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1 INTRODUCTION
The surfaces of 3D models are often represented by 
approximating triangle meshes. Their triangles are 
the simplest form of interpolant between surface 
samples, which may have been acquired with a laser 
scanner [21, [3], [181, computed from a 3D scalar 
field resolved on a regular grid [8], [32], or identified 
on slices of medical data [101, [12]. Most acquisition 
techniques restrict each sample to lie on a specific line 
or curve whose position is completely defined by a 
preestablished pattern. For example, a laser-scanner 

measures distances along a family of parallel or 
concentric rays that form a regular pattern or grid. 
One may also argue that an isosurface extraction uses 
three such patterns, aligned with the three principal 
directions. Because the pattern of these rays or 
stabbing curves is not adjusted to hit the sharp edges 
and corners of the model, almost none of the samples 
lie on such sharp features. Therefore, the sharp edges 
and corners of the original shape are removed by 
the sampling process and replaced by irregularly 
triangulated chamfers. The error between the original 
shape and the approximating triangle mesh may 
be decreased by using a finer sampling step. But, 
oversampling will significantly increase the number 
of vertices and, thus, the associated transmission and 
processing cost. Furthermore, as observed by Kobbelt 

Sharpen & bend: Recovering  
curved sharp edges in triangle meshes  
produced by feature-insensitive sampling
Marco Attene, Bianca Falcidieno, Jarek Rossignac and Michela Spagnuolo

Abstract — Various acquisition, analysis, visualization, 
and compression approaches sample surfaces of 3D 
shapes in a uniform fashion without any attempt to align 
the samples with sharp edges or to adapt the sampling 
density to the surface curvature.

Consequently, triangle meshes that interpolate these 
samples usually chamfer sharp features and exhibit a 
relatively large error in their vicinity. We present two new 
filters that improve the quality of these resampled models. 
EdgeSharpener restores the sharp edges by splitting the 
chamfer edges and forcing the new vertices to lie on inter-
sections of planes extending the smooth surfaces incident 
upon these chamfers. Bender refines the resulting triangle 
mesh using an interpolating subdivision scheme that pre-
serves the sharpness of the recovered sharp edges while 

bending their polyline approximations into smooth curves. 
A combined Sharpen&Bend postprocessing significantly 
reduces the error produced by feature-insensitive sam-
pling processes. For example, we have observed that the 
mean-squared distortion introduced by the SwingWrapper 
remeshing-based compressor can often be reduced by 80 
percent executing EdgeSherpener alone after decompres-
sion. For models with curved regions, this error may be 
further reduced by an additional 60 percent if we follow 
the EdgeSharpening phase by Bender.

Index Terms — Computer graphics, computational 
geometry and object modeling, boundary representations, 
geometric algorithms, languages and systems.
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et al. [29], the associated aliasing problem will not 
be solved by oversampling since the surface normals 
in the reconstructed model will not converge to the 
normal field of the original object. Similar aliasing 
artifacts can be observed on models produced by 
surface remeshing, which is the basis of three of the 
most effective compression techniques published 
recently [5], [20], [1]. All three methods create a new 
mesh that approximates the original one. Vertices of 
the new mesh are placed on the original surface or at 
quantized locations near the surface so that their posi-
tion can be predicted more accurately and encoded 
with fewer bits. To reduce the encoding of each vertex 
to a single parameter, the vertices of the resampled 
mesh are restricted to each lie on a specific curve, 
which is completely defined by previously processed 
neighboring vertices. Unfortunately, almost none of 
the new vertices fall on sharp edges or corners. As 
a consequence, the sharp features are not captured 
in the new mesh and a significant error between the 
original surface and its approximating triangle mesh 
occurs near these sharp features. To reduce this error, 
one may choose to use a feature-sensitive remeshing 
process [30], which attempts to place the samples on 
the sharp edges and comers of the original model. 
Unfortunately, this solution requires a more verbose 
representation of the samples, which are no longer 
restricted to each lie on a specific curve and, hence, 
must be encoded using three coordinates each.
 In order to retain the compactness of a feature-insen-
sitive retiling while reducing the approximation error, 
we have developed the EdgeSharpener approach. It 
automatically identifies the chamfers and replaces 
them with refined portions of the mesh that more 
accurately approximate the original shape, restor-
ing a piecewise linear approximation of the sharp 

edges. After the sharp edges have been restored 
by EdgeSharpener, the error between the triangle 
mesh and the original model is distributed more 
uniformly and accounts for the difference between 
the original curved surface and its piecewise-linear 
approximation. When the original surface is smooth 
everywhere, the error may be further reduced 
by subdividing the approximating triangle mesh. 
An interpolating subdivision process [14], [44]	
may be used to refine the triangle mesh globally, 
bending the triangles to smooth the surface at the 
edges and vertices. Unfortunately, when the original 
model contains sharp edges, such a bending process 
would round or blend the sharp edges restored by 
EdgeSharpener and, hence, would increase the error, 
annihilating the benefits achieved by EdgeSharpener. 
Considering sharp edges as if they were boundaries, 
as suggested in [44], is not sufficient for retaining 
corners and sharp edges with dead-ends. Thus, we 
introduce here a new approach, called Bender, which 
preserves the sharpness of the features restored by 
EdgeSharpener, while bending them so that they 
form smooth curves between sharp corners. For 
edges that are not sharp and not adjacent to a sharp 
edge, Bender performs a modified Butterfly subdivi-
sion [43], [44]. For other edges, we introduce new 
subdivision rules, which make it possible to properly 
refine sharp corners, sharp edges, and also smooth 
edges that connect to sharp features. The benefits of 
combining Edge-Sharpener and Bender (into a filter 
that we call Sharpen&Bend) are illustrated in Fig. 1.
A significant number of publications have been 
focused on identifying sharp features in a 3D model 
[24], [251, even in the presence of noise. More 
recently, solutions were proposed for maintaining 
sharp features during remeshing [29], [41]. In both 

Fig. 1. An original model (a) was remeshed through a feature-insensitive algorithm (b). The sharp edges and corners were restored by 
EdgeSharpener (c). Then, Bender faired the smooth regions without rounding off the sharp features reconstructed by EdgeSharpener (d). For 
each model, the maximum distance from the original surface (Emar) and the mean-squared distortion (L2) are reported. All the values are 
percent of the bounding-box diagonal.
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cases, the features to be extracted or preserved 
are present in the model. In contrast to this body 
of previous work, our solution recovers sharp 
features in an aliased model from which they 
have been removed by feature-insensitive retil-
ing. Our edge-sharpening process works well for 
meshes generated through a variety of uniform 
sampling schemes and does not introduce undesir-
able side effects away from sharp features.
The above considerations reveal the importance 
of Sharpen&Bend for postprocessing laser-
digitized models. Most surface reconstruction 
approaches, in fact, are not able to correctly 
reconstruct sharp features. Moreover, while suf-
ficient sampling conditions have been studied 
for smooth 3D objects [21, a guaranteed-quality 
reconstruction of surfaces with sharp features has 
remained a challenge, even in the 2D case [13].

1.1 Original Contributions
A preliminary description of EdgeSharpener was 
first introduced in a conference publication [4]. In 
this paper, however, a more thorough analysis of 
the state of the art is presented, along with a deeper 
investigation of the results and limitations of the 
method. Moreover, extensions to the original algo-
rithm are introduced in order to tag sharp edges while 
reconstructing them. For nonadaptively sampled 
surfaces, this approach is more accurate than typical 
methods based on a threshold of the dihedral angle.
Here, we also introduce Bender, which uses 

novel rules to maintain the sharpness of tagged 
edges while subdividing the mesh. We show 
that, to properly handle sharp edges which are 
not closed 1-manifold curves, it is not sufficient 
to treat them as if they were boundary curves 
and, hence, we introduce novel special rules.
Most important, this paper proposes a new 
all-in-one black box to improve nonadaptively 
(re)sampled meshes. We show that, for a variety 
of popular remeshed models, Sharpen&Bend 
significantly decreases their distortion with 
respect to the corresponding original shapes.

2 RELATED WORK
Here, we successively discuss approaches to 
identify features in unstructured data (scat-
tered points), partially structured data (contours 
or profiles), and structured data (polygonal 
meshes). Then, we discuss feature-sensitive 
polygonization, retiling, smoothing, and subdivi-
sion approaches that preserve sharp features.

2.1 Identifying Sharp Features  
in Unstructured Point Clouds
When a scattered point sampling of a surface is 
sufficiently dense, sharp features may be inferred 
by analyzing the neighborhood of each point. 
This analysis may be performed after a triangle 
mesh has been reconstructed [1] or directly from 
a point cloud [19] by first organizing it through a 
neighbor graph, then evaluating the flatness of the 
neighbors of each point, and, finally, extracting 
an optimized subgraph spanning nonflat vertices. 
Even after pruning, the edges of that subgraph 
often form zig-zag patterns because they connect 
input samples on opposite sides of sharp features.
Gumhold et al. propose smoothing the zig-zags by 
fitting low degree splines [19]. The resulting curves 
are likely to lie on chamfers, rather than on the 
intersections of extrapolated surfaces. For instance, 
if the original solid had a convex sharp edge, the 
chamfer produced by a feature-insensitive sampling 
would cut through the solid. The spline approxima-
tion would lie on the chamfer and, hence, inside the 
solid, rather than close to the original sharp edge.
Perceptual grouping rules, based on surface normals, 
have been used to infer smooth surface patches 
[21]. Sharp features are recovered as intersections 
of adjacent patches. When surface normals are not 
provided, the method estimates them at each sample 
from the locations of neighboring samples. Hence, 
normals at samples near sharp features are polluted 

Fig. 1. An original model (a) was remeshed through a feature-insensi-
tive algorithm (b). The sharp edges and corners were restored by 
EdgeSharpener (c). Then, Bender faired the smooth regions without 
rounding off the sharp features reconstructed by EdgeSharpener (d). 
For each model, the maximum distance from the original surface 
(Emar) and the mean-squared distortion (L2) are reported. All the 
values are percent of the bounding-box diagonal.
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Purpose
The IEEE Computer Society 
is the world’s latest 
association of computing 
professionals, and is the 
leading provider of technical 
information in the field.

Membership
Members receive the 
monthly magazine 
Computer, discounts, , and 
opportunities to serve (all 
activities are led by volunteer 
members). Membership is 
open to all IEEE members, 
affiliate society members, 
and others interested in 
the computer field.

Computer society web site 
The IEEE Composer Society’s 
Web site, at www.computer.
org, offers information and 
samples from the society’s 
publications and conferences, 
as well as a broad range of 
information about technical 
committees, standards, 
student activities, and more.

Ombudsman
Members experiencing 
problems magazine delivery, 
membership status, or 
unresolved complaints-may 
write to the ombudsman at the 
Publications Office or send an 
e-mail to help@computer.org.

Chapters
Regular at-id Student chapters 
worldwide provide the 
opportunity to interact with 
colleagues, hear technical 
experts, and serve the local 
professional community.

Available information
To obtain more information on 
any of the following, contact 
the Publications Office:
• Membership applications
• Publications catalog
• �Draft standards and 

order forms
• Technical committee list
• ��Technical committee 

application

• Chapter start up proced ures
• ��Student scholarship 

information
• ��Volunteer leaders/

staff directors
• �IEEE senior member grade 

application (requires 
10 years practice and 
significant performance 
in  five of those 10)

To check membership 
status or report a change of 
address, call the IEEE toll-free 
number, +1800 678 4333. 
Direct all other Computer 
Society -related questions 
to use Publica tions Office.
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Computer
The flagship publication 
of the IEEE Computer 
Society, Computer publishes 
peer-reviewed technical 
content that covers all 
aspects of computer science, 
computer engineering, 
technology, and applications.

PeriodicalS
The society publishes 15 
magazines and 11 research 

transactions. Refer to 
membership application 
or request information 
as noted at left.

Conference 
Proceedings, Tutorial 
Texts, Standards 
Documents
The IEEE Computer Society 
Conference Publishing 
Services publishes more 
than 175 tides ever year.

Standards 
Working Groups
More than 150 groups 
produce IEEE standards 
used throughout the world.

Technical Committees
TCs provide professional 
interaction in over 30 
technical areas and directly 
influence computer 
engineering conferences 
and publications.

Conferences/
Education
The society holds about 
130 conferences each 
year and sponsors mans 
educational activities, 
including computing 
science accreditation.

Publications and activities
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