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ABSTRACT
In product design, designers often create a multitude of con-

cept sketches as part of the ideation process. Transforming such
sketches to 3D digital models usually require special expertise
and effort due to a lack of suitable Computer Aided Design
(CAD) tools. Although recent advances in sketch-based user in-
terfaces and immersive environments (such as augmented/virtual
reality) have introduced novel curve design tools, rapid surfac-
ing of such data remains an open challenge. To this end, we
propose a new method that enables a quick construction of ap-
proximate surfaces from a cloud of 3D curves that need not be
connected to one another. Our method first calculates a vector
field by discretizing the space in which the curve cloud appears
into a voxel image. This vector field drives a deformable surface
onto the 3D curve cloud thus producing a closed surface. The
surface smoothness is achieved through a set of surface smooth-
ing and subdivision operations. Our studies show that the pro-
posed technique can be particularly useful for early visualization
and assessment of design ideas.

INTRODUCTION
Advances in 3D product form design have resulted in a

large number of sophisticated computer software for a range of
different geometric modeling applications. However, many of
these tools require substantial experience and specialization in
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the underlying representations and associated geometric opera-
tions. This results in many designers to still utilize conventional
media such as thumbnail sketches for idea generation and ex-
ploration, and defer 3D computer modeling only after the ideas
have sufficiently matured. As a result, only a small subset of the
generated ideas may be considered for further stages while many
promising ones are abandoned prematurely.

To alleviate these difficulties, recent studies have focused on
direct 3D modeling techniques. A body of work has focused on
3D geometry creation methods utilizing sketch-based user inter-
faces [1–4], and systems deployed in immersive Virtual Reality
(VR) environments [5, 6]. Although these studies have made ad-
vances in better utilizing 2D and 3D input devices in curve and
surface design, they still require a careful dictation and control of
the geometric data without providing the full conceptual freedom
of a paper sketching interface.

In this work, we propose a new method that takes as in-
put roughly sketched 3D curves created through a sketch-based
user interface or through an immersive design environment, and
produces an approximate closed surface that matches the curve
cloud with a user controllable smoothness. The key advance in
this work is its ability to operate on curve clouds which may not
necessarily form a network topology. Hence, the main challenge
in the proposed work is to identify a surface that closely interpo-
lates and approximates the constituent curves, while preserving a
desired level of local smoothness. The proposed method has the
following specific contributions:

1. Generating approximate closed surfaces without holes from
curve clouds with arbitrary topology
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(a) The input is
a cloud of 3D curves

(b)  The discretized 3D voxel image of the sketch
 and the calculated guidance field

(c)  An elastic surface is gradually deformed
to approximate the ingredient 3D curves

(d)  The final approximate surface after
surface fairing operations

1 2
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FIGURE 2. A breakdown of our approach: (a) a curve cloud is input to the system, (b) the guidance vector field is calculated within the domain, (c)
the initial surface is deformed toward the input curves, (d) the final surface is achieved after surface smoothing and subdivision operations.
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FIGURE 1. Current ideation process in conceptual design. We pro-
vide a new approach in surface creation tools which allow quick visual-
ization of conceptual ideas.

2. Preserving local smoothness while approximating the curve
cloud

3. Enabling early and quick visualization of the curve cloud at
early design stages for rapid evaluation and refinement

4. Bridging the gap in the design process by providing a means
to automatically transform designers’ raw, unrefined shape
ideas into geometric data suitable for further beautification
and refinement using conventional CAD tools

In a typical scenario, our method takes as input a set of 3D
curves (Fig. 2.a) where each stroke is considered as a single
curve. Next, a guidance vector field is calculated by quantizing
the curve set into a binary voxel image (Fig. 2.b). Once cre-
ated, the guidance field helps gradually deform an elastic surface
instantiated in the domain until the surface captures the object
shape suggested by the curve cloud (Fig. 2.c). Once the initial
working surface is obtained, the surface can be further refined
through conventional mesh operations as desired (Fig. 2.d). The
user is able to control both the surface deformation process and
the post surface fairing operations while interactively observing

the modified surface. In the following sections, we review the
literature relevant to our work, followed by a technical descrip-
tion of the proposed method. We demonstrate the utility of the
proposed method with example cases.

RELATED WORK
Developing CAD tools for early design phases has been an

active area of research for product form design. Recent studies
have explored the use of informal inputs such as sketch-based
solid modeling. Most of these studies aim to provide tools for
rapid visualization and evaluation of product forms. These stud-
ies can be categorized into two main groups. The first group
focuses on user-guided surface modeling techniques where the
designer progressively creates an intended geometry through a
sketch-based interface [1, 2, 7–9]. Usually, the underlying math-
ematics of these operations and surface definitions are hidden
from the user. It is argued that these techniques are more suit-
able for inexperienced users due to the simplicity of the inter-
actions [2]. Many of these techniques require each constructed
curve to be closely approximated by the fitted surfaces, thus mak-
ing the design of each curve a delicate and binding process.

Nealen et al. [2] presented such a system called Fibermesh
for creating free form surfaces. The user first draws a simple
closed stroke in 2D and the system automatically generates a
shape whose contour matches the user drawn 2D closed curve via
inflation. Various operators such as sketching, pulling and push-
ing allow the designer to modify the initial surface. Earlier works
from Igarashi such as Teddy [1] and Karpenko’s system [8] are
similar in spirit. Likewise, Siguhara et al. [4] proposed a free
form deformation technique suitable for implicit surface repre-
sentations where the designer creates intended shapes using in-
teractive push and pull operations. Our approach aims to provide
a modeling experience more commensurate with industrial mod-
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eling in that it allows the designer to layout a rough wireframe
model that can be surfaced when desired, without prematurely
exposing the user to a surface model that needs to be succes-
sively modified.

Second group of surface modeling techniques consists of
automatic methods that produce free form surfaces. These
studies are based on different concepts such as optimization
[2,10,11], partial differential equations (PDE) [12–14], paramet-
ric patches [15], subdivision surfaces [16], potential field infor-
mation [4,17,18]. While creating high quality surfaces, these ap-
proaches require the user to understand and apply the boundary
conditions for the desired outcomes. Such specifications, how-
ever, are typically central in the detailed design stages and may
be a hindrance in the early stages of the design.

Our work is motivated by the idea that a product design form
can be descibed using a sparse collection of 3D curve clouds.
The notion of using a complete set of curve network to generate
an interpolating 3D surface which closely satisfies these curves
has been employed by traditional CAD tools for a long time and
our aim in this paper is providing a modeling experience more
commensurate with industrial modeling in that it allows the de-
signer to layout a rough wireframe model that can be surfaced
when desired, without prematurely exposing the user to a sur-
face model that needs to be successively modified. The main
advantage of our proposed algorithm is that it does not require a
fully connected set of curves as input to generate a free form sur-
face. In other words, it relievies many topological and geometric
restrictions of a classic curve network which allows us to handle
a broad spectrum of curve networks for exploration and ideation
phases at early conceptual design stages. Moreover, our algo-
rithm with select and modify tools combines surface generation
task with sketch-based mesh editting operations which provides
local differential surface control too.

Xu et al. [19] proposed a surfacing approach involving med-
ical image segmentation. The algorithm is based on the calcu-
lation of a vector field which is solved as the minimum of an
energy functional which drives initialized contours toward ob-
ject boundaries. We adopt the same idea presented in this work
of creating a vector field for deforming an elastic object. How-
ever, the main difficulty in our approach is that the input geo-
metric data representing an object is often defined only partially
and approximately along its boundaries, while no information
exists to reconstruct the surfaces spanning these boundaries. Our
approach aims to overcome this difficulty by delegating the inter-
nal energy of the elastic deformable surface to shape the missing
pieces of the geometry in a way that is plausible to the designer.

TECHNICAL DETAILS
Overview

In this paper, we propose a new surfacing method that aims
to bring CAD support to the early stages of product form de-

sign which will enable designers to quickly visualize and evalu-
ate their emerging ideas. Our approach takes as input 3D curve
clouds without any specific topology requirements, and gener-
ates a closed surface that approximates the constituent curves
while minimizing a prescribed smoothness criterion. Our ap-
proach operates in two main steps: (1) Guidance vector field
calculation, and (2) Deformable surface initialization and defor-
mation. In the first step, we calculate a discrete guidance vector
field from the curves making up the wireframe model. To do
so, we use the Gradient Vector Flow (GVF) Field [19] which is a
method primarily used for medical image segmentation. We start
by discretizing the domain and initiating a gradient vector field
using the seed curves, followed by a calculation of the flow field
through diffusion of the gradient field. In the next step, we initial-
ize a genus 0 surface (i.e. closed surface without through-holes)
which initially embodies the curves, and deform it under forces
emanating from the guidance field vectors and the smoothness
preserving criterion respectively. Initialized seed surface for de-
formation could be a higher genus surface and final surface after
deformations and surface fairing operations would be homemor-
phic to this seed surface which is a genus 0 sphere in this case.

Generation of Input Curve Clouds

The curve clouds that are taken as input can be generated
through a number of different methods such as through 3D in-
put devices in augmented reality environments [5, 6], or through
existing 3D wireframe modeling approaches that may utilize
sketch-based user interfaces [3,4]. In this work, the curve clouds
we use are generated using a 2D sketching interface capable of
calculating 3D locations of symmetric curves from the projec-
tions of the symmetric pair on screen coordinates like in the work
ILoveSketch [20]. One reason for this choice is that sketch-based
user interfaces are more accessible and familiar to use in compar-
ison to virtual reality systems. However, the proposed method is
not limited to the curve models created using this interface.

In our approach, users sketch pairs of symmetric curves on
the drawing surface. Figure 3 illustrates the idea. Each curve is
first converted to a cubic Bezier curve with four control points in
the image plane. The 3D configuration of the symmetric curve
pairs is found using least squares minimization approach. Given
the symmetry plane defined by a position vector S, and a nor-
mal vector N, we first construct two rays, ~wA and ~wB, emanating
from the viewpoint ~C toward the symmetric pair ~PA and ~PB, re-
spectively. We write the position vectors ~PA and ~PB with respect
to ~C and the symmetry plane. Vector algebra enables the cal-
culation of ~PA and ~PB through the least squares solution of the
following matrix:
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FIGURE 3. Calculating the 3D positions of point pairs symmetric
about a symmetry plane from their projections on the viewing plane.


wAx −wBx 2Nx
wAy −wBy 2Ny
wAz −wBz 2Nz

~wA ·~N −wBx 0


dA

dB
α

=


0
0
0

2~S ·~N−2~C ·~N

 (1)

where dA and dB are the distances on rays ~wA and ~wB respec-
tively between ~C and ~PA, ~PB, and α is the perpendicular distance
from the symmetry plane to ~PA and ~PB. We solve the above least
squares problem for all symmetric control point pairs to deter-
mine the position and orientation of the curve pairs in 3D.

The user creates as many such symmetric curve pairs as de-
sired. The output of this process is a curve cloud containing the
raw curves that are not necessarily connected to one another.
As such, this kind of geometric content is not suitable for sur-
facing using conventional methods that require connected wire-
frame models [1, 2].

Calculation of the Guidance Field
Requirements of the Guidance Field To generate ap-

proximate closed surfaces without holes from curve clouds, we
aim to compute a guidance vector field which will deform an
elastic surface toward the input curves. In order to determine
such a vector field, we identify three requirements that the field
should satisfy.

The first requirement is the existence of the field (i.e. be non-
zero) everywhere in the input domain. This feature ensures that a
surface instantiated far away from the curve cloud can be appro-
priately driven toward the cloud. Conventional techniques using
gradient information only [21,22] fail to satisfy this requirement
as image gradients quickly diminish away from the object. The
second requirement is that the vector field should generate vec-
tors that can spear through concave regions without diminishing
at the entry of the concavity. Conventional gradient vectors often
fail to reproduce such regions as shown in Fig. 4. Finally, an
appropriate field must direct toward the 3D curves in the vicinity
of the curves. Although the last requirement is straightforward
via gradient calculations only, it is not trivial to establish a vector
field that simultaneously satisfies all three requirements.

To this end, we employ the gradient vector flow field (GVF),
a technique for 3D segmentation of medical images [19]. The
key observation underlying GVF is that the above requirements
can be obtained by diffusing the initial gradient vector field ob-
tained from the raw image. This approach is conceptually anal-
ogous to solving the heat diffusion equation to determine the
steady state temperature field in a domain with adiabatic bound-
aries and an object with heat generation dependent to its temper-
ature. However, the main difference is that in GVF, the diffusion
of a vector field is computed rather than that of a scalar field.

A primary difficulty in our problem is that the input curve
networks are usually specified along the boundaries of the in-
tended object. The middle of the surfaces, however, are gener-
ally devoid of such curves unless the user dictates details in those
regions. As a result, unlike the case in segmentation of medical
image, our approach requires a careful negotiation between the
internal energy of the deformable surface and the external force
field that aims to deform it. This balance is necessary to generate
surfaces that capture large regions of surfaces in ways plausi-
ble to the user, when there is no data to support their particular
configurations. The following sections detail these effects and
describes a final vertex-based deformation procedure taking into
account this phenomena.
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FIGURE 4. (a) The comparison of a gradient vector field to (c) the
Gradient Vector Flow (GVF) field. (b) The active contours cannot pene-
trate into the concave regions with the simple gradient field (d) whereas
it can with the GVF field.

Calculation of the Guidance Field GVF is the con-
tinuous 3D vector field ~V (x,y,z) = [u(x,y,z),v(x,y,z),k(x,y,z)]
that minimizes the following energy functional [19]:

ε =
y

µ(u2
x +u2

y +u2
z + v2

x + v2
y + v2

z + k2
x + k2

y + k2
z )︸ ︷︷ ︸

Smoothness

+‖O f‖2‖~V −O f‖2︸ ︷︷ ︸
Pointing to objects

dxdydz
(2)

where ~f (x,y,z) is a 3D voxel image, O is the gradient operator
in Cartesian coordinates, ~u(x,y,z), ~v(x,y,z) and~k(x,y,z) are the
x, y and z components of the vector field at the point (x,y,z), and
the subscripts denote partial derivatives. µ is a coefficient which
controls the magnitude of diffusion. In this functional, the first
term aims to preserve the smoothness of the vector field. The
second term aims to make the vector field equal to the image
gradient when the solution is near the curve cloud. In the vicin-
ity of the curve cloud, the second term dominates as the gradient
vector’s magnitude will be large compared to the other terms.
Hence, the vector field will aim to match the gradient vector to
minimize the functional. Far away from the curve cloud, how-
ever, gradient vectors will vanish thus making the first term in the
functional to dominate. This, in turn, is minimized by minimiz-
ing the variation in the vector field. The solution field ~V (x,y,z)
minimizing this energy functional can be calculated using calcu-

lus of variation on three decoupled Euler equations:

µO2u− (u− fx)( f 2
x + f 2

y + f 2
z ) = 0

µO2v− (v− fy)( f 2
x + f 2

y + f 2
z ) = 0

µO2k− (k− fz)( f 2
x + f 2

y + f 2
z ) = 0

(3)

where the Laplacian operator is defined as:

O2u(x,y,z) =
∂ 2u
∂x2 +

∂ 2u
∂y2 +

∂ 2u
∂ z2 (4)

The solutions to the Euler equations ~u(x,y,z), ~v(x,y,z),
~k(x,y,z) are the vector field components in x, y, and z directions
and can be solved independently. The diffusion coefficient can
be adjusted based on the desired diffusion level. In our approach,
it is kept constant at 1 for the solution in each direction. u, v and
k are initialized as the gradient of the 3D image in the directions
x, y, and z respectively. We solve these equations by discretizing
the domain as explained next.

(a) (b)

FIGURE 5. The space containing the input curves in (a) are dis-
cretized into binary voxel images in (b).
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Discretization of the Continuous Domain and
Equations The 3D curve clouds are represented as a collec-
tion of polylines in space and are discretized according to a user
specified resolution. To begin, we first transform the domain by
mapping the curve cloud into a unit cube, and the cube is uni-
formly expanded 30% in all directions. The domain is then dis-
cretized into an N×N×N grid. Next, the curve cloud is quan-
tized as a binary 3D voxel image in the grid. Figure 5 illustrates
the idea.

A
A

B

B

C

C

FIGURE 6. Gradient vector flow field of a car model on the specified
cross sections.

In the discretized domain, we approximate the three Euler
equations through second order finite difference formulations.
The following equations illustrate the approximation of the sec-

ond order derivatives [23]:

∂ 2u
∂x2

∣∣∣∣
(m,n,z)

=
um+1,n,z +um−1,n,z−2um,n,z

4x2

∂ 2u
∂y2

∣∣∣∣
(m,n,z)

=
um,n+1,z +um,n−1,z−2um,n,z

4y2

∂ 2u
∂ z2

∣∣∣∣
(m,n,z)

=
um,n,z+1 +um,n,z−1−2um,n,z

4z2

(5)

The Laplace operator has to be discretized for each cube
with indices (m, n, z) in our 3D voxel image using the previous
second order central difference schemes shown in Eqn. [5]:

O2u(x,y,z)
∣∣
(m,n,z) =

um+1,n,z +um−1,n,z−2um,n,z

4x2

+
um,n+1,z +um,n−1,z−2um,n,z

4y2

+
um,n,z+1 +um,n,z−1−2um,n,z

4z2

(6)

The solution of the above equations is facilitated by initial-
izing the solution field u, v and k to be the gradient of the quan-
tized curve cloud. The equations are solved iteratively until the
difference between successive iterations becomes less than a pre-
scribed threshold.

Figure 6 shows the final vector fields on the specified cross
sections of a car model quantized into a 91×91×91 grid.

Surface Initialization and Deformation After the
calculation of the vector flow field, a sphere represented as a
triangular mesh that encapsulates the constituent curves is ini-
tiated on the voxel image. The vertices of this triangular mesh is
then iteratively deformed inside the vector field until the surface
attains a stable configuration around the curve cloud. In each it-
eration, the mesh vertices experience external deformation forces
from the vector field, as well as internal forces that aim to pre-
serve the smoothness of the mesh during the iterations. Each
iteration requires the computation of such external and internal
forces at arbitrary positions in the domain. For the external field
forces, we use a tri-linear interpolation of the discretized GVF
field that helps approximate the vector field at arbitrary points in
the domain. The internal forces, on the other hand, are computed
directly from the mesh geometry and thus do not require inter-
polation from the discretized grid. The following paragraphs ex-
plain the internal forces applied to the deformable mesh and Fig.
7 illustrates the overall surface development algorithm.
Internal forces: These forces work to minimize the stretch en-
ergy of the deformable mesh while maintaining a uniform spac-
ing along the mesh. For each vertex, these forces are computed
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FIGURE 7. The surface deformation cycle of the proposed approach.
The surface is deformed according to the vector field while the surface
smoothness is maintained through surface fairing and subdivision oper-
ations.

from the one-ring neighborhood as shown in Fig. 8. The first
force uses the Laplacian operator defined on a discrete mesh as
follows:

4~v Laplace
i =

(
1
n

n

∑
j=1

~v j

)
−~vi (7)

where4~v Laplace
i is the Laplacian displacement, n is the number

of vertices in the one-ring neighborhood of vertex i,~vi is its posi-
tion vector, and~v j is the position vector of the jth neighbor (Fig.
8.a). While a powerful scheme, this force smooths the mesh via
local flattening at the expense of reducing the volume. The sec-
ond internal force is based on the Biharmonic operator as shown
in Fig. 8.b. The Biharmonic forces acting on a discrete mesh is
calculated as follows:

4~v Biharmonic
i =

(
1
n

n

∑
j=1
4~v Laplace

j

)
−4~v Laplace

i (8)

The Biharmonic forces, similar to Laplacian forces, gradually
smooth the mesh while regularizing the spacing throughout the
mesh.
Deformation rule: The following equation sets illustrate our
general deformation rule for each vertex on the elastic surface.
The first equation represents the discretized form of the defor-
mation of a dynamic elastic model in time [24] and the second
equation describes the combination of internal forces with the
external forces. The coefficients α1 and α2 are obtained empir-
ically as 0.7 and 0.3 using different curve clouds. These terms
enhance local smoothness and Fig. 9 illustrates each deforma-
tion component.

4~v De f orm
i =4~v GV F

i +α14~v Laplace
i +α24~v Biharmonic

i (9)

4~v Total
i = ω De f orm(4~v De f orm

i )+ω Laplace(4~v Laplace
i ) (10)

Δvi
Laplace

vi

vjvj

vi

(a) Laplacian displacement (b) Biharmonic displacement

Δvi
Laplace

Δvj
Laplace

Δvi
Biharmonic

FIGURE 8. (a) The Laplacian and (b) the Biharmonic operators.

=

+ +

total deformation vector vector field displacement

Laplacian displacement Biharmonic displacement

Δvi
Biharmonic

Δvi
Laplace

Δvi
GVF

Δvi
Deform

FIGURE 9. (a) The total deformation vector is the weighted sum of
the displacement due to the laplacian forces, biharmonic forces and the
guidance field.

The internal Laplace and Biharmonic forces work to main-
tain the local smoothness and the distribution of the mesh spac-
ing while the guidance field pushes the mesh vertices toward the
3D curves. However, a simple summation of the external and in-
ternal forces causes the vertices of the deformable surface to be
accumulated along the curves as the magnitude of the field forces
are higher in the vicinity of the curves. This results in triangles
with high aspect ratios (i.e. low quality) on the deformable mesh,
which negatively impacts the vertex operations in the subsequent
iterations. To address this problem, we use a weighted combi-
nation scheme in which weights ωDe f orm and ωLaplace are deter-
mined dynamically based on the vertices’ distances to the curves
during each iteration. Note that as shown in Fig. 10, ωDe f orm
favors GVF forces in the vicinity of the curves, while ωLaplace
favors the internal forces away from the curves. This scheme al-
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lows the surface to closely approximate the curve cloud, while
the internal forces promote smoothness far from the curves.
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FIGURE 10. A distance map is used to adjust the relative weights of
vector field displacement and Laplacian smoothing displacement.

Surface fairing operations: In addition to the above iterative
deformation algorithm, our approach provides a set of user con-
trolled surface fairing operations to be used for further surface
refinement. These operations can be used in conjunction with or
separately from the main deformation procedure. These opera-
tions include V-spring smoothing, Loop subdivision smoothing,
Primal Triangle Quadrisection (PTQ) subdivision, and remesh-
ing.

V-spring smoothing: This operator aims to minimize the
variation of the curvature of the deformable mesh [25]. A spring
is attached to each vertex in which the initial spring length repre-
sents the local curvature at that vertex. When set free, the spring
set minimizes its energy by forcing neighboring vertices onto a
local sphere:

4~v V spring
i =

1
n

n

∑
j=1

1
‖~v j−~vi‖

[
(~v j−~vi) · (~n j +~ni)

1+(~n j ·~ni))

]
~n j

+
[
4~v Laplace

i − (4~v Laplace
i ·~ni)

]
︸ ︷︷ ︸

regularization

(11)

where ~ni and ~n j are the unit normal vectors of vertices i and j
respectively. Figure 11 illustrates the calculation of this force
from the one-ring neighborhood.

Loop subdivision masking: This operator makes use of the
Loop subdivision scheme [26] vertex masks without any subdi-
visions. The displacement for each vertex is calculated using its
one-ring neighborhood as follows:

4~v Loop
i =−β~vi +

1
n

n

∑
j=1

β~v j (12)

vi
vi

Δvivini

ni

ninj nj

vj vjvj

(a) (b)

FIGURE 11. V-spring smoothing gradually minimizes the variation
of curvature in the surface.

(a) Input curve clouds (b) Discretized voxel image (c) Final surfaces

FIGURE 12. Application of the proposed algorithm on simple ge-
ometries.

where β = 5/8+ (3+2cos(2π/n))2/64.
This scheme is conceptually similar to the Laplacian forces

except it provides closer control over the vertex displacements by
making the displacements sensitive to the number of surrounding
neighbors.

Results and Discussions
We demonstrate the utility of the proposed method on a se-

ries of different curve sets generated in a sketch-based system
using a graphics tablet interface. In all cases the domain is quan-
tized into a 91×91×91 uniform grid. As shown in Fig. 12, the
proposed method is capable of generating surfaces on simple ge-
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ometries such as a cube and a rectangular prism. Figure 13 illus-
trates product form design examples, including two car bodies, a
gamepad and a car seat where each example is created under 60
seconds with 6146 vertices on a 2GHz machine. The grid resolu-
tion for the domain quantization can be adjusted according to the
size of the bounding box of the input curve cloud. The resulting
surfaces globally approximate the input curve clouds. However,
as shown, a number of local and complex details may be lost
during this process in an attempt to maintain the global smooth-
ness.For instance, the surface generated for the concept car does
not reproduce the sideview mirrors which appear as smaller de-
tails compared to the rest of the body. However, we believe
this effect is advantageous as it suppresses many of the unde-
sirable artifacts that arise during the construction of the curve
cloud. Moreover, resulting surfaces can be easily modified if
some strokes were added to the input sketch through updating
guidance field for deformations. To verify our method on ground
truth data, we also applied the method to well-connected curve
networks (Fig.13.c). An important observation is that, with such
input, the method produces surfaces that align well with the sur-
faces implied by the curve network.

Conclusions and Future Work
In this paper, we propose a new method for fitting approx-

imate surfaces to curve clouds for conceptual shape design and
exploration. The proposed method enables designers to quickly
construct approximate surfaces from their informal wireframe
sketches. Our method is composed of two main steps; calcu-
lation of a guidance vector field from a quantized voxel image,
and deformation of an elastic surface within the vector field. The
specific contributions are:

1. Generating approximate closed surfaces without holes from
curve clouds with arbitrary topology

2. Preserving local smoothness while approximating the curve
cloud

3. Enabling early and quick visualization of the curve cloud at
early design stages for rapid evaluation and refinement

4. Bridging the gap in the design process by providing a means
to automatically transform designers’ raw, unrefined shape
ideas into geometric data suitable for further beautification
and refinement using conventional CAD tools

Currently, our approach creates a binary voxel image from
the input 3D curve clouds. However, the nature of the sketching
process typically results in curves that exhibit different levels of
importance as often identified from the pressure intensity of the
strokes. Our current drawing hardware is capable of recording
such data, which can be used to generate gray scale voxel im-
ages. This will allow our vector field and resulting deformation
algorithm to be more selective toward regions defined by heavily
emphasized strokes.

Our studies have also indicated that in its current form, the
user guided refinement operations described earlier may be diffi-
cult to master for naive users. The main difficulty arises in strate-
gizing a sequence for which the successive operations result in
the desired outcomes. Nonetheless, we have observed that users
are able to adapt to the system relatively rapidly, after using the
software on a handful of different examples.

As future work, we plan to improve both the computational
efficiency of the guidance vector field calculation and the vector
field resolution via adaptive discretizations such as octrees. We
hope to achieve a better approximation capability at the vicin-
ity of the curve clouds although field studies will be necessary
to validate this need. As a continuation of this work, we are
in the process of developing sketch-based surface modification
tools which will allow designers to further refine the initial sur-
faces created by this work.
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