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Abstract

This paper presents a system for designing free-form surfaces starting from a sketched 3D irregular curve network.
By simply dragging a smart-pen device in space, the user draws and refines arbitrary 3D style-curves that define
an outline of the desired shape. Unlike previous touch-based sketching systems, the user-drawn strokes can both
stay on the model surface to reconstruct parts of an existing object, or freely sketch 3D style-lines of non-existing
parts to design new geometry. The wireless smart-pen device is supported by an active stereo acquisition system
which makes use of two infrared cameras. For a given set of 3D curves, the system automatically constructs a low-
resolution mesh that is naturally refined to produce a smooth surface which preserves curvature features defined
by the user on the curve network. The interpolating surface is obtained by applying a high-order diffusion flow.
We present an efficient two step approach that first diffuses curvature values preserving the curvature constraints,
and then corrects the surface to fit the resulting curvature vector field and interpolating the 3D curve network.
This leads to fast implementation of a feature preserving fourth order geometric flow. We show several examples
to demonstrate the ability of the proposed advanced design methodology to create sophisticated models possibly

having sharp creases and corners.

1. Introduction

The design and development of 3D spatial tracking devices
together with digital sketch-based interfaces represents a
powerful way to combine the natural and intuitive human
expression with the power of computation. However, the po-
tential of these sketch-based systems strongly depends on
the effectiveness of the input devices, on the facilities pro-
vided by the user interface as well as on the underlying al-
gorithms to create digital 3D models from the input.

The goal of this work is to enable real-time interactive de-
signing/editing of a 3D shape, by sketching a 3D network of
curves that approximate the desired shape. To achieve this
goal we first developed an acquisition framework for an ar-
bitrary network of 3D curves based on a smart-pen device
and an active-stereo system. Second, we provided a shape
recovery algorithm to construct the topology of the surface
control mesh, and to produce surfaces that interpolate the
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given curve network preserving curvature features defined
on the curve network.

Our work is motivated by the idea that many handly
shapes can be described by a sparse collection of charac-
teristic curves [SF98] and that the more natural way the de-
signer has to define control curves is by drawing them onto
the shape at any stage of the design process, using a wire-
less pen device. It is also natural to expect that these curves
not only indicate positional constraints, but also curvature
features of the surface (smooth shapes/creases/corners). The
curve network should captures both the information to pro-
duce a more aesthetically pleasing surface.

The notion of a curve network that induces an interpolat-
ing surface has been long used in traditional CAD/CAM to
model shapes from scratch using free-form surface patches.
The idea has been recently combined in [BFL*10] with
a curve sketching system providing a Fast Interactive Re-
verse Engineering System (FIRES) for the acquisition and
reconstruction of a virtual 3D model representing an exist-
ing physical object which exploits a pen-based active stereo
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Figure 1: Fast and Interactive Reverse Engineering pipeline

acquisition system supported by subdivision surfaces recon-
struction. The present work is based on the FIRES frame-
work and introduces the following novel contributions

e A curve sketching interface supported by an innovative,
low-cost smart-pen able to draw and select 3D control
curves in real-time by simply dragging the pen in space.
This introduces a natural way to draw and impose curva-
ture information on the style-lines of the object.

e A simple surface construction procedure based on func-
tional optimization, which, for a given 3D curve net-
work, automatically constructs a smooth surface preserv-
ing sharp features defined by the user.

For the free-form surface construction we evolve an ini-
tial mesh, which provides a topological structure, by solv-
ing a suitable Partial Differential Equation (PDE) flow. Un-
like most of the previous free-form modelling techniques,
our approach solves fourth-order flow with sharpness con-
straints for feature preserving. An efficient implementation
is provided using two coupled second-order PDEs which
solution approaches to the solution of the fourth-order sur-
face diffusion flow, thus avoiding the severe mesh distortions
which eventually arise from the direct solution of a high-
order PDE. The used PDEs are nonlinear and the geometry
is intrinsic, i.e. their solution does not require any explicit
parametrization of the surface.

The FIRES updated framework (discussed in Section 2)
combines an interactive 3D curve acquisition system (Sec-
tion 3) with geometry processing techniques (Section 4),
to provide intuitive design and editing of surface meshes
by means of 3D curve network sketching. The system pro-
vides fast editing capabilities to support both the acquisition
of physical objects and the editing of non-existing parts of
them, which can be easily integrated in a CAD working ses-
sion in real-time (see examples in Section 6).

1.1. Related work

Research in 3D Uls has addressed both the design of novel
3D input or display devices, and the development of de-
sign and/or evaluation approaches specific to 3D Uls. An
in-depth survey on new directions in 3D user interfaces is
given in [BCF*08]. Much of the early work on 3D user in-
terfaces focused on systems for inferring plausible 3D free-
form shapes from visible-contour sketches, which involves
the difficulty of interpreting 3D information from 2D in-
put [KHO6]. The objective of this research is to set up a low-
cost optical tracking system adequate for 3D interaction in
an interactive computer aided conceptual design system.

Recently, a system for designing free form surfaces from a
collection of projected 3D curves inserted through a 2D line
drawing sketching system has been presented in [NISAO7].
A real 3D sketching system is instead presented in [WS01]
using a projection-based virtual environment. The resulting
surface is created stitching together pieces of spline patches
with € or G! continuity.

The underlying problem is the fitting of a surface mesh
which interpolates a given curve network. In general, these
methods can be roughly classified into two categories: meth-
ods which use smoothly stitching parametric patches, like
Bézier, spline patches, or subdivision surfaces [SWZ04],
[LHC*07], and, more recent approaches, which construct a
smooth surface embedding by applying functional optimiza-
tion. In this work we followed the latter approach to con-
struct a surface using a surface diffusion flow as in [NISA07]
and in [SKO1], while considering also curvature information
associated at the curves and providing a fast implementation
of the geometry update.

2. System overview

The system integrates the 3D curve sketching and the sur-
face construction step into an iterative and incremental pro-
cess that allows the user to have a real-time visual feedback
on the ongoing work. The 3D curve sketching process (see
Acquisition in Fig. 1) is supported by an active stereo vi-
sion system made of two infrared cameras and (at least) one
infrared light emitter mounted on a smart-pen device. The
smart-pen 3D position is tracked by the stereo rig and the
user can intuitively draw and refine the style lines of the ob-
ject. The user sketches arbitrary 3D curves, and interactively,
at each traced curve, the system adapts the shape so that the
sketch becomes a feature line on the model. The process of
interactively and incrementally drawing the irregular curve
network is called Interactive Surface Sketching (ISS). When
a designer defines a shape with 3D curves, it is often the
case that these curves indicate the curvature features of the
surface. Intuitive and aesthetically pleasing surfaces are ob-
tained by the system using a curve not only as a series of
positional constraints but also taking into account the sharp-
ness information given by the user on the characteristic lines.
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Figure 2: Multi-step reconstruction process

Our current implementation allows the user to associate a
sharpness value to each sketched curve by simply switching
a button on the smart-pen device.

The ISS produces a curve network and, thanks to a set
of editing rules, also an associated polyline mesh that is a
mesh with faces, vertices and edges augmented with poly-
lines associated to each edge. Irregular curve networks can
lead to associated polyline meshes with n-sided, non-planar,
and non-convex faces. The polyline mesh is the geometri-
cal representation of the model underlying the curve net-
work created by the user during the process of ISS. How-
ever, while the curve network is only a visual representation
of the object in terms of spline curves in the 3D space, the
polyline mesh contains also topological information. As sur-
faces of different topology may be compatible with a given
curve network the ISS process naturally induces a unique
topological structure on the polyline mesh according to the
user actions.

The surface construction step (see Reconstruction in
Fig. 1) is a multi-step process illustrated in Fig. 2 for a syn-
thetic curve network with sharp (blue colored) curves and
non-sharp (red colored) curves. The system first generates a
base mesh from the polyline mesh, then a surface mesh con-
structor transforms the base mesh into a refined mesh tak-
ing into account also the user sharpness constraints, which
can eventually be represented as subdivision surface mesh.
Any of the different model representation forms (curve net-
work/coarse mesh/surface mesh) can be integrated in a CAD
system for further processing.

The basic refinement step tasselates each n-sided face in
four-sided polygons by following the same splitting rules

Figure 3: System set-up for a work session aimed to the re-
construction of an old-fashion telephone

as of a generalized Catmull-Clark subdivision, i.e., for each
face a new vertex is placed at the face centroid and is con-
nected with the midpoint of each edge. The basic refinement
can be repeated iteratively as necessary. The base mesh is
however very inaccurate because it does not take into ac-
count the global shape of the model outlined by the curve
network. Therefore, we apply a functional optimization to
transform the base mesh into a resulting refined quadrilat-
eral mesh which interpolates points on the polylines and well
represents the shape defined by the curve network. Eventu-
ally, the resulting mesh can be refined by a few steps of a
subdivision scheme that produces a smooth surface interpo-
lating or approximating the given curve network.

3. 3D curve sketching system

The acquisition framework, illustrated in Fig. 3, consists in a
set of techniques that, combining a custom designed smart-
pen and a stereo optical tracking system, allow the user to
draw 3D curves in space, to navigate the scene and to easily
interact with the system.

The smart-pen is provided with four collinear IR led
emitters, but, unlike the active-pen device introduced in
[BFL*10], is further equipped wih a 3-axis accelerometer, a
3-axis gyroscope, four mode buttons, a vibrating motor and a
speaker, and it has been designed and realized for satisfying
the main requirements in terms of 3D tracking and Human
Computer Interaction. Its wireless capability, small dimen-
sions and low-weight allow to move the pen naturally in the
workspace. The inertial sensors gather information about the
acceleration and orientation of the device and, together with
the 4 IR led emitters, provide the hardware support for the
tracking system. The 4-mode buttons equipped on the de-
vice allow to interact with the system without the need of
using the keyboard and mouse. These characteristics allow
to maintain the attention and effort onto the object to be re-
constructed.

The stereo optical tracking system exploits commercial
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Figure 4: 3D curve acquisition pipeline.

infrared cameras (available in the Nintendo Wii Remote),
which are equipped with a 128 x 96 IR monochrome camera
that includes a built-in processor capable of tracking up to 4
moving IR sources, and, with further processing, provides
an image plane (u,v) with a virtual resolution of 1024 x 768
pixels. The wiimotes were chosen because of their wide
availability, their accessible price, and their technical speci-
fications that allow us to perform a real-time 100Hz tracking
of four IR led emitters. Both the wiimotes and the smart-pen
communicate with the software layers via a bluetooth inter-
face.

The raw data gathered both from the smart-pen and from
the wiimote cameras is processed according to the acquisi-
tion pipeline described in Fig. 4. The projected led image
points of both cameras are first matched and then triangu-
lated in order to reconstruct at most four 3D point locations
representing the position in space of the leds mounted on the
smart-pen. After identification the 3D points are used to es-
timated the position of the pen-tip. The sequence of 3D pen-
tip positions traces a curve that is shown to the user after a
real-time smoothing and sampling step.

Using the sensor inertial data, the pen orientation is esti-
mated and used by the matching process to correctly order
the image points on the camera plane. The triangulation step
then outputs the coordinates of the 3D points computed from
the ordered pairs of corresponding image points. Calibration
must be performed before each acquisition session.

The gyroscopic data from the smart-pen is combined with
the vision system data in a Kalman filter to detect the correct
pen orientation, used to compute the pen-tip position. The
smart-pen sensor’s accelerometric data is also useful in the
estimation of the pen-tip location when more than two leds
are occluded and the pen-tip is hidden to the stereo vision
system. In these cases, the pen-tip position is obtained by
integrating the pen acceleration in time starting from the last
known position computed by the vision system.

Due to the limited resolution of the IR cameras, the pen-
tip position is in general perturbed by noise. We exploit
sensor-fusion techniques by combining the pen-tip position
estimated using the stereo vision data with the acceleromet-
ric data from the smart-pen sensors to build a simple and
effective Kalman filter.

4. Surface construction from 3D curve network

The approach we follow for surface construction is based on
the surface diffusion flow

ApmH =0, !

where A g is the Laplace-Beltrami operator and H the
mean curvature, with magnitude equal to the sum of the prin-
cipal curvatures k| and k;. Equation (1) can be derived as a
simplification of the Euler-Lagrange equation resulting from
minimizing the total curvature functional

/ K} +k3dA, )
A

which leads to a minimal energy surface. The idea in fact
is to produce the simplest shape which interpolates a given
curve net. Moreover, since constant mean curvature sur-
faces satisfy equation (1), important basic shapes as spheres,
cylinders and minimal surfaces with H = 0 can be recon-
structed.

The resulting surface has to satisfy both geometric con-
straints, given by a set X of points on the 3D curve network,
and sharpness constraints associated at each given curve,
while preserving the topology defined by the polyline-mesh.
The process of sharpness tagging is performed by simply se-
lecting the curves on the object and a sharpness value.

In this section we present the construction process for a
mesh M which represents a piecewise-linear approximation
of a smooth two-dimensional manifold M embedded in R?,
and we denote by (Q,X) a chart of M, where Q C R? is an
open reference domain and X is the corresponding coordi-
nate map, that is the parametrization of M at a given point.

Let X be an initial surface which interpolates the set X of
points on the 3D given curves and preserves the topology de-
fined on the base-mesh, and let H (X) = H(X) N (X) be the
mean curvature normal vector field. Then we solve a global
optimization problem by applying directly to the coordinate
maps X the following fourth order flow

aX
ot
where A is a positive parameter which controls the effect of

the data fidelity term that places positional constraints on all
vertices of the 3D curves.

= AMHAMX-X0), X=X, ()
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The construction method is based on a preliminary step
(named basic refinement in Fig. 2) where we construct a
sufficiently refined mesh X, which includes X, by tessel-
lating each polygon in the base mesh following the same
splitting rules of the generalized Catmull-Clark subdivision
and iterating so that each n-sided face is subdivided into 16n
quads. The newly introduced vertices move according to (3)
towards a minimal energy surface which satisfies the given
geometry and feature constraints.

We propose a splitting strategy for solving the fourth order
flow (3), which involves two coupled second order PDEs.
The first PDE diffuses the mean curvature normals on M
preserving the sharp features defined on the curve network,
and the second PDE refits the parameterization X according
to the computed mean curvature distribution. In the first step

we solve:
o
ot
where A, is the weighted Laplace-Beltrami, whose
weights are related to the sharpness of the curve network.

= AW H(X), H(0)=H. )

In the second step the obtained mean curvature vector
field H is used to solve:

ApX = —HN(X)+AX —Xo), )

where the data fidelity term forces the fitting of the X, points
on the 3D curve network.

To create sharp features along the curve network, a
weighted Laplace-Beltrami operator is introduced in (4).
The weights depend on a similarity measure between sur-
face patches derived by the sharpness constraints along the
curve network. The mean curvature diffusion is then penal-
ized where creases and corners should be reproduced.

To this end, the interactive sketching process allows the
user to specify a sharpness measure for each 3D curve of the
curve network. Tipically, it could be O or 1, where 1 indicates
a sharp feature. The mesh edges constructed along sharp
curves are labeled as sharp edges. Thus curves with vanish-
ing sharpness values lead only to geometric constraints on
the vertex positions, while curves labelled as sharp, lead to
both vertex and curvature constraints. Let S(X;) be the sharp-
ness of the vertex X; defined as the sum of the number of
adjacent sharp edges. The vertex X; will represent a corner if
S(X;) > 2, acrease if S(X;) = 2, or a dart if S(X;) = 1.

Our proposal of similarity weight functions, based on
sharpness values, defines the weights as follows
Wij = _L_o—D(Xi.X))/o?

70 . , ©6)
D(X;,X;) = [S(X;) —S(X))|, jeEN(),

where N (i) is the set of 1-ring neighbor vertices of vertex X;,
and Z(i) is the normalizing constant Z(i) = ¥_; e~ DXX))/S

The parameter ¢ controls how much the similarities of two
patches are penalized. Larger ¢ gives results with sharper

features. By using (6) the contribution of the vertices with
different curvature features in A"} is strongly penalized.
Moreover, this is a rotationally invariant measure.

In the rest of this section we theoretically justify the two-
steps construction method, which approaches to the solution
of the fourth-order PDE (3) representing a surface diffusion
flow on M, when A = 0.

Theorem 1 Let V (X) := ApH(X)N (X). Discretizing (3)
in time, with time-step dt, and A = 0, we get

X" = X" a VT (x). %)
Solving the system of two second order PDEs

% — ApH (),

8
AMX:ﬁ, ®

that is, evaluating the corresponding time discretizations

ﬁn+l _ ﬁn — thMﬁHl

AMXn+1 — ﬁnJrl ©

produces a sequence of iterates {X "H} which converges to
the solution of (7), that is to the solution X* of the fourth
order surface diffusion flow (SDF) (1) on M , where M is
the piecewise linear representation of M.

Proof We recall from basic differential geometry the relation
H=HN = AuX. (10)

At time step n + 1, by replacing X given by (7) in (10), we
have

ﬁnJrl :AM(Xn+dt7n+l(X)),
that is
ﬁl‘H—l _thMVn—H (X) _ AMXI’L

which leads to the first equation in (9). The second equation
in (9) which relates position X with mean curvature vectors
ﬁ follows from (10). [

5. Discretization

The surface reconstruction algorithm iterates on the two
steps implementing the PDEs (4) and (5), named in the se-
quel STEP 1 and STEP 2, converging to a mesh approximat-
ing the given 3D curve network and preserving the sharpness
features defined by the user. From our experimental work we
tuned up the maximum number of iterations to be between 5
and 10.

The space discretization on M of the Laplace-Beltrami
Az used in (5) applied to the vertex coordinate components
X, is the connectivity matrix L € ROXIXIXD) which is more
conveniently decomposed as L = DL®, where D is the diag-

onal matrix with D;; = 1/(24; ¥ jen(;) (cotoy; +cot Bij)), L
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is the symmetric matrix with elements

s —Ljenpywij i=J
Lij=<{ 4w i#j,jeN() (11)
0 otherwise

where N(i) is the set of 1-ring neighbor vertices of vertex X;,
and the weights w;; are positive numbers and satisfy the nor-
malization condition ) JEN() Wij = 1. The weights w;; are
"local", thus the summation in (11) is "local", and they are
chosen as in [MDS*02], as

WiJZ(COtOCij+COtBij), (12)

where o;; and [3;; are the two angles opposite to the edge in
the two triangles sharing the edge (X;,X;).

We discretize Ay on M the weighted Laplace-Beltrami
operator used in (4), analogously to (11) with weights w;;
replaced by

wijWij, (13)
where w;; is defined as in (12), while W;; depends on a sim-
ilarity measure between ith and jth vertex and are given by
(6).

Since the mesh consists of quadrilateral faces, relation
(10) is used to compute curvature normals H, where the
computation at each vertex involves a local triangulation
suitably built around the vertex itself.

Considering a uniform discretization of the time inter-
val [0,7],T > 0, with a temporal time step dr, then (4)
can be discretized on time using the forward finite differ-
ence scheme which yields a first order scheme in time. Ex-
plicit time-stepping schemes are easily computable for ev-
ery time-step dt, but the stability condition determines an
upper bound for the time-step dt that guarantees stability of
the evolution. The discrete elliptic operator of a fourth order
problem is known to be characterized by a condition number
0(h4), where h indicates the grid size. To ensure stability of
an explicit discretization we would be led to a severe restric-
tion of the type dt < Ch* for the time step size dt [SKO1].
Explicit methods therefore are computationally expensive.

Our two-step method reduces to the solution of two sec-
ond order PDEs, and we used implicit time-stepping scheme
in (4) which allows much larger time steps. Numerical ex-
periments show that time steps of the order of the spatial
grid size are still feasible with respect to the stability of the
approach.

The PDE model (3) is then fully discretized and solved by
iterating the alternate solutions of STEP 1 and STEP 2, as
follows

STEP1 (I—diL,)H™ = H", n=0,1,..,nyax
STEP 2 miny |[LX — H |3 + X —Xo|3.
The alternating iterations represent a key aspect of the algo-

rithm, as the initial rough approximation Hy is improved at
each step, providing a better accuracy to the entire process.

Decomposing Ly, as Ly, = DL;,, where L}, is the symmet-
ric matrix derived from (11) with weights (13), and consider-
ing that W;; in (6) are symmetric, then STEP 1 can be rewrit-
ten as the following symmetric definite positive system

(O~ — @) ™ =D 'H",

which is solved at each step by a preconditioned conjugate
gradient iterative solver [Saa03]. The resulting mean curva-
ture normal vector field is then plugged into the constrained
least square problem in STEP 2. The minimization problem
in STEP 2 is rewritten as the following linear least-squares
problem,

miny||Au — bl|2, (14)

where

(8 (3) ()

A € RIXI+Xo])x ‘X‘, € € RIKIXIXD) ig the positional con-
straint matrix, rearranged as an /d matrix, b is the right-hand
side, and u is the unknown vector, with the matrix P contain-
ing the Xy C X constraint vertices.

Solution of (14) is efficiently computed by applying the
iterative conjugate gradient solver to the system of normal
equations ATAu = AT b associated to (14), also known as
CGNR method [Saa03]. The CGNR algorithm is not only
a residual minimizing method, but also an error-reducing
method and is very well suited for solving large linear sys-
tems in a number of iterations which is much smaller than
the dimension of the matrix. The dominating computational
work for large-scale problems is the evaluation of matrix-
vector products; each CGNR iterative step requires the eval-
uation of one matrix-vector product with A and one with AT,
Unlike direct linear solvers, we remark that these matrices
are not explicitly formed. Moreover, since A is given by (15),
and L is symmetric, the matrix-vector product is split into
two parts, and considering also the special form of C we can
conclude that the computational effort required is really neg-
ligible.

The construction algorithm implemented by alternating
STEP 1 and STEP 2 is a global process which involves the
solution of sparse but large linear systems whose dimension
increases at increasing resolutions of the tesselation. In or-
der to further improve the system performance we applied
STEP 1 and STEP 2 to a medium resolution base-mesh Xj.
A finer resolution mesh is eventually obtained, after the Sur-
face Diffusion Flow, by applying a few subdivision steps of a
Catmull-Clark scheme, which also preserves sharp features
by ad hoc subdivision refinement rules.

6. Experiment results

In this section we provide some experiments to show the
characteristics of our RE system. The system implementa-
tion is written in C running on the Linux platform. All the
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(a)

Figure 5: The reconstruction of sharp features on a cube-
shaped synthetic curve network.

(b) (©

Figure 6: The reconstruction of a sphere starting from three
orthogonal circumferences.

test examples were performed on an Intel Core i7-720QM
Quad-Core machine, with 4GB RAM and Nvidia G335M
graphics card. The smart-pen device, togheter with the ac-
quisition system described in Section 3, allow the acquisi-
tion of 3D points with an error in the range [—2;2] mm at a
distance of 1m from the camera.

The outcome of the STEP 1 in the Surface Diffusion Flow
depends on four parameters that in our examples revealed to
be rather constants, indipendently on the mesh. In particular,
for optimal results the data fidelity parameter A in (3) is set
to be 1. The similarity parameter ¢ in (6) has been tuned to
the value 0.2. The time-step dt is in the range [0.1,1.0] and
nyax =3S.

Example 1: In the first example the reconstruction capa-
bilities of our RE system are evaluated on three synthetic
curve networks: the cross-shaped model in Fig. 2, the sphere
in Fig. 6 and the cube in Fig. 5.

The cross-shaped model in Fig.2 presents different sur-
face features (smooth curves, corners, edges and darts). The
proposed reconstruction approach succesfully creates an in-
tuitive piece-wise smooth surface (Fig. 2, bottom) starting
from the simple 3D input curve network (Fig. 2, top). The
two intermediate steps show the Base Mesh, output of the
Basic Refinement process, and the Refined Mesh, output of
the Surface Diffusion Flow.

Similarly to the cross-shaped example, the cube in Fig.
5(a) presents different surface features. Due to the penal-
izations introduced by the weights defined in (6) the face
bounded by four sharp edges (marked in blue in Fig. 5(a)),
is reconstructed into a planar surface (Fig. 5(b)). In Fig. 5(c)

(@) (e)

Figure 7: The reconstruction of an old-style telephone.

() (d

(b)

Figure 8: The reconstruction of an object with cavities.

the reconstructed piece-wise smooth surface is shown from
a different point of view where crease and dart features are
well visible. The surface colors represent the surface cur-
vatures, where green color indicates low curvature and red
color high curvature values.

The example in Fig. 6 shows the ability of our method
to precisely reconstruct a spherical surface starting from the
three orthogonal circumferences and the underlying poly-
line mesh illustrated in Fig. 6(a). In this particular exam-
ple we applied the Basic Refinement step to obtain a very
refined mesh, shown in Fig. 6(b). The surface diffusion pro-
cess evolves the base mesh into the spherical mesh of Fig.
6(c), perfectly fitting the initial curve network.

Example 2: In the second experiment we show the result
of the complete reverse engineering (RE) pipeline for two
real objects shown in Fig. 7(a) and 8(a): an old-style tele-
phone and a phone charger for a wireless telephone.

The reconstructed 3D virtual model (Fig. 7(e)) is the re-
sult of the multi-step reconstruction process consisting of the
Basic Refinement step (Fig. 7(b)), the Surface Diffusion step
(Fig. 7(c)), and the Subdivision Refinement (Fig. 7(d)). The
final result of Fig. 7(e) clearly shows how a complex model
with a variety of different surface features can be succes-
fully reconstructed starting from a very simple and rough
curve network (overlayed in Fig. 7(d)). The blue curves were



46

S. Morigi & M.Rucci / Reconstructing surfaces from sketched 3D irregular curve networks

marked as sharp during the RE session using our smart-pen
sketching device.

The second reconstruction of the physical object shown in
Fig. 8(a), followed the multi-step recontruction process on a
simpler physical object with a pronounced cavity, a feature
that often creates problems with optical 3D scanner devices.
Thanks to safe-occlusion characteristics of the smart-pen de-
vice, the user is able to sketch curves inside any cavities.
The reconstruction system is then able to correctly build the
smooth surface illustrated in Fig. 8(d). The intermediate re-
construction steps of Basic Refinement and Surface Diffu-
sion Flow are shown in Fig. 8(b) and Fig.8(c), respectively.

Example 3: In this example we describe an edit session
performed using our RE system to interactively sketch new
curves on the free space in order to add virtual parts to an
object. In particular, in Fig. 9 the users draws the minimal
amount of curves (Fig. 9(b)) necessary to reconstruct the ba-
sic shape of the bottle object in Fig. 9(a). The system pro-
vides a real-time visualization of the reconstructed smooth
surface (Fig. 9(d)), created from the subdivision of the re-
fined mesh of Fig. 9(c), output of the Surface Diffusion Flow.

The user then decides to add a handle to the virtual bottle.
Using the "hole creation tool" and "border gluing tool" from
the smart-pen sketching interface (described in [BFL*10])
the user traces the 3D outlines representing the handle. The
system reconstructs the smooth surface of Fig. 9(g) by first
applying the Basic Refinement step (Fig. 9(e)) and then per-
forming the Surface Diffusion Flow that produces the mesh
in Fig. 9(f).

7. Conclusion

This paper has presented a system for reconstructing free-
form surfaces from sketched irregular curve networks ac-
quired with a smart pen. The smart pen device is an ex-
tent of the active-pen device introduced in [BFL*10], which
has been suitable designed to provide a more accurate and
fast support for the tracking system. The surface reconstruc-
tion consists in a basic first step which builds a low res-
olution base-mesh associated with the curve network, and
a second step in which the base-mesh is refined to pro-

8
Figure 9: The reconstruction of a bottle ((a)-(d)), and the result of adding a virtual handle to the bottle ((e)-(g)).

duce a smooth surface which preserves curvature features
defined by the user on the curve network. While the system
is not perfectly accurate as, for example, other, usually ex-
pensive, laser scanning systems, it can be effectively used
in 3D curve/silhoulette sketching tools in CAD system en-
vironments where slight inaccuracies will not impede user
task performance.
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