3.6), we simply remove all control points vari-
ablesP¥, for k " [1;K 1] from the optimization.

For the G* constraint (Equation 3.7), we linearize this constraint by approximat-
ing the norms of the control polygon edges by the initial norms:jjPX Pk ,jj
jiPX PK Jji. Making this constraint linear enables us to solve the optimization
e ciently (see Section 3.2.4.3) and gives reasonable results in our use case.

Tangent alignment constraint We can constrain the tangent at a control
point on the curve P(')‘ to align with a target direction Tiarget :

E=Ji(PyY Pg) Tage i’ (3.8)
Planarity constraint We can constrain all control points to lie in a plane of
normal f:
X G pk Ky ii2
E = I(P5 PF) Al (3.9)

i2f 0;1;29; k2[0;K 1]
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3.2.4.3 Solving the optimization problem

The complete optimization problem that we solve, for the control points position
variablesfPXg;i 2 [0;3]; k 2 [0;K 1], the my hard constraints and the m
soft constraints is:

X
min Ergeiry (P) + E; (P)

g j2[0ms 1 (3.10)
st ¢(Pf)=0;forj 2 [O;my 1]

The soft constraints energy functionsk;, and the hard constraints equationsc;
are as de ned in Section 3.2.4.2.

For each hard constraintj 2 [0;m, 1], we haven linear equations with k
variables, such that we can write the constraint as:¢; = C; Pj, =0, C; an k
matrix and Pj, ak 1 vector that corresponds to a subset of the control points
variables.

The objective function has a linear gradient, and all hard constraints are linear
so we can nd the solution to this optimization problem by solving a linear
system (Equation 3.11), using the Lagrange multipliers method [36].

= (3.11)

We build A and B suchthatA P B = @—@P(Eﬁdemy + P E;j). The matrix C
corresponds to the stackedC; blocks of the hard constraints. P are the control
points position variables, it is a vector with 3 (K 3+ 1) lines, one line per
control point coordinate. is the vector of Lagrange multipliers.

3.2.4.4 Intersection constraints rejection

Prevent over-deformations. If we enforce all intersection constraints that
are detected (Sec. 3.2.3), nothing guarantees that we wouldn't deform the input
stroke into something very di erent from what the user drew (see Fig. 3.9b).

In the set of m detected intersection constraintsS = fCig; 2 j1.m] there is a
subsetS S of constraints that will not overly deform the input stroke when
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applied (Fig. 3.9b). To nd this subset, we can solve for all the possible subsets
to obtain di erent candidates for the beauti ed result. We can then compare
the candidates and choose the best one, according to some metric. A similar
approach where multiple beauti ed candidates are generated from subsets of
geometric constraints is used by Igarashi et al. [25] and Fi2er et al. [16] in 2D
beauti cation, and by Schmidt et al. [44] to infer depth from sca olding strokes.

Figure 3.9: (a) An input stroke with all detected intersection constraints. (b)
Applying all constraints results in a very distorted stroke. (c)
Applying a subset of the constraints results in a stroke close to
the input.

Evaluate candidates. We need an appropriate metric to evaluate the can-
didate results obtained from each subset of constraints. The delity energy is
a good measure of how much the candidate deviates from the input. However,
the subset that results in the optimal delity energy would always be the empty
subsetS = ;, as the output would be identical to the input stroke. We need to
balance our delity objective with a second objective. That is that we strive to
satisfy as many intersection constraints as possible, to beautify the stroke and
make it more regular.

Thus we de ne a regularity energy, to express this objective. Empirically, we
want this energy to make it costly to remove a constraint and also that it
becomes increasingly costly to remove more constraints. Like Schmidt et al.
[44], we observe that some constraints are more desirable than others, so for
di erent kind of intersections we de ne a dierent cost c per constraint (see
Fig. 3.10). We then compute the total energy of a subseS S of intersection
constraints as:

_ _ e ()
E regularity (S)=e s (3.12)
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Figure 3.10: Intersection constraint cost in di erent cases. (a) At a grid point.
(b) At an endpoint of the input stroke. (c) Intersection with
an existing stroke (black) (d) At an existing intersection in the
sketch.

P
with the subset costCg = ; , ¢ G, and the full set cost Cs computed simi-
larly on all detected intersection constraints. The cost by constraintg; is de ned
as in Figure 3.10.

Then, nding the best candidate subset boils down to nding a subset of con-
straints S such that the resulting stroke control points Pik (from solving Equa-
tion 3.11) and the cost of the subsetC4 minimize the following energy:

E= Efidelity (Pik) + (1 ) Eregularity (S ) (3-13)

The parameter expresses how important delity to the input is relatively to
regularity enforced by the intersection constraints. We nd that = 0:85works
well, after using the system extensively.

Greedy search on subsets. We decide to nd a solution using a greedy
approach. Solving the linear system of Equation 3.11 is the most costly part
of the algorithm, and there is no way to pre-factor the matrices as they vary
depending on which intersection constraints are applied, and how the poly-
Bézier curve is subdivided. Therefore, we can't a ord to test every subset ofS

(281 subsets).

We know that the set of intersection constraints that we initially have should
contain mostly valid constraints, as we only register a constraint if the input
stroke actually passes near the constraint position. What we really want to
do is reject the constraints that are super uous, or incompatible with other
constraints. This case can arise for example in a zone with very high stroke
density, causing a lot of possible intersections to be detected (Fig. 3.11).
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We nd a suitable subset while minimizing the number of times we need to solve
the linear system by starting from the full set of constraints S and iteratively

testing subsets fromS formed by removing one element, until we don't see
any improvement in the energy E (Equation 3.13). For example if we havem

constraints in a set Sy, we solve while applying all constraints and compute
the energy E, for this set. Then we solve for allm subsets ofS,, formed by

removing one constraint. If the best of these subsetS,, 1 has an energyE, 1

lower than E,, we continue looking at smaller subsets o5, 1. Otherwise we
stop and keep the subseS,.

While this method doesn't guarantee that we nd the optimal subset, in practice
it gives good result in a reasonable amount of time, as there are usually not many
constraints that should be rejected (see examples on Figure 3.11).

Figure 3.11: Cases where too many constraints are detected. This is suscep-
tible to happen in areas with a lot of strokes (left), or in cases
where the input stroke is smooth but the potential constraints
do not form a smooth path (right). Some constraints are applied
(green), while some are rejected (red).

3.3 Surface inference

Similarly to how an artist de nes a complex shape with only a few strokes on
a 2D sketch, one can draw 3D strokes that represent only sparse features of an
envisioned 3D solid shape. However, the free view-point navigation that a 3D
sketch o ers - contrary to a 2D sketch - poses additional challenges to the artist,
as their work may be hard to read from some viewpoints (see Fig. 3.12). In this
section, we propose a method to address that challenge by automatically infer-
ring the surfaces that a sparse set of strokes represent, thus providing valuable
occlusion cues to help viewers understand the 3D shape.

To achieve this, we can rst rely on our beauti cation algorithm (Sec. 3.2) to






	Abstract
	Preface
	Acknowledgements
	Contents
	1 Introduction
	1.1 Motivation
	1.1.1 Sketching: a traditional design tool
	1.1.2 Using VR as an immersive creation interface

	1.2 Goal

	2 Related work
	2.1 Immersive sketching
	2.2 2D sketch beautification and sketch depth inference
	2.3 Surfacing of 3D curve networks

	3 Method
	3.1 User workflow
	3.2 Stroke beautification
	3.2.1 Principle
	3.2.2 Stroke pre-processing
	3.2.3 Detecting geometric constraints
	3.2.4 Enforcing constraints while preserving user input

	3.3 Surface inference
	3.3.1 Curve network from intersecting strokes
	3.3.2 Automatic surface patch detection
	3.3.3 User guided patch creation
	3.3.4 Surface patch geometry
	3.3.5 Drawing on surfaces


	4 Results
	4.1 User interface
	4.1.1 Draw and delete
	4.1.2 Navigation
	4.1.3 Helper objects

	4.2 Evaluation
	4.2.1 Sketches and analysis
	4.2.2 User study


	5 Conclusion
	A Beautifying line segments
	A.1 Choosing which constraints to apply
	A.2 Applying constraints

	B Surface patches update mechanism
	C User study video tutorial
	D Controller cheatsheets
	E Project plan
	Bibliography

