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Abstract One of the basic characteristics of an object is its shape. Several research areas in
mathematics and computer science have taken an interest in object representation in both 2D
images and 3D models, where shape descriptors are a powerful mechanism enabling the
processes of classification, retrieval and comparison for object matching. In this paper, we
present a literature survey of this broad field, including a comparative analysis based on the
above shape descriptor processes. In view of their significance, we identified the shape
descriptors implemented using the concept of visual salience. This paper gives an overview
of this topic.
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1 Introduction

The shape of an object expresses its appearance. Shape can communicate ideas, as
well as attracting the viewers’ attention. Therefore, it can also represent a salient
feature. Humans are capable of identifying an object from its shape alone. Techno-
logical interest in implementing this human capability has enabled the extraction of
shape-semantic information, usually through a process of segmentation. However, the
description of the shape of an object is still a difficult task, with a number of
limitations.

A shape descriptor can be defined as a mapping from the 3D object space to some high-
dimensional vector space [1]. The main goal of shape description is to get the maximum
amount of shape information with the least possible dimensionality [21] in feature vectors or
data structures, a suitable numerical representation [46], and the extracted numerical charac-
teristics that describe the shape of a multimedia object. For Guo et al. [29], a good descriptor
should be descriptive, compact, and robust. Vranic et al. [98] defined four important criteria for
a 3D object shape descriptor:

Invariance with respect to translation, rotation, scaling, and reflection of the 3D object;
Robustness with respect to level of detail;

Efficient feature extraction and search; and

Multiresolution feature representation.

Bl

These criteria are further discussed in Section 4 as part of the comparative analysis of the
different methods proposed for shape descriptor.

Shape descriptors of 3D model are a helpful mechanism for classifying, retrieving, clus-
tering, matching and establishing similarities between objects. They play an important role in
different areas such as computer-aided design (CAD), computer-aided manufacturing (CAM),
virtual reality, entertainment, medicine, molecular biology, physical simulation, and e-
commerce [1, 15, 21, 22, 46, 79, 107]:

— In CAD/CAM, shape descriptors are especially applicable in physical anthropology;
which plays an important role in industrial design. For example, clothing design or
ergonomics [73], as well as in the matching of solid models of 3D mechanical parts
[21]. Likewise, local features can significantly improve the manufacturing costs,
manufacturing process selection, production and functional parameters of 3D objects in
the CAD tool field [11], as well as finding similarities, useful in furniture design [86] and
image reconstruction [60].

—  For virtual reality and entertainment, the use of 3D models improves the realism in film
and video game production. In this industry, 3D objects can be reused and adapted based
on their similarity to reduce production costs [15].

— In medicine, object similarities are useful to detect organs deformations. For example,
they have been used in a specific part of the brain called the hippocampus to help diagnose
diseases like epilepsy [43].

— In molecular biology, shape descriptors have been applied to analyze molecular surfaces
[4, 95] and molecular stability [19].

—  In physical simulation, Novotni et al. [63] applied shape descriptors to find the best-fitting
shoe for a given 3D foot scan.
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— In e-commerce, a customer can start with a few typical style options and then use the
search engine to retrieve similar styles, in furniture shopping [73].

Shape descriptor analysis has also been used for computer vision and texture analysis [49,
75] in order to represent articulated objects [S8] or to compute the similarity between object
deformations [87]. In aerial images to distinguish and categorize areas such as parking,
residential or schools [106, 109]; and fine-grained image recognition for example for insects
[105].

This paper is structured as follows. Section 2 contains a review of shape representation
methods, and a general description of six different taxonomies. Section 3 describes nine shape
descriptor categories, extracted from the aforementioned taxonomies and outlines 58 shape
descriptors. Section 4 compares these shape descriptors, analyzes their frequencies and the
percentages of their main features. Finally, in Section 5 conclusions are presented.

2 Methods and taxonomies

This overview covers related work on shape descriptor classification for 2D images and 3D
models. First it addresses the most common object shape representation methods, followed by
the best-known taxonomies for 3D shape descriptors based on the characteristics of the
respective shape.

2.1 Methods for object shape representation

Zhang D. et al. [108] divided the methods for representing the shape of an object into two
categories: contour-based methods, which represent objects/shapes as a whole, and region-
based methods, which represent segments/sections. Both categories have two subdivisions:
structural and global methods. They include a large set of shape description techniques which
are described later: chain code, polygon, B-spline, invariants, perimeter, compactness, eccen-
tricity, shape signature, Hausdorff distance, Fourier descriptors, wavelet descriptors, scale
space, autoregressive, elastic matching, area, Euler number, geometric moments, Zernike
moments, pseudo-Zernike moments, Legendre moments, grid method, shape matrix, convex
hull, media axis, and core. Ling et al. [52] pointed out two methods for object shape
representation: one based on the extraction of local features and the other based on the
extraction of global features (see Sections 3.5.1 and 3.5.2). Tangelder et al. [89] also intro-
duced a set of shape representation methods based on the volume and surface of the 3D
models, identified as implicit surfaces, constructive solid geometry (CSG), binary space
partitioning (BSP) trees, octrees, boundary representation (B-rep) and free-form surfaces.

These methods were organized into different categories of shape descriptors, which were
then integrated into the different taxonomies proposed. There follows a description of the six
different taxonomies proposed for different purposes.

2.2 Taxonomies for shape descriptors
We concluded from the assortment of approaches that there is no universally accepted
method for building a shape descriptor taxonomy. Furthermore, these taxonomies serve

different purposes.
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Zhang L. et al. [107] proposed a classification divided into three categories: (1) feature-
based shape descriptors, (2) graph-based descriptors, and (3) other methods. Their taxonomy is
based on the most popular shape descriptors for 3D object classification and retrieval. In
particular, this taxonomy considers the spatial partition and the representation of the features of
the 3D models, where the 3D shape can be discriminated by its geometric features and
topological properties. Zhang L. et al. [107] discriminated the shape by measuring and
comparing its features. Furthermore, their taxonomy targets the design of 3D object space
methods to keep all possible information of an object in a low-dimensional vector. Five sub-
categories were compared based on the following criteria: original shape features, spatial
partition methods, pose normalization (see Section 4.6 for a detailed explanation), transfor-
mation invariance, and advantages or disadvantages.

Bustos et al. [15] divided the shape descriptors into five categories: (1) statistics, (2)
extension-based, (3) volume-based, (4) surface geometry, and (5) image-based methods. This
taxonomy targets the retrieval of shapes across 3D objects. They also conducted a qualitative
comparison of some of the proposed shape descriptors based on the technical description
published in the literature using the following criteria: dimension, invariance, object represen-
tation, object consistency and metric (the measure of similarity).

In his doctoral thesis, Akgiil [1] presented a taxonomy for shape descriptors divided into
five categories: (1) histogram-based, (2) transform-based, (3) graph-based, (4) 2D image-based
and (5) other methods. He focused on a general approach based on the geometric or
topological information contained in the 3D object. He also considered similarity for object
retrieval, and compared the retrieval performance resulting from the fusion of two descriptors
against other well-known 3D shape descriptors.

Also in his doctoral thesis, Dos Santos [21] presented a five-category shape descriptor
classification: (1) histogram-based, (2) transform-based, (3) graph-based, (4) 2D image-based
and (5) other methods. This taxonomy is very similar to the proposed by Bustos et al. [15],
although Dos Santos compared the behavior of some shape descriptors in order to identify the
most suitable options for his thesis. He developed a prototype to compute 3D shape descriptors
and evaluate shape-matching performance based on these descriptors and some of their
combinations, rating the accuracy and general performance of the 3D models retrieved in
queries.

Tangelder et al.’s [89] taxonomy is organized into three main groups: (1) feature-based, (2)
graph-based, and (3) geometry-based methods. This taxonomy focuses on the use of matching
methods for content retrieval based on the 3D shape considering the surface and volume of the
3D models. They compared the matching methods according to the following criteria: shape
model, triangle inequality, efficiency, discriminative power, partial matching, robustness (see
Section 4.5), and pose normalization requirement (see Section 4.6).

EINAghy et al. [23] proposed a taxonomy again with five categories, as follows: (1) view-
based, (2) graph-based, (3) geometry-based, (4) statistics-based and (5) general methods. Like
the above four, the purpose of this taxonomy is to recover 3D objects based on similarities.
Their comparison was based on 3D object representation requirements, efficiency, discrimi-
native power, partial matching, robustness and sensitivity, and pose normalization. This
comparison is very similar to the one proposed by Tangelder et al. [89].

Table 1 presents the nine descriptor categories found in these six taxonomies [1, 15, 21, 23,
89, 107]. The categories are: histogram-based, transform-based, graph-based, 2D image-based,
feature-based, geometry-based, extension-based, volume-based, and other methods. The his-
togram-based, 2D image-based, geometry-based, and other methods categories are similar to
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Table 1 Categories of shape
descriptors Category References

(***) Histogram-Based 1, 15, 21, 23]

[
Transform-Based [1,21]
Graph-Based [1, 21, 23, 89, 107]
(***) 2D Image-Based [1, 15, 21, 23]
Feature-Based [89, 107]
(**) Geometry-Based [23, 89]
Extension-Based [15]
[15]
[1,2

Volume-Based

(***) Other Methods 1,23, 107]

the statistics-based, view-based, surface geometry and general methods, respectively. There-
fore, they have been grouped into just four categories and are highlighted in Tables 1 and 2
with two asterisks between parentheses (**).

Note that some descriptors included in these taxonomies use the transformation of a 3D
object into a set of 2D images.

Table 2 groups the shape descriptors by category and author. The totals for shape descrip-
tors by author and year of publication are as follows: Zhang L. et al. [107] with 10 descriptors,
Bustos et al.[15] with 26, Akgiil [1] with 21, Dos Santos [21] with 30, Tangelder et al. [§9]
with 10, and EINaghy et al. [23] with 23 descriptors.

We found some shape descriptors that were placed into different categories by different
authors. They are labeled with an asterisk between parentheses (*). For example, some
researchers classified the shape spectrum descriptor in the histogram-based category and others
in the geometry-based category. Although this descriptor might be placed in either category,
we put it in the histogram-based category because the descriptors of this category use feature
counters, and the shape spectrum descriptor represents the shape of an object as a set of
quantitative characteristics based on the geometric information of the object. We placed the
descriptors marked with (*) in the category that we think best fits their characteristics.

Section 3 gives a general description of these categories and their associated descriptors.

3 Descriptor categories and shape descriptors

Descriptors were classified in categories according to their computer structure or computer
techniques such as histogram-based, graph-based or image-based techniques.

3.1 Histogram-based descriptors

This category includes all the shape descriptors that adopt a histogram, even if they are not
used in a rigorous statistical sense. With regard to shape descriptors, the histogram is typically
an accumulator or container that collects the numerical values of certain features calculated
from the shape representation [1, 21]; it maintains the neighboring points or their properties
[9]. In this category, descriptors are partitions of certain spaces in a 3D model, where the
complete space is decomposed into disjoint cells that correspond to the histogram bins [36].
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Table 2 Descriptors grouped by category

Taxonomy Descriptor Name Zhang L.  Bustos  Akgiill Dos Tangelder EINaghy
et al. et al. [1] Santos et al. et al.
[107] [15] [21] [89] [23]
3.1 (%) Cord and Angle X N \ v X X
Histogram-Based ~ Histograms
Color Distribution X X X y X X
Curvature Histogram X X X y X X
Shape Distributions X N \ v X X
Modified Shape X X X v X X
Distributions
(*) Shape Histograms  x X \ \ X N
3D Shape Contexts X X X v X N
(*) Shape Spectrum X X \ v X X
(*) Complex Extended x X v Y X X
Gaussian Images
Density-Based 3D X X X v X X
Shape
3D Hough Transform  x \ X
(*) Generalized Shape  x X v X v
Distributions
Geometric Hashing X X X X X v
(*) Spatial Maps X X X X X v
Simple Statistics X N X X X X
Parameterized Statistics x \/ X X X X
(*) Geometric 3D X v X X X X
moments
32 (3D) Angular Radial ~ x X N v X X
Transform-Based ~ Transform
(*)Voxel-3D Fourier X X \ \ X X
Transform
Spherical Harmonics X X S v X X
Transform
Planar-Reflective X X X y X X
Symmetry Transform
(*) Rotation Invariant ~ x X \ v X X
Spherical Harmonics
Distance Transform and x X \ y X X
Radial Cosine
Transform
Spherical Wavelet X X \ X X X
Transform
3.3 Graph-Based Reeb Graphs N X X N \ N
Multiresolution Reeb X X \ \
Graphs
Size Graphs X X X v X
Skeleton(al) Graphs N X S v \ \
Spectral Graph X X X \
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Table 2 (continued)

Taxonomy Descriptor Name Zhang L. Bustos  Akgiill Dos Tangelder EINaghy
et al. et al. [1] Santos et al. et al.
[107] [15] [21] [89] [23]

\/

B-Rep Graph X

Model Graph N

3.4(%*%) 2D Silhouette Descriptor X
X

Image-Based Depth Buffer
Descriptor

Lightfield Descriptor

Elevation Descriptor

2 2 A ox
2 2 AR o
2 2 A o»®
®ooM 2 x
< 2 =

(*) Spin Images

SIFT
3.5 Feature Based ~ Global Features

(*) Spatial Maps

Local Features

(*) Distribution based
3.6 (**) Geometry  Volumetric Error

Based (*) Weighted Point Sets

(*) Geometrical 3D
Moments

TR R 2 2 2 2 X X M) M
o T B B B B T B B B
ol T B B B B B T B =
I B B B . - I S
T o I
< 22 KX K X X 2 2 KX 2

>
<
>
k]
2

(*) Shape Spectrum
(*) Extended Gaussian X

2
>
>
>
2

Image
Canonical 3D X X X X X \
Morphing
Canonical 3D Hough  x \ X X X X
Transform
Heat Kemel Signatures x X X X X N
View Based X X X X v X
Deformation Based X X X X \ X
Surface Normal X v X X X X
Directions
3.7 Extension Ray Based X \ X X X X
Based (Complex) X \ X X X X
(Shading) X v X X X X
3.8 Volume Based  Discretized model X R\ X X X X
volume
(*) Shape Histograms ~ x \ X X X
Rotation Invariant Point x R\
Cloud
(*) Model Voxelization x v X X X X
Voxelized Volume X v X X X
(*) Rotation Invariant ~ x v X X X X
Spherical Harmonics
(*) Reflective X \ X X X X

Symmetry
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Table 2 (continued)

Taxonomy Descriptor Name Zhang L. Bustos  Akgiill Dos Tangelder EINaghy
et al. et al. [1] Santos et al. et al.
[107] [15] [21] [89] [23]
(*) Weighted Point Sets x N X X X X
3.9 (**) Other (*) Spin Images X v v X X X
Methods 3D Zernike Moments v X \ v X X
Spherical Moments X X X v X X
(*) Reflective X X S v X X
Symmetry
(*) Generalized Shape  x X X Y X X
Distributions
Relevance Feedback X X X X X N
Bag of Features X X X X X N
(*) EGI (Extended y X X X X
Gaussian Image)
(*) CEGI (Complex v X X X X X
Extended Gaussian
Image)
(*) Skeleton Based X v v X X X
Topological matching — x \ X X X X
Total descriptors by author 10 26 21 30 10 23

These shape descriptors describe the distribution of points on the model across all rays from
the origin [42]. Histogram-based descriptors have been widely used in computer vision tasks,
such as matching, image retrieval [57, 59, 62], and texture analysis [49, 75].

3.1.1 Cord and angle histograms

These descriptors use information about the spatial extension and orientation of the 3D object.
The descriptor is calculated from three histograms: the first histogram represents the distribu-
tion of the angles between the cords and the first reference axis; the second histogram denotes
the distribution of the angles between the cords and the second reference axis; and the third
histogram offers the distribution of the radius. In this type of descriptor, the global features are
used to characterize the general shape of the objects. This type of descriptor is simple to apply
because it is not very “picky” about the details of the objects [70, 73].

3.1.2 Color distribution

This shape descriptor uses a voxelized (see Section 4.7) representation of the 3D object, where
each voxel contains a value associated with a color. This color value is calculated with the
information of the texture map of the 3D object, the properties of its materials and the extracted
color of the vertices. The use and location of color are important to get the histogram that
describes the object based on its colors, the red-green-blue triplet (R, G, B). The dominant
color is determined for each triplet, and then the angle between the corresponding normal to
that point and the first eigenvector are calculated. The statistical distribution of these angles is
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represented as a set of three histograms according to the dominant color. Three color-
dependent distributions of the normals are obtained: one for “red”, one for “green” and one
for “blue”. Some researchers have proposed the use of a wavelet based on a model with six
dimensions: X, y, z, R, G, B; the six-dimensional wavelet transform is calculated to construct a
histogram [70, 71].

3.1.3 Curvature histogram

This descriptor uses a curvature index as a function of the two principal curves of a surface.
This offers the possibility of describing the shape of an object from a given point. However,
some information on the amplitude of the shape on the surface is lost and therefore this method
is noise sensitive. The surface curvatures are computed at a generic vertex v of a three-
dimensional polygonal mesh [44, 92]. The curvatures can be estimated by calculating the
curvature at each face of the mesh by fitting a quadric to the neighborhood of that face using
the least squares method and then determining the principal curvatures £/ and k2 using the
eigenvalues of a Weingarten endomorphism. The principal curvatures are usually defined as
the eigenvalues of the Weingarten map [92].

3.1.4 Shape distributions

This shape descriptor uses the global geometric characteristics of the shape of the object:
distance, angle, area and volume measurements across random points on the surface. Five
functions measure the properties of an object quickly and easily: A3, D1, D2, D3 and D4. A3 is
the distribution function that measures the angle formed by three random points on the surface
of the object. DI is the distribution function that measures the distance between a fixed point
and one random point on the surface. D2 is the distribution function with the distance between
two random points on the surface. D3 is the distribution function of the square root of the area
of the triangle defined by three random points on surface. And D4 is the distribution function
that measures the cube root of the volume of the tetrahedron defined by four random points on
the surface. These distribution functions are invariant to rigid motions, rotations and transla-
tions [68].

3.1.5 Modified shape distributions

This descriptor, proposed by Osada et al. [68], is a modified version of the D2 descriptor. The
modifications are in the angle-distance histogram (AD) and in the absolute-angle distance
histogram (AAD), where a quasi-random number sequence is used instead of the pseudo-
number sequence to select points. To calculate the AD histogram, the distance of a pair of
points and the angles formed by their surfaces s are measured. The AAD is computed in the
same way, but it does not consider the sign of the inner product; in contrast, the AD histogram
respects the angle sign [66].

3.1.6 Shape histograms
This descriptor was proposed to describe 3D solid models using three techniques for the
decomposition of the space: a shell model, a sector model and a spider web model, which is a

combination of the first two. In the shell model, the 3D space is decomposed into concentric
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shells around the center point. In the sector model, the 3D model is decomposed into sectors
that emerge from the center point. The combined model presents more detailed information
and has a higher dimensionality than the pure shell models and the pure sector models. The
simple points on the surface of the 3D model and the extracted features are organized in
histograms or frequency distributions to represent their occurrence. This descriptor approach is
intuitive and discrete for complex spatial objects; although it has the shortcoming of using
Euclidean distance to compare two shape histograms that require a Mahalanobis measure.
Moreover, this descriptor requires planning and pose normalization (for rotation or translation,
see Section 4.6) in each pre-processing stage. As part of the pre-processing, the 3D models are
invariant to translation by moving the origin to the centroid [4].

3.1.7 3D shape contexts

This descriptor calculates the 3D shape using N points of reference, sampled from the shape
boundary. The vectors of the shape are defined with respect to each of these points, that is,
each point captures the distribution of the remaining points through relative positions to this
point. The distribution of this calculation is represented as a histogram with the relative
coordinates of the remaining points (N-1). The relative coordinates are based on the last
specified point and are used when the location of a point relative to the previous point is
known. This method is applied to all the sampled points, generating a descriptor that is a set of
N histograms [21, 45]. The bins of the histograms are defined from the overlay of concentric
shells around the centroid of the model and sectors emerging from the centroid [23].

3.1.8 Shape spectrum

This descriptor emerged from the idea of making a view based on the representation
of the 3D free-form object that uses an index function [20]; the shape index is a
function of two principal curvatures of a point on a regular 3D surface [44]. Although
it has appealing characteristics —invariance with respect to rotation, translation and
scale—, the unreliability of the curvature estimation leads to a lack of robustness.
Likewise, the shape spectrum quantitatively characterizes the object shape summariz-
ing the area on the surface of an object at each index value. The shape index shows
information about the local geometrical attributes of the 3D surface expressed as the
angular coordinate of the polar representation of the principal curvature vector. The
shape index also provides a scale for representing salient elementary shapes such as
convex, concave, rut, ridge and saddle, and is invariant with respect to scale and
Euclidean transforms.

3.1.9 Complex extended gaussian images (CEGI)

Complex extended Gaussian images (CEGI) is an extended concept of the extended
Gaussian images (EGI) approach (see Section 3.6.3). CEGI represents a 3D object using
the information associated with its surface, which can also be used to establish an object’s
pose. The representation of this descriptor consists of a spatial orientation histogram in
which each weight associated with a normal distance is represented as a complex number.
The normal distance of the face from the selected origin is encoded as the weight phase,
whereas the weight magnitude is the visible area of the face. The CEGI representation can
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estimate both the orientation and translation of a detected object with respect to a stored
model or a prototype [40].

3.1.10 Density-based 3D shape

This descriptor is defined as a sampled probability density function. The function extracts the
shape of the 3D object from its geometric features and its local surface features. The density-
based shape descriptor considers three types of local geometric multidimensional features of a
point p, which are represented in the following three functions: (1) the radial shape function Sr,
which is a magnitude component measuring the distance of point p to the origin and a direction
component pointing to the location of point p; (2) the tangent plane function Sz, which is a
magnitude component which stands for the distance of the tangent plane at p to the origin and a
direction component of the unit surface normal vector of the tangent plane; (3) the cross-
product function Sc, which is decoupled into a magnitude component, which is the same as Sr,
and a direction component of the cross-product between the vector representation of point p
and the unit surface normal vector at p. The cross-product function is the part that encodes the
interaction between the first two features [2].

3.1.11 3D Hough transform (3DHT)

This descriptor is based on accumulating points within a set of planes. Each plane is defined by
a triplet, that contains the distance from the origin of the coordinate system to the plane, and
the two angles of the azimuthal (an angular measure in a spherical coordinate system) and the
elevation, which are associated with the spherical representation of the plane’s unit length
normal vector [101].

3.1.12 Generalized shape distributions (GSD)

This descriptor is a generalization of the D2-shape distribution in the form of a 3D histogram
that considers local and global shape signatures. A signature is a simple representation of an
object or a process in the form of a mathematical function, a feature vector, a geometric shape,
or others, intended to uniquely capture the significant characteristics of an object [6]. The GSD
method counts the number of specific local shape pairs at certain distances: two dimensions of
the histogram account for pairs of shape signatures, which are simply k-means quantized
versions of spin images computed on the mesh, and the third dimension records the Euclidean
distances of the local shape pairs. The GSD descriptor can detect similar parts in two shapes,
whereas most global shape descriptors fail to achieve this goal. The descriptor is represented as
an indexing data structure to reduce space complexity [54].

3.1.13 Geometric hashing

This descriptor is characterized because it uses the basic geometric features of a 3D object,
starting from a set of points or lines and their geometric relations that are encoded using
minimal transformations with standard methods of analytic geometry. A set of basis points is
chosen from a set of points and the coordinates of the remaining points are calculated with
respect to that basis. They are then stored in a histogram for each coordinate set. The process is
repeated for all possible combinations of the basis, and the final resultant histogram is stored in
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a hash table which indexes all the objects [23]. This descriptor method is based not on
measurements from the extracted 3D models but on the distributions of such measurements
[47].

3.1.14 Spatial maps

The distinctive feature of this descriptor is that it has a set of representations that capture the
spatial location of an object, that is, a set of relative positions of the object location [89].
Spatial maps are methods that are based on object space partitioning, and thus the transfor-
mation and matching methods of these descriptors are more or less selected or designed in
terms of the spatial partitions. The processing methods and correlation of this descriptor are
roughly selected and designed in terms of the spatial partitioning [99].

3.1.15 Simple statistics

This descriptor considers the basic characteristics of an object, including scale, the dimensions
of'its bounding box, volume, number of vertices, polygons, statistical moments, statistical data
about distances of pairs of points randomly selected from the 3D object, and the composition
information about a visual object, like its position and orientation. The position information is
encoded with the measured normalized coordinates of the geometric center of the object’s
bounding box. The orientation information is encoded with the information of the angle(s)
formed by the major axis with the vertical and horizontal axis [73]. The information of this
type of descriptor is commonly summarized as histograms.

3.1.16 Parameterized statistics

This descriptor proposes a feature vector based on three units of statistical measures obtained
from nine axes. The method normalizes the location and orientation of the model using the
model’s center of mass and principal axes of inertia. The statistical measures are previously
parameterized. The three statistical measures are represented with three histograms that
integrate the model’s shape descriptor. The measures are calculated considering: (1) the
moment of inertia about the axis; (2) the average distance of the surfaces from the axis; and
(3) the variance of the distance to the surfaces from the axis. The Euclidean distance and the
elastic-matching distance are used to measure the distance between pairs of feature vectors
[67].

3.1.17 Geometric 3D moments

Moments are used as descriptors to represent the shape of the 3D objects. They are defined as
feature vectors that are especially useful in the processes of object retrieval and classification
[15,23]. The moments provide a statistical representation of an object with respect to its scalar
values. However, statistical moments are not invariant with respect to translation, rotation, and
scale. The number of moments influences the completeness of the object representation. This
descriptor method considers two types of moments by order: (1) low-order moments that
describe the most salient and basic characteristics; and (2) high-order moments that tend to
describe finer structures. The order is equivalent to a low- or high-resolution representation
[73]. Different forms can be used to calculate statistical moments depending on the center of
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mass for all triangles with respect to the mass of the triangle [72], or from object points
sampled uniformly with a ray-based scheme [78], and from the centers of mass (centroids) of
all object faces [72].

3.2 Transform-based descriptors

These descriptors capture the surface points on a 3D voxel or spherical grid by means of a
scalar-valued function which is processed by transformation tools such as the 3D Fourier
transform, angular radial transform, spherical trace transform, spherical harmonics or wavelets
[3, 110]. An important advantage of the transform-based methods is descriptor compaction due
to the fact that the feature vector retains only few transform coefficients. Furthermore, these
descriptors consider the invariance that can be obtained by discarding the phase of the
transform coefficients at the expense of some extra shape information [110]. In other words,
the shapes are described in a transformation invariant manner, so that any transformation of a
shape will be described in the same way. This yields the best measure of similarity in any
transformation [42].

3.2.1 (3D) angular radial transform (3D ART)

The angular radial transform (3D ART) descriptor is defined as a moment-based image
description method that represents pixel distribution within a 2D region. Based on this idea,
the 3D ART transform descriptor is described as a complex unitary transform defined on a unit
sphere. In this sense, the objects have to be represented within a spherical coordinate system
which can be set up during the preprocessing stage. It is claimed that the unspecified rotations
of the descriptor cannot be expressed as the sum of constant values on the angular components
that can modify the values of the descriptor. Accordingly, if the descriptor considers the
rotation around the z-axis, the values of the 3D ART coefficient do not change. The 3D
ART descriptor shares the properties of the original 2D descriptor, such as robustness to
rotation, noise and scaling. With the 3D ART descriptor, it is possible to generate compact
descriptors in shorter times. This approach outperforms the spherical harmonics descriptor in
terms of speed and comes close on accuracy [77].

3.2.2 Voxel-3D fourier transform

Also referred to by Bustos et al. [2005] as model voxelization, this descriptor is known as 3D
DFT. This descriptor was implemented considering a process of pose normalization, followed
by a process of voxelization to an object using the so-called bounding cube3 (BC). The process
of pose normalization allows the BC to be subdivided into N equal-sized cubes. The
voxelization process consists on subdividing the BC into N3 equal-sized cubes (cells) and
calculating the proportion of the overall surface area of the objects inside cube. Subsequently, a
3D DFT is applied to the voxelized model to represent the feature in the frequency domain
[97]. The actual voxel data can be used as a 3D shape descriptor [1, 107].

3.2.3 Spherical harmonics transform

Huang et al. [36] specified that spherical harmonics represent the volume of an object for a set
of spherical basis functions. The descriptor is obtained by measuring the energy contained in
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different frequency bands according to the following procedure: first take the volume of an
object and divide it into a set of concentric layers; second compute the frequency decompo-
sition in each shell directly from the mesh surface; and third concatenate the norm for each
frequency component at each radius into a 2D histogram indexed by radius and frequency.
Inspired by an idea of Saupe et al. [78], Dos Santos [21] considered that a 3D model can be
represented with a function on the sphere. To do this, rays are emitted from object’s center of
mass, and, for each ray defined, the value equal to distance from the origin to the last point of
intersection with the object surface is estimated. These values provide a sample of function,
called spherical extent function, for a shape [21, 78, 98]. To simplify the above, a dense sample
is taken and the spherical harmonics are calculated to describe the shape. The spherical
harmonics are a Fourier basis on a sphere equivalent to the sine and cosine on a line or circle
[21].

3.2.4 Planar-reflective symmetry transform

The planar-reflective symmetry transform (PRST) descriptor is characterized by a mapping
from a scalar-valued function defined over a d-dimensional space of points to a scalar-valued
function. PRST is defined over the d-dimensional space of the plane, such that the scalar value
associated with every plane reflection is a measure of symmetry with respect to that plane. On
the other hand, the descriptor is centered on the transformation from the space of points to the
space of planes that captures a continuous measure of the symmetry of a shape with respect to
all planes through its bounding volume. The use of the planar reflective symmetry transforms
two geometric properties, the center of symmetry and the main symmetry axes. These
properties can be used to align objects in a canonical coordinate system, sets of coordinates
used to describe a physical system at any given point in time [76].

3.2.5 Rotation-invariant spherical harmonics

This descriptor is a function in terms of the amount of energy that different frequencies
contain. These values do not change according to rotation, and therefore the resulting
descriptor is rotation invariant. The function can be viewed as a generalization of the Fourier
descriptor method to the case of a spherical function. The observation of fixed rotations and the
distance of a point from the origin are used to get a rotation-invariant representation of a voxel
grid. The object is intersected with a set of concentric spheres to construct a spherical function
from voxel values for each sphere. Finally, the frequency decomposition of each spherical
function is calculated, and the calculated norms of each frequency component at each radius
are obtained. The result is a rotation-invariant representation on a 2D grid indexed by radiuses
and frequency [42].

3.2.6 Distance transform and radial cosine transform

Dutagci et al. [22] compared two 3D indexation methods, supported by a 3D discrete Fourier
transform (DFT) and the radial cosine transform (RCT) for the retrieval of object categories
such as cats, tables, airplanes, etc. Through two (binary and continuous) representations of 3D
object voxelization, they estimated a 3D discrete Fourier transform and radial cosine trans-
form. The binary representations of the values of the voxel on the surface of the object are
represented by 1 and 0. In the continuous representation, the space is filled with the help of an
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inverse distance function (IDF), that is, a function of the 3D distance transform. In this last
function, the object surface is filled with 1, but this value decreases when one moves away
from the object surface. The normalized spectral energy (NSE), which has the property of
being rotation invariant, is used to calculate the 3D DFT descriptors. Thanks to this property,
the 3D DFT descriptor can build a multiresolution representation of each object. Finally, the
RCT coefficients constitute a set of rotation-invariant shape descriptors. The descriptor is
represented as an easily obtainable feature vector.

3.2.7 Spherical wavelet transform

This descriptor is a natural extension of the spherical harmonics and the 3D Zernike
moments methods that represent the image features, avoiding redundancy and infor-
mation overlap between the moments. Laga et al. [46] represented a 3D object as a
function sampled on the unit sphere using the azimuthal and the polar angles,
respectively, in order to calculate the coefficients and construct discriminative descrip-
tors. They apply first the spherical wavelet transform (SWT) to the spherical shape
function. The shape function is implemented considering two parts —an approxima-
tion and the details— by applying low-pass and high-pass filters in the horizontal
(along the azimuthal) and vertical (polar) directions. The values of approximation and
the spherical wavelet coefficients are used to build the shape descriptor.

3.3 Graph-based descriptors

Graph-based descriptors aim to get a geometric meaning of the shape of a 3D object
using a graph to project how the components of the shape are interconnected [89].
These descriptors are considered to be more complex and sophisticated than those
based on feature vectors. Also, they have the advantage of more accurately encoding
the properties of the geometric shape of the object. The descriptors use spectral graph
theory tools. The information contained in a graph can be represented as numerical
descriptions [1, 3]. The graph-based descriptors have the advantage of reducing the
problem of shape dissimilarity through graph comparison. These descriptors are used
especially for retrieving articulated objects [46].

3.3.1 Reeb graphs

Hilaga et al. [33] described a Reeb graph as a topological skeleton used under a scalar function
of'a 3D object and used a series of cross-sections of the object to determine nodes and arcs of
the graph to represent 3D shapes. Tangelder et al. [89] defined the Reeb graph mathematically
as a quotient space of a shape and a quotient function. At the same time, Reeb graphs are
defined by geodesic distances, that is, the shortest distance between two points. For the
implementation of Reeb graphs, each node in each Reeb graph corresponds to a connected
component of the object in such a way that p-values in components that fall within the same
interval are determined by the resolution at which the graph is constructed. The relationships
between parent—child nodes represent adjacent intervals of these p-values for the contained
object parts. In this case, the resulting descriptor provides invariance properties [1, 23, 33, 89,
90, 107]. The method of this shape descriptor is good for matching articulated objects;
however it is sensitive to topological changes [89].
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3.3.2 Multiresolution reeb graph

This descriptor is based on Reeb graphs at multiple levels of resolution using the integral
geodesic distance as a function which is invariant to rotation and translation. The function is
defined as the height of a point on the surface of the object or the value of the curvature of that
point. This descriptor is robust to changes caused by the mesh simplification or subdivision
[33, 90]. The method computes the scale-space of a shape composition represented as a rooted
tree. It uses geometric features, such as volume, cord and curvature of the surface part
associated with a node of the Reeb graph [90]. A disadvantage of this method is that it
requires a detailed geometry of the models [21].

3.3.3 Size graphs

This descriptor, also based on the Reeb graph, builds a central skeleton of a 3D model. The
method applies a size function to create a graph by size. A 3D object is associated with a size
graph (G, ¢), where G’ is a centerline skeleton representing S (S is a topological space), fis a
real continuous function driving the centerline extraction, and ¢ is a measuring function
labeling each node of the graph with local geometrical properties of the model [12]. Mortara
et al. [61] specified that the function (f) of a Reeb graph is obtained in four different ways: the
extreme curvature, high curvature regions, the centroid and the topological point of view.
Using these functions a centerline skeleton is retrieved from the original model; then the value
of the function of each node of the skeleton is calculated to get the size graph.

3.3.4 Skeleton (al) or skeleton-based graphs

A skeletal graph is obtained from a voxelized solid object and is represented and connected as
a directed acyclic graph (DAG) by applying the minimum spanning tree algorithm. This means
that a set of 3D model voxels is reduced to a set of the most representative voxels. Each node
of a DAG is associated with a geometric feature vector and a signature vector that encodes part
of the topological information of subtrees rooted at this node. Each node of the graph contains
a topological signature vector (TSV), which is used for indexing. The TSV is defined
recursively over the subgraphs of the node using eigenvalues of their adjacency matrices
[85]. The skeletal descriptor has the advantage that the graphs are smaller-sized topologies than
B-rep graphs. Therefore, these descriptors can be used for subgraph isomorphism (graphs with
the same structure) at a very low computational cost. Additionally, the features of local parts
can be stored for a more precise comparison [23]. Figure 1 illustrates skeletal graphs matching,

Fig. 1 Example of skeletal graphs of a pair of matching objects
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accomplished using node-to-node correspondence based upon the topology, and the radial
distance for the edge [85].

3.3.5 Spectral graph

A graph is a mathematical object defined by a set of vertices or nodes and a collection of edges
connecting these nodes [58]. In accordance with research conducted by Chung [19], a graph
spectral is based on the Laplacian matrix of the graph and correlates with the graph invariants
better than the spectra of the original adjacency matrix. All matrices are built from the graph’s
original adjacency matrix, but include the information on each node’s degree which measures
the distribution of the connections in the graph [58]. The spectral graph information is encoded
in the form of numerical descriptions [1].

3.3.6 B-Rep graph

The boundary representation descriptor (B-rep) is a model graph from the engineering field. B-
rep represents a model with respect to its vertices, edges and faces, where the model is
represented as a graph according to bounded B-spline surfaces, that is, a function expressed
as a linear combination. B-splines are used as a curve fitting a numerical differentiation of a set
of experimental data [25]. EINaghy et al. [23] mentioned that the set of bounding surfaces of
the model is represented by the nodes of the graph, whereas the edges represent the curves
intersecting the corresponding surfaces. All representations are large and complex even for
simple shapes. Therefore, work is required on developing approximate algorithms based on
heuristics and randomization that are often employed to determine the best match between
graphs.

3.3.7 Model graph

A model graph can represent the geometry of the shape of a 3D solid object. With the help of a
graph it is possible to capture the structure and the connected components of the shape of a 3D
model. This representation with the information contained in each node of the graph shows up
the correspondences between models. The principal advantage of this descriptor is that it can
represent a 3D model with various levels of detail, which can provide local geometric
information. Like the B-rep graph descriptor, this descriptor is not easy to build and has been
evaluated as computationally inefficient. Particularly, the implementation of these descriptors
is not easy to use with human and animal models [89].

3.4 2D image-based descriptors

This category of descriptors represents and compares the shape of a 3D object as a collection
of'its 2D projections taken from different viewpoints. A standard descriptor for 2D images, like
Fourier descriptors and Zernike moments, is considered in order to describe each projection
[46]. The descriptors of this category are designed for methods of similarity. Multiple images
of a 3D object are captured from several positions with a camera and are stored in a database.
The images are processed to find the similarity between the views of the query object and the
models in the database [23, 36]. A particular characteristic of these shape descriptors is that
they are a summary of the values of the pixels of a digital image, containing information of the
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silhouette of an object. Therefore, the shape descriptor is represented with a vector that
contains the number of parameters derived in this manner [48].

3.4.1 Silhouette descriptor

This descriptor represents the contour of an object or scene by its limits, and the interior
silhouette of the object usually in a dark color. The descriptor gets all possible parallel
projections of an object in three planes for each one of the principal axes (see Fig. 2). The
shape is then represented as 2D views, with the projection of the 3D object [31, 96]. For the
implementation of this descriptor, the objects first have to be PCA (principal component
analysis) normalized (i.e., pose normalization, see Section 4.6) and scaled into a canonical unit
cube invariant to rotation that is axis-parallel to the principal axes (canonical unit cube is
defined as a cube in the canonical coordinate frame defined by a set of vertices) [96]. Each
view is represented as a feature vector of the Fourier coefficients [15, 23, 31, 36]; the discrete
Fourier transform is used to represent the shape features in the spectral domain. Therefore, the
absolute values of the resulting coefficients are used as the vector of silhouette-based features
[21, 89].

3.4.2 Depth buffer descriptor

This descriptor calculates the similarity between the depth buffer of the feature vectors of two
3D models [31]. The depth buffer descriptor is based on the same representation as the
silhouette descriptor, which, likewise, uses significant images. Each model is represented
and scaled into a canonical unit cube. The method considers for each of the principal axes,
two grayscale images that are generated using parallel projections. This generates six images
instead of the three silhouettes. Each gray pixel of the image is coded with a value of eight bits
and represents the distance between the 3D model and the sides of the unit cube, the viewing
plane [96].

3.4.3 Lightfield descriptor

Chen et al. [18] defined this descriptor as the basis representation of a 3D model invariant to
translation and scaling through a set of 10 rendered images of different parallel projections
(viewing directions, silhouettes or views) that can be put on 20 vertices of a regular dodeca-
hedron. The camera-generated projections are distributed uniformly over a 3D model
representing the shape of the model. Each projection is a binary color or grayscale image,
containing information about the represented object surface [23]. The images are encoded
using a combination of 35 coefficients for the Zernike moments descriptor, and 10 coefficients
for the Fourier descriptor [18].

>

Fig. 2 Example of silhouettes of a 3D model
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3.4.4 Elevation descriptor

The principal idea of this descriptor is to treat a 3D model on six 2D projections from
different views: front, left, right, rear, top and bottom. Each projection is one
elevation that is represented by a grayscale image, in which the gray values represent
the altitude information of the 3D model. Subsequently, each grayscale image is
decomposed into several concentric circles. The elevation descriptor is calculated
taking the difference between the altitude sums of two successive concentric circles.
This descriptor has the feature of being invariant to translation and scaling and is
robust for rotation [21, 81].

3.4.5 Spin images

A set of 3D points with their associated directions are used to create a spin image. The
spin images make up a general representation of the shape [39]. The orientation of the
vertices in the surface mesh is considered for each spin image. The information associated
with these images is represented as a 2D histogram or a 2D indexed accumulator, which
encodes the vertex density of an object in a space [36]. According to Dos Santos [21],
this descriptor proposes an object recognition system based on matching surfaces, using
the spin image representation.

3.4.6 Scale-invariant feature transform (SIFT)

This descriptor method involves transforming an image into a collection of local
feature vectors, which are possibly invariant to image translation, scaling and rotation,
and partially invariant to changes in illumination and affine 3D projection. SIFT is
based on four stages: (1) scale-space extrema selection, (2) keypoint localization, (3)
orientation assignment and (4) keypoint descriptor. The first stage consists of identi-
fying the entire scales and images space by looking for the space locations using a
difference of the Gaussian function to identify potential points of interest. In the
second stage, the interest points are selected by a degree of stability. In the third
stage, an orientation is assigned to each interest point location based on the local
gradient directions of the image. Finally, during the fourth stage, a local image
descriptor is created for each interest point based on the gradients of the images
[56, 57].

3.5 Feature-based descriptors

This category of descriptors was proposed by Zhang L. et al. [107] and Tangelder et al.
[89]. This category refers primarily to descriptors of global and local features, which
were the point of reference for the development of many other descriptors grouped in
other categories. The descriptors in this category express the geometric and topological
properties of the shape of each 3D model. The shape of an object is discriminated by
measuring and comparing its features. These descriptor methods aim to represent the
shape of a 3D object with the implementation of a compact vector. A simple way to do
this is by using functions defined on the unit sphere [46]. Feature-based descriptors
extract the features of the 3D model in a fast and simple way [15].
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3.5.1 Global features

Some of these global features are: invariant moments, Fourier transform descriptors,
volume and surface area, or the shape boundary associated with the geometry ratios of
an object. Global features are intuitive for people and can be easily obtained, although
they are of no use for discrimination at the local level, that is, of object details. There
are a lot of efficient ways to calculate these features from the mesh representation of
an object [36, 89, 104, 107], and they are easy to implement. The descriptor is often
used as an active filter in object retrieval for the purpose of comparison or can be
used in combination with other methods to improve the shape descriptor [21].

3.5.2 Local features

Value vectors for this descriptor are calculated from a number of points on the surface
of the object [21]. The local features are inherent to the shape of the 3D object and
play an important role in the discrimination of complex objects [107]; they can speed
up searches by reducing the model to a small number of features more easy to
manage. The vectors are compared to measure if two points are similar, or used in
a classifier. Here the descriptor can pick out smaller or larger features. The method
uses a metric, which reference to the value of curvature, calculated at every point on
the surface [32]. Local features provide a very distinctive measure of similarity for
each object.

3.6 Geometry-based descriptors

Geometry is always specified in 3D models in contrast with other application-
dependent features [15]. The geometry features usually used to describe the 3D model
are volume, surface area or curvature, and ratios, like the surface area to volume ratio;
compactness, that is, the non-dimensional ratio of the volume squared over the cube
of the surface area; crinkliness, that is, the surface area divided by a model made up
of the surface area of a sphere with the same volume as the 3D object; convex hull
features; the bounding box aspect ratio; or Euler numbers [23].

3.6.1 Volumetric error

This method is based on the observation that different objects occupy the volume in
different ways. Volumetric error descriptors require a pose-normalized process. Also,
by definition, they use voxelized shapes. This could result in high computational costs
if the model has need of a lot of voxels [63, 89]. Because two objects may not be
similar even if they have an equal total volume [63], a simple volume difference
technique is not good enough to compare 3D models, and different approaches have
been proposed for this comparison measure (see, Tangelder et al. [89]; EINaghy et al.
[23]). Novotni et al. [63] proposed, in their extraction step, to calculate the volumetric
error between one object and a sequence of offset hulls of the other object and vice
versa, producing two histograms to measure similarities.
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3.6.2 Weighted point set

In this method, a set of 3D salient points is selected from 3D objects. These points
are weighted in different ways according to different approaches; the weighted point
set of two objects is then used to compare the 3D objects (see, Tangelder et al. [89];
EINaghy et al. [23]). Some examples of weighted point set are: the vertex with the
highest Gaussian curvature; the choice of one vertex using the center of mass of all
the vertices in the cell as a weight [88]; or a hierarchy of weighted point sets,
representing spherical shape approximations [80].

3.6.3 Extended gaussian image (EGI)

The shape of an object’s surface can be used for object recognition. One way to do
this is using parallel rays on a regularly spaced grid creating its depth map. Unfor-
tunately, depth maps are not easily transformable when the object rotates. The EGI
solves the problem of converting a local representation in the viewer-centered coor-
dinate system into a global description based on the object-centered coordinate system
[35]. An EGI model of a 3D object is derived from the collection of its surface
normal on each surface patch in the 3D world. A spike model is created by collecting
normals from surface patches of the 3D model and is moved to a common point of
the application; the end points lie on the surface of a unit sphere. This mapping is
called the Gauss map, and the unit sphere is called the Gaussian sphere. By giving a
unit mass to each end point of the normal vector, we can observe the distribution of
mass on the Gaussian sphere. This distribution of mass will be normalized. The
resulting distribution of mass on the Gaussian sphere is called the extended Gaussian
image (EGI) of the object [38]. The extended Gaussian image has several important
properties that make it useful for shape analysis and matching: it is invariant to
translation; the EGI scales and rotates with the model in the 3D space; the EGI is
an invertible representation for convex models; and it is very good at distinguishing
between man-made objects and natural objects [23, 82].

3.6.4 Canonical 3D morphing

Object morphing is a seamless transition from one object to another, generally producing
a sequence of intermediate objects [21]. In this method, the similarity of two 3D objects
is measured by the energy required to transform them into a canonical space or shape, for
example a sphere. Different approaches have been used to measure this energy (see
EINaghy et al. [23]), which requires a pose normalization technique (see Section 4.6).

3.6.5 Canonical 3D hough transform (C3DHTD)
The basic idea of this descriptor is to accumulate points of the 3D objects within a set
of planes. The planes are determined by parameterizing the space using spherical

coordinates (e.g., distances from the origin, azimuth angles and elevation angles to get
three different planes). Each triangle of the object contributes to each plane with a
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weight equal to the projection area of the triangle on the plane, but only if the scalar
product between the normal of the triangle and the plane is above a given threshold.
The rotation invariance for this descriptor is approximated by PCA pose normalization
of the 3D object, along with the determination of the principal axes, and the use of
their center of gravity as the origin of the coordinate system for the Hough transform.
This descriptor, also called C3DHTD and first proposed by Zaharia et al. [103], is
intrinsically topologically stable and not invariant to geometric transformations [15].

3.6.6 Heat kernel signature (HKS)

Diffusion geometry depends on the heat diffusion equation, which governs the con-
ductions of heat on a surface. The heat diffusion process describes the evolution of a
function on the surface over time and is governed by the heat kernel (HK): which is
uniquely defined for any two points X, y on the surface, and a time parameter t [93].
Sun et al. [84] proposed the use of the diagonal of the heat kernel as a local
descriptor, referred to as the heat kernel signature (HKS), by capturing the information
about the neighborhood of a point on a shape and recording the dissipation of the
heat from the point onto the rest of the shape. Detailed, highly local shape features
are observed through the heat diffusion behavior over a short time, whereas the shape
summaries in large neighborhoods are observed from the heat diffusion behavior over
a longer time. Thanks to this heat diffusion property, multi-scale matching can be
performed between points by comparing their signatures at different time intervals.
This model presents a number of advantages, including the fact that the HKS is
deformation invariant, captures differential information in a small neighborhood and
global information about the shape for large values, and is clearly analogous to the
multi-scale feature descriptors used in the computer vision community. For small
scales, this descriptor takes into account local information, creating topological noise.
It can be built across different shape representations [23, 84].

3.6.7 View based

The underlying idea of this descriptor is that if two 3D models are similar, they also
look similar from all viewing angles. This is how humans recognize similarity in
objects. Using this method the problem of 3D retrieval is reduced to a 2D projection
of the spatial objects, and image retrieval techniques can be used. The main challenge
of the view-based descriptors is to get enough views to describe all possible model
features, which is related to an enormous storage space cost [23].

3.6.8 Deformation based

This method compares a pair of 2D shapes by measuring the amount of deformation
required to exactly register the shapes. This depends on the natural arc length
parameterization of the contours of the objects [89]. In the shape space of 3D models,
a deformation sequence is shown by a curve. The geodesic distance between two
points yields the similarity between two shapes according to the preserved shape
space property. The geodesic distance illustrates the similarity between two shapes,
used to compute the similarity between the deformations [87].
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3.6.9 Surface normal directions

A normal vector shows the entire shape of a 3D model. Histograms constructed by the angle
between the first two principal axes and the surface normal vectors of all polygons, generating
a lot of information with a low level of detail, used to compare 3D objects [70].

3.7 Extension-based descriptors

These descriptors are created from samples of features taken along certain spatial directions
with a starting point in the center of the object [15]. The 3D object is usually treated as
functions defined on spheres and described in terms of samples taken from these functions [7].

3.7.1 Ray based

A ray-based feature vector is determined by the measures of the extent of the object
from its origin to the furthest unit vector intersection point. The extent is zero if the
mesh is not intersected. The samples of numbers recovered from the PCA-normalized
3D object are the components of its feature vector in the spatial domain [98, 99]. This
descriptor has also been called sphere projection and has performed well in virtual
reality modeling language (VRML) models available over the Internet. A distinctive
feature of this model is its large dimensionality. One of its main attributes is that it is
able to characterize many samples of a function on a sphere with few parameters.
Spherical harmonics were proposed as a suitable tool for use in this method. The
magnitudes of the complex coefficients are obtained using the fast Fourier transform
on the sphere (SFFT) of samples as components of the feature vector. Apart from the
ray extent, a rendered perspective projection of the object on an enclosing sphere was
considered. This information can be regarded as information about shading on the
enclosing sphere. The complex feature vector uses both ray-based and shading-based
feature vectors [30].

3.8 Volume based

This category includes all descriptors that represent the shape of a solid object
through the volumetric representation obtained from the surface of a voxelized object
[15] (see Fig. 3). This representation is computationally expensive, and its accuracy
depends on the size of the voxel (see Section 4.7).

3.8.1 Discretized model volume

The basic idea of this descriptor is to divide the space occupied by the model. Then the content
of'the fragments of the divided model are added as part of the information on feature vector. As
in other cases, this descriptor uses a pose normalization process and PCA [15].

3.8.2 Rotation invariant point cloud

This descriptor takes into account the density of the point clouds as a feature vector.
A 3D model placed in a unit cube, which is divided into coarse grids, is required to
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Fig. 3 Example of volume-based feature vector

implement this descriptor. The points of each cell are counted to determine the density
of point clouds. The density of the resulting point cloud represents the shape
descriptor providing information on the curve, the height and the position of the 3D
model [86].

3.8.3 Voxelized volume

This descriptor was proposed as a method for estimating the similarity between 3D
voxelized models taking the volume of the models in the space and the internal
structure of this volume as a reference. The method of this descriptor is to represent a
voxelized model in a set of statistical moments, which are calculated from different
levels of detail of the voxel grid by applying the Daubechies D4 wavelet transform on
a 3D grid. Each resulting moment is represented with a histogram of the distribution
of the built moment. The bins are associated with the level of detail and the
amplitude that corresponds to the normalized moments. Each histogram is an object
descriptor [73].

3.8.4 Reflective symmetry

This descriptor uses the shape of a voxelized 3D object represented in terms of its
symmetrical global features through a continuous measure and 2D planes. Its method
consists of a spherical function to get the invariance measure of a 3D model with
respect to the reflection of each plane through its center of mass. The points
captured in the reflective symmetry descriptor correspond to a measure of global
shape, where the peaks are the planes of near reflective symmetry, and the valleys
correspond to the planes of near anti-symmetry. This descriptor has the feature of
being stable against high frequency noise, scale invariant and robust with respect to
the object detail level [41].
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3.9 Other methods

These descriptors usually serve the purpose of improving the retrieval process by being
integrated to other retrieval-oriented 3D object descriptors. The descriptors and employed
techniques are described below [23].

3.9.1 3D Zernike moments

The 3D Zernike moments descriptor is a natural extension of the spherical harmonics
descriptors (see Section 3.2.3). It is based on the polynomials of the same name, which are
developed by means of a process of orthogonalization (key process for obtaining a set of
vectors generating the same vector subspace from a set of linearly independent vectors in a
vector space) defined within a unit circle of the complex plane. The moments are computed as
a projection of the function defining the object onto a set of orthonormal functions within this
unit circle. Zernike moments are able to extract the features of a 3D voxelized model, capturing
global information about the 3D shape, which, unlike boundary-based methods, does not
require closed boundaries. Zernike moments are invariant to translation, scaling and rotation.
At the same time, they are robust to noise and easy to build. In recent years, these descriptors
have become a popular tool for digital image reconstruction, pattern recognition and shape
analysis [64].

3.9.2 Spherical moments

Liu W. et al. [53] proposed this method that extracts a feature vector of a 3D model based on
an analysis of multilevel spherical moments. A process of pose normalization is required for its
implementation in order to align each 3D model into a canonical coordinate system. Subse-
quently the surface of the model is rasterized into a voxels grid, and each voxelized model is
aligned from the center of its mass towards the center of the grid. Finally, a set of homocentric
spheres centered on the center of the 3D voxelized model is used to produce N spherical
images. This can be used to verify if one of these voxels intersects a trigonal pixel on the
surface of the spheres and the voxels of the object. For each sphere, there are M moments with
which it is possible to build a feature vector that has N dimensions using the moments of all the
spheres.

3.9.3 Relevance feedback

According to Leifman et al. [50], this descriptor facilitates the interactive retrieval of 3D
objects including the user perceptual information. The descriptor is a technique based on the
representation of low-level data by means of a three-step iterative process. In the first step, the
system retrieves similar 3D models which it presents to the user in descending order of
similarity. In the second step, the user provides information concerning the relevance of some
of the results of the retrievals. Finally, the system uses these models to learn and improve its
performance in the next iteration for 3D object retrieval. In this type of descriptor, the valuable
judgment of the users can identify the multilevel relevance of the retrieved objects [5], that is,
the user can assign importance scores to a series of results. Then, the query metric may
automatically be adjusted to a new classification more in line with the provided relevance
scores [15].
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3.9.4 Bag of features

This descriptor seeks to represent a feature vector of an object located in an image.
The method makes use of the local features because it does not obtain the global
geometric shape of the model. Each local feature of an object is encoded in the
descriptor with one of several words within a vocabulary. The vocabulary can be
generated using k-means clustering varying the value of k. Finally, regardless of the
position of its features, each object is represented with a histogram that contains word
frequencies. The histogram is now the feature vector extracted from the image [23,
54, 65]. The use of this descriptor focuses on partial matching retrieval of 3D models,
and is recommended for geometrically detailed and highly articulated objects. El
Wardani et al. [24] made an improvement of this method; the new solution consists
on integrating a set of features extracted from 2D views of the 3D object, and
employing the SIFT algorithm into histograms. Here the method uses a vector
quantization based on a global visual codebook.

3.9.5 Topological matching

The principal idea of this descriptor is that it describes the shape of a 3D object by
using its graph structure in a Reeb graph. The graphs capture and interpret informa-
tion about the structure of the skeleton of an object. The object is divided into
connected parts through a continua function, which is defined over the surface of
the object. A geodesic distance between points over the surface is used to define the
function. The geodesic distance provides an invariance rotation and avoids problems
caused by noise or small undulations [33].

4 Comparative analysis of shape descriptors

The shape descriptors described in this article have particular characteristics according
to their context, purpose, or method. Method of similarities are used to categorize the
descriptors; most of these methods used a similarity measure based on the Euclidean
distance. These descriptors are efficient for the purpose for which they were created.

This analysis was based on the characteristics evaluated by Tangelder et al. [§9] and
EINaghy et al. [23], that is: a) shape model, b) matching, c) robustness, d) efficiency and
e) pose normalization. The characteristics that they evaluated were oriented toward the
content-based retrieval of objects. These same characteristics were evaluated in the same
way in the search of shape similarity in 3D objects. Therefore, we incorporated elements
that provide useful information for the shape representation of 3D models and the
comparison of the similarity between objects: for this, the selected characteristics were:
a) shape model, b) 3D objects with 2D image projections, ¢) efficiency, d) matching or
similarity, e) robustness, f) pose normalization, g) voxelization required, and h) visual
salience. Also we included i) databases for testing, and j) references (some cited refer-
ences). Next, these characteristics are detailed.
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4.1 Shape model

The descriptors analyzed in this paper use different representation models, also called
types, formats and methods for 3D shape extraction. These models are
mesh = triangulation, point cloud, volume and solid.

Zhang L. et al. [107] and EINaghy et al. [23] considered that the most popular
format for the shape representation of a 3D object is a polygonal mesh, also known
as triangulation, on the grounds of its simplicity. This format builds a representation
of the boundary surfaces of the inside and outside of an object. When the entire
boundary surface is represented by a union of 3D polygons and these polygons are
triangles, then we have a representation in the format of triangle mesh [96].

The point cloud format is characterized by a set of data points in a coordinate
system. For 3D models, this method represents the exterior surface of an object. And,
for 2D images, the representation of points corresponds only to a set of pixels.

According to EINaghy et al. [23], an object can be represented in terms of the
volume that it occupies. Hoffmann [34] described the format of solid model repre-
sentations that use CSG, that is, a solid is represented as a set of theoretic Boolean
expressions of primitive solid objects with a simpler structure. In this case, the surface
and the interior are defined implicitly. At the same time, a B-rep describes the
oriented surface of a solid as a data structure composed of vertices, edges, and faces.
Icke [37] stated that the volume-based format is known as volumetric (solid) repre-
sentations, which, for 2D shapes, is associated with the area. CSG and octree are
examples of volumetric (solid) representations.

4.2 3D objects with 2D image projections

Although we live in a 3D world, humans only see in 2D, that is, the human visual
system only receives centered projections on 2D plane images. For this reason,
different frameworks are used for the recognition of 3D objects. So, an object can
be viewed as a set of, sometimes grayscale, 2D images [47]. Several shape descriptors
analyze the 3D object from multiple views or 2D images. Each projection is rasterized
to an image that can be described using a 2D visual descriptor, e.g., contour-shape,
color or texture. 3D objects are matched by comparing their 2D images [96]. This
characteristic is typical of all the descriptors included in the 2D image-based category.

4.3 Efficiency

As a database can store a large number of 3D objects for retrieval, clustering,
classification, alignment and registration, and approximation and simplification with
respect to their shape, shape descriptors should have an efficient feature extraction
structure. Likewise, the efficiency of a descriptor can be measured with respect to the
query response time (computational time) [23] in terms of storage requirements [29,
69] or descriptor dimensionality reduction in order to make its representation more
compact [42, 51].
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4.4 Matching or similarity

Shape matching is a task applied in a large number of geometric applications from
different research areas such as computer vision, robotics, and molecular biology. It is
the measure of similarity to another shape [94]. In order to measure the shape
similarity of two objects, the distances between pairs of descriptors must be calculated
using a dissimilarity measure. The term similarity is commonly used, however dis-
similarity is best associated with the notion of distance: a small distance means small
dissimilarity, and large similarity [89].

We found that the principal similarity measures used are: (1) Euclidean distance:
the ordinary measure between points of the Cartesian coordinate system of 2D or 3D
spaces; (2) Mahalanobis distance: the distance measure that calculates the similarity
between two random multidimensional points; (3) Hausdorff distance: based on two
sets of points of different size and no one-to-one correspondence between all points;
another measure of dissimilarity may be necessary in this case [94]. All the shape
descriptors described here can be used to get a matching measure with respect to a
similarity measure.

Chen et al. [17] described their own matching measure method. Their procedure
supports many classification algorithms and consists of four steps: (1) handcraft a
feature-feature similarity measure; (2) for each given shape, find the optimal matching
correspondence with another form of the set of shapes for comparison and maximize
the feature-feature similarity sum of the shapes to get the correspondence between two
shapes; (3) use the score of the optimal match as a similarity measure between
shapes, and (4) classify the shape based on this similarity measure.

In the matching measure it is also possible to use partial matching methods on surfaces
represented by triangular meshes (see Section 4.1). This procedure looks for a match with
regions of the surface that are numerically and topologically different, but approximately
similar. Another way of searching for a match between two objects is to use salient geometric
features based on indexing rotation-invariant features and a voting scheme accelerated by
geometric hashing [27]. An object matching process does not have to be calculated on the total
shape of an object, it can be applied on regions or parts of the object’s surface. Furthermore,
the matching measure process can be used for both local and global object features.

4.5 Robustness

Vrani¢ et al. [97] considered the robustness of a shape descriptor from the viewpoint
of its level of detail and the representation of its outliers. Other authors evaluated the
robustness of their descriptor by sampling the points from a model surface [42], for
which purpose it is important that the model does not require the point set to be
triangulated. The robustness of the descriptor is mainly evaluated for properties such
as invariant to translation and rotation, robust against connectivity changes caused by
simplification and subdivision in the mesh [33], changes in the parameters (scale),
noise resistance, and changes due to deformation by small extra features, and inde-
pendence of 3D object representation. The robustness of several descriptors was
considered with respect to support radius variations, Gaussian noise, shot noise,
varying mesh resolution, distance to the mesh boundary, key-point localization error,
occlusion, clutter, and dataset size [29].
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4.6 Pose normalization

Pose normalization is a procedure for assuring that the object state conforms to certain user-
defined characteristics; it transforms a model into a canonical coordinate frame. Using this
procedure, a scale, position, rotation, or orientation of a model are chosen whose representation
in canonical coordinates would be unchanged. All the objects may have different levels of
detail but their normalized representations should be as similar as possible for comparison
[78]. Pose normalization is not necessary when local features are used (e.g., curvature) [97].
This procedure has to be applied when heterogeneous databases are used [23].

4.7 Voxelization

A 3D object has volume and can be analyzed as such [70]. To do this, a voxelized object in a
3D discrete representation of small blocks or called voxels is required. Several descriptors
require the voxelization process, which produces a set of values on a regular 3D grid [74].

4.8 Visual salience

Humans have the ability to identify or locate objects using their basic features such as
size, color or shape. This provides relevant information about the object and its areas.
For the shape identification of an object in a 2D image or a 3D model within a
database, different methods use relevant information such as bag of words (areas that
define the object); characteristics of a region (variable characteristics), the local aspect
(salient areas), etc. [91]. Also, the surface of an object plays an important role in
visual salience, measuring the similarity between subparts of the shape. Salient feature
matching is able to search the similar parts of a single surface or series of surfaces.
Each salient feature is associated with rotation- and scale-invariant indices to accel-
erate matching processes and similarity measures. These descriptors are based on the
surface, and consequently efficiency depends directly on the quality of the mesh and
the curve analysis as they are significantly important for comparing the degree of
similarity [27]. Other option proposed by Godil et al. [28] uses a new formulation for
the 3D salient local features based on the voxel grid inspired by the Scale Invariant
Feature Transform (SIFT); this method can be applied in the non-rigid 3D model
retrieval. The advantage of this is that the new approach can be used to both rigid
models as well as to articulated and deformable 3D models. In this review, we
identified two descriptors that clearly specify the importance of the visual salience
of the objects using object shape features: planar-reflective symmetry and weighted
point set descriptors. The planar-reflective symmetry descriptor uses local symmetries
of salient parts from a transform of the space of points to the space of planes. It gets
a continuous measure of the symmetry of an object with respect to all its planes
through its bounding volume [76]. The second descriptor generates a weighted point
set for each object, which represents each non-empty grid cell as a salient point [88].

4.9 Databases used for testing

The most used databases for testing were Princeton Shape Benchmark (PSB), with 1,814
models, MPEG-7 3D model database, with 1300 mesh in VRML 2.0 format, and private
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databases; other more recently database used for test is the Toyohashi Shape Benchmarks,
which contains 10,000 models. Schmitt et al. [79], for example, validated their descriptor
based on the distribution of two global features measured in a 3D shape, with this database.

In Table 3 are related the aforementioned characteristics to the 58 described descrip-
tors. Each column was evaluated as follows: efficiency and robustness were rated as:
high, medium and low. The label in the 3D object with 2D projections, matching/
similarity, pose normalization required, voxelization required and visual salience col-
umns is Yes or No, as the case may be. When no information was available, the
characteristic was labeled as Unknown.

Table 4 summarizes the calculated frequencies and percentages of Table 3 with information
retrieved from the consulted sources. The frequencies and percentages include all the known or
unknown data about the analyzed characteristics of each descriptor. Based on this information,
we can state that:

—  The most commonly used format for representing 3D models is mesh =triangulation,
which accounts for two-thirds of the total, not counting the descriptors that do not specify
the used representation model. This is might be because the mesh is better adjusted to the
shape of large or small objects or because it is better adapted to the technical requirements
for its calculation. Mesh = triangulation has the following advantages: the vertices are easy
to number, it is clear which vertices are connected to others, and they are suitable for
handling an object’s geometric information.

—  The term “solid” is synonymous with object [34]. A set of flat surfaces (also called views
or images) can be extracted from the object in order to represent and describe a solid
object. This was an alternative format used to represent a 3D object. The set of descriptors
included in the 2D image-based category combines this representation format with
another format listed in Section 4.1, and less than a quarter of the total number of
descriptors used this representation.

— The efficiency of more than two-thirds of the descriptors was rated as medium or
high. We believe that this information was based primarily on the evaluation and
interpretation of the results for task execution (i.e., classification, retrieval, clus-
tering, matching/similarity of objects) in the best time and with best utilization of
the computer resources.

—  All descriptors take a local or global approach to the aspects of the shape similarity or
matching among 3D models. The closeness between the vectors output by calculating the
model descriptors is able to determine the similarity between shapes. The information
contained in these vectors is related to the model’s geometric information, which com-
monly corresponds to the vertices, angles, curved or linear dimensions.

—  The robustness of two-thirds of these descriptors was, like efficiency, rated as medium or
high. This is probably due to the resistance of object characteristics during the prepro-
cessing processes prior to the descriptor calculation.

— Nearly two-thirds of the descriptors apply a pose normalization process to 3D models
before calculation. We observed that the efficiency and robustness of the descriptors that
enact this type of process are rated as high. This confirms what E1 Wardani [24] et al., and
Tangelder et al. [89] stated about shape descriptors that use pose normalization pre-
processing about having a better performances for retrieving rigid models compared with
other approaches; and, that the most popular and practical methods in the field of 3D
shape retrieval with this characteristics are the view-based descriptors.
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Fig. 5 Descriptors that laid the groundwork for the development of other descriptors (from left to right:
predecessor descriptor, year of development, and name of descriptor developed from the predecessor)
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computationally expensive when the size of the voxels is small and the size of the 3D
model is large.

—  Of the many analyzed descriptors, only a very few considered aspects of object visual
salience to get information about their shape. The few descriptors that considered visual
salience take into account the geometric characteristics of the object. We take this to mean
that visual salience is not a key factor for representing and recognizing the shape of an
object in tasks such as classification, retrieval, clustering, similarity search and matching.

Based on the statistics listed in Table 3, we can conclude that the standard of
performance of this set of descriptors is good. However, the shape descriptors could
be evaluated from many different perspectives.

Figure 4 is a timeline of the descriptor set discussed in this paper. It shows the shape
descriptor methods developed from 1983 to 2009. Most of the shape descriptors, 51 out of the
58 discussed in this paper, were developed during the decade from 1997 to 2006.

Figure 5 identifies the descriptors that preceded others. We find that the shape
histogram, local features and global features descriptors were important precursors for
the development of a considerable number of newer descriptors, on which they had a
big impact. The shape histogram descriptor was the basis for the development of nine
different descriptors, all of which fall in the histogram-based category. This group of
descriptors uses solid objects in a mesh=triangulation or point cloud format. Note
that none of these descriptors requires the expensive and complex voxelization
process.

The local feature descriptor promoted the development of seven descriptors, which are
classed within different categories. This set of descriptors uses methods of representation based
on mesh = triangulation, point cloud, or 3D objects with 2D projections and are rated as having
a range of medium to high efficiency. Some of them apply the voxelization process.

The global feature descriptor supported the development of five descriptors, which
are also part of different categories. This group of descriptors considered the different
formats of representation of a 3D model. The descriptors of this set are rated as
having a medium to high efficiency, although a voxelization process is required in
some cases. In this regard, note that the global feature descriptor is the most intuitive
and easiest to obtain for the human visual system (providing visual salience).

On the other hand, these three groups of descriptors are rated as being highly robust,
probably because a pose normalization process is applied in advance to the 3D models, as
opposed to descriptors that do not require this normalization, and whose robustness is rated as
being medium.

In recent years, the concept of deep feature learning based on multiple low level-
descriptors, from those here described, has grown to provide high-discriminative
representation of local regions of several 3D shape descriptors [14, 111].

5 Conclusions

The computational and mathematical representation of the shape of a 3D model is a complex
task in which aspects of the 3D model such as its scale, position, and orientation have to be
taken into account. This task has been tackled using different approaches for developing the

shape descriptors.
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Our motivation for this review was our interest in finding out how to characterize
the shape of a 3D object within a virtual environment and how to compare shape
similarities. The descriptors have been developed over almost three decades, and they
are a powerful and efficient tool for characterizing the shape of an object.

The review of the 58 descriptor types is indicative of the wide variety of methods
that have been used in various applications. Each application depends on the context
and the goal to be achieved, which are mainly linked to tasks such as retrieval,
classification, similarity search, and clustering.

The contributions of this study are to compile and analyze six shape descriptor
taxonomies, to provide a general description of each of the descriptors, and to classify
them into nine categories. We also analyzed and compared the aspects that we
considered to be the most important for the evaluation of these methods.
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