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3D content is widely recognized as the next wave
of digital media. The success of 3D communi-
ties and mapping applications (for example, Second

Life and GoogleEarth) and the decreasing costs of

producing 3D environments are leading analysts to
predict a dramatic shift in how people see and navi-
gate the Internet. Greg Sterling, founder of the re-
search firm Sterling Market Intelligence, suggests
that “the Internet could very well be on its way to
shifting from a text-based environment to a visually
oriented 3D world.”!

We can liken 3D content’s impact on Internet-
based applications with the impact images have
had, with a number of distinctions. 3D media of-
fers greater potential for interactivity because us-
ers can observe and manipulate them from different
viewpoints. However, representing a complex shape
is not trivial owing to the volume of data involved,
the variety of representation models, and the com-
plexity and heterogeneity of meaning and semantics
that 3D content can reveal (see Figure 1).

The ease of producing and collecting digital data
has caused a gradual paradigm shift in various ap-
plied and scientific fields: from physical prototypes
and production to virtual prototypes and simu-
lation. This shift has had an enormous impact in
domains where 3D media are essential knowledge
carriers and represent a huge economic factor. Such
domains include design and manufacturing, seri-
ous gaming and simulation, cultural heritage and
archaeology, medical applications, bioinformatics,
and pharmaceutical science.

In domains such as these, where workflows for
3D content creation and analysis will soon become
completely digital and benefit from a collaborative
environment, the Semantic Web could prove an ex-
tremely powerful supporting mechanism. But the
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computer graphics community faces challenges to
fill the semantic gap for 3D media and equip it with
tools that allow interoperability through formal
languages and semantics.

3D: What's That?

3D models are digital representations of objects that
can be processed by computer applications. The ob-
jects themselves may exist either in the physical or
virtual world. A virtual modeling system can gener-
ate digital representations, or you can create them
by acquiring dense data from existing physical ob-
jects—for instance, by photogrammetry, computer-
ized tomography, laser scanning, or other digitiza-
tion technologies.

Digital representations of geometric models can
represent not only solid objects but also any other
phenomenon realized in the 3D space—for instance,
molecular surfaces, electromagnetic fields, and envi-
ronmental data. All shapes can be described by their
geometry (the object’s spatial extent), structures
(object features and part-whole decomposition), at-
tributes (colors, textures, and names attached to an
object, its parts, and its features), semantics (mean-
ing and purpose), and interaction with time (that is,
history, shape morphing, animation, and video).

Traditional 2D media such as images or videos
only partially represent an object’s shape, owing to
projection and occlusion. But when we deal with 3D
media, we typically assume a complete specification
of the object’s shape. This representation allows for
higher degrees of interaction than with 2D media:
3D models can be turned, scaled, viewed in any
direction, manipulated, and used to compose new
scenes about physical or simulated environments
where users can experience an immersive presence.

The synthesis, analysis, processing, and visualiza-
tion of 3D media are traditional fields of computer
graphics expertise based on a wide spectrum of fun-

IEEE INTELLIGENT SYSTEMS

Published by the IEEE Computer Society



damental domains, comprising compu-
tational geometry, algebraic geometry,
discrete topology, differential geome-
try, numerical analysis, and linear alge-
bra. In the last decade, computer graph-
ics has matured to the point where the
fundamentals of modeling, visualiza-
tion, and streaming of static and dy-
namic 3D shapes are well understood.
Different geometric models can rep-
resent the same object, either as a com-
position of simpler volumes or as a tes-
sellation of its enclosing boundary.
Nowadays, geometric-model variants
range from point set to subdivision
surfaces and from implicit to skeletal
representations, but the triangle mesh
is probably the most common. Trian-
gle meshes represent objects through a
triangular network among points scat-
tered on the shape’s boundary surface
or inside its enclosed volume. Obvi-
ously, each representation schema cor-
responds to an abstraction of the object
shape that answers specific application
requirements. For this reason, a repre-
sentation schema isn’t interchangeable
in a straightforward manner. Trian-
gle meshes are becoming the standard
in many applied fields, especially for
Web-based applications, because their
irregular structure supports modeling
at various resolutions and progressive
transmissions of data (see Figure 2).

From Web Applications

to Science and Industry

Until the last decade, experienced pro-
fessionals were the main producers of
3D content. Today, regular users can
easily create new content in virtual 3D
environments. Soon, users will be able
to acquire physical assets or convert
2D data into 3D data to enhance their
virtual-world experience.

Despite the questionable hype of 3D
social networking on sites such as Sec-
ond Life, a number of companies are
producing 3D city models and build-
ing Web-based applications to create
scenarios for 3D data use. Besides the
realm of entertainment, virtual envi-
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Figure 1. 3D models with different
representation models: (a) triangle
mesh, (b) B-rep, and (c) volumetric mesh.
Note how the type and scale of the
object features vary. Models courtesy of
the AIM@SHAPE Repository.

ronments have great potential for sim-
ulation and serious gaming. They can
serve as the background to a new gen-
eration of graphical interfaces for a va-
riety of collaborative working setups:

e to build virtual laboratories where
scientists can work with and share
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Figure 2. A triangle mesh at different
resolution levels. The same shape is
represented with different vertex and
triangle counts, according to the level of
detail required by the application or by
streaming requirements.

digital 3D models of physical or the-
oretical objects,

e to train professionals in complex
maintenance scenarios,

e to remotely access virtual museums in
distant geographical locations, and

e to generally incorporate nonver-
bal communication into same-time,
different-place interactions.
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With many applications relying on
3D and networked environments, we
can see the 3D Internet emerging. The
hardware technologies are ready, 3D
modeling methodologies are mature,
and bandwidth requirements remain
high but will likely be met soon. In
five years, the 3D Internet will be as
important for work as the Web is to-
day. This rapid technological evolu-
tion raises new challenges in terms of
answering the emerging needs of the
variegated community of professionals
and novice users who will soon face
the problems of administering, struc-
turing, and accessing the amounts
of information carried by 3D con-
tent. We believe that an early adop-
tion of Semantic Web techniques is
the key to shaping the growth of next-
generation 3D- and knowledge-inten-
sive application domains that will rely
heavily on the Internet as the collabo-
ration framework.

Embedding 3D

into the Semantic Web

The Semantic Web is basically a set
of tools that supports interoperabil-
ity between humans and machines
through formal syntaxes, ontologies,
and inferencing rules.? The adoption
of Semantic Web methods could bring
a number of concrete contributions to
the development of the 3D Internet
and its applications. There are obvi-
ous advantages for scientific and in-
dustrial fields dealing with 3D data.
Internet-based services—on the Web
or local networks—for automatic
content and knowledge resource loca-
tion would enhance data exploration
and scientific hypothesis validation,
analysis, and comparison.3 In unspe-
cialized scenarios, searching by con-
tent, collaborative tagging, and 3D
reconstructions from tagged images
or videos could be coupled with easy-
to-use Web-enabled modeling tools
to create new applications that cross
the boundaries of virtual worlds
and bring virtual 3D into the physi-

cal world. The impressive achieve-
ments of 3D printer technologies en-
able fabbing—creating a physical
instance of a digital object by print-
ing it out in 3D. The techniques are
now so mature and versatile that you
can print not only mockups but even
regular end products in a variety of
materials.4

We have plenty of tools for visual-
izing, streaming, and interacting with
3D objects, even in unspecialized Web
contexts. However, tools for coding,

Tools for coding,
extracting, sharing,
and retrieving the
semantic confent of
3D media are still far
from satisfactory.

extracting, sharing, and retrieving the
semantic content of 3D media are still
far from satisfactory. This hinders—
in the short term—the application of
existing Semantic Web techniques to
share and retrieve resources as well
as extract new knowledge using more
sophisticated inference mechanisms.
The computer graphics community is
now well aware of the potential ben-
efits of a shift toward semantics-
oriented modeling. Automatic classifi-
cation of 3D databases, 3D content an-
notation, and content-based retrieval
have introduced new areas of research
that represent some of the key topics in
computer graphics and vision research.

Documenting

3D Media for Sharing
Knowledge technologies, even basic
ones, didn’t influence the development
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of 3D modeling approaches and shar-
ing practices until few years ago.

The Stanford 3D Scanning Re-
pository (http://graphics.stanford.edu/
data/3Dscanrep), the best-known ex-
ample in computer graphics, dates
back to the late *90s. The “Stanford
Bunny,” a digital model of a clay rab-
bit, appeared in countless journal pa-
pers and became a de facto standard
test model in computer graphics. The
Stanford repository, however, is sim-
ply a Web page with links to data sets,
models, and software tools to visu-
alize or convert model formats. The
Web page describes models with tex-
tual information that’s not organized
as metadata. In practice, no services
are enabled on the repository.

The first repository to exhibit some
structured organization and basic ser-
vices was the Princeton Shape Bench-
mark, built to provide 3D models
and software tools for evaluating
shape-based retrieval and analysis al-
gorithms (http://shape.cs.princeton.edu/
benchmark). The repository contains
models collected from the Web and man-
ually classified in a variety of functional
and shape categories, such as animals,
airplanes, boats, and furniture. Each
model is linked to an information file
containing data about the original Web
site the model comes from and some
geometric metadata, such as the number
of polygons and connected components.

The Digital Shape Workbench (DSW,
http://dsw.aimatshape.net), developed
in the Advanced and Innovative Mod-
els And Tools for the Development of
Semantic-Based systems for Handling,
Acquiring, and Processing Knowledge
Embedded in Multidimensional Digital
Objects (AIM@SHAPE) Network of
Excellence project, represents a unique
infrastructure prototype for storing
scientific resources and supporting re-
search activities. The infrastructure is
knowledge based to take into account
taxonomies of geometric representa-
tions and ontologies describing work-
flows of 3D modeling and processing
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operations, while also implementing
various search mechanisms.

The AIM@SHAPE model reposi-
tory stores more than 700 high-quality
models, each characterized by a large
set of metadata spanning from simple
Dublin Core to more specific geometry-
oriented metadata, structured accord-
ing to the Common Shape Ontology.
The ontology is expressed in OWL,
while RacerPro provides reasoning on
the knowledge base. The ontologies
were mainly intended for computer
graphics researchers, so they primarily
concern properties of the representa-
tion, topological characteristics, model
size, and so on. For some classes, the
geometric metadata can be extracted
automatically during the upload.

The model repository also provides
services for downloading models at
user-required resolution levels and for
visualizing the content before down-
loading it—important features when
dealing with large data sets.

Similarly, the AIM@SHAPE tools re-
pository stores 70 tools for processing
3D models documented with metadata
derived from a task-driven ontology.
The repositories gained a reputation in
the graphics community owing to the
detail of the metadata used to describe
the content and the upload and down-
load services provided.

As a proof of concept, the DSW dem-
onstrated that exposing the semantics
associated with 3D models—at least at
a geometric level—facilitates sharing
and reuse of the data and tools used to
process them. In other words, applying
Semantic Web technologies to the inte-
gration and correlation of distributed
and heterogeneous resources about 3D
content—models, tools, workflows—
offers enormous potential for acceler-
ating the discovery of new knowledge
by reusing existing resources.

Understanding the

Meaning of 3D Media
Formalizing and structuring meta-
data about the representation and
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format of 3D data isn’t enough to an-
swer the needs of a wider community
of 3D users. A semantic description
of 3D objects is commonly meant to
describe the content with meaningful
terms from some domain of knowl-
edge. For example, a given model can
be described as a table made of four
cylindrical legs and an oval top. Cur-
rent 3D modeling systems handle the
geometric representation of digital
shapes but not their semantics—that
is, the meaning or functionality in

Basic elements

in a 3D representation—
points, triangles,

and lines—don't

know which semantic
unit they belong to.

a given context. Consequently, geo-
metric representations don’t give ex-
plicit information about the content’s
semantics, which you can grasp only
by viewing the object. If we want ma-
chines to understand the content of
digital 3D media, we need tools to au-
tomatically classify objects in seman-
tic classes, extract salient features,
and segment the representation into
meaningful parts. Basic elements in a
3D representation—points, triangles,
and lines—don’t know which seman-
tic unit they belong to.’

Much of computer graphics deals
with shape analysis and segmenta-
tion. Apart from a few specific algo-
rithms, semantic properties are taken
into account, mainly implicitly, at the
level of cognitive theories used to de-
scribe the segmentation approach—
namely, part-based decomposition or
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the minima rule. Part-based decom-
position methods build on Irving Bie-
derman’s theory of perception, which
characterizes an object as a com-
pound of primitive basic parts—for
example, cylinders or cubes.® The
minima rule suggests that we per-
ceive relevant parts by focusing on
lines of concave discontinuity of the
tangent plane.” Ariel Shamir pro-
vides a recent survey of segmentation
methods.8

So far, most methods developed
for shape analysis and segmentation
don’t directly output semantically rel-
evant explicit shape descriptions. In-
stead, they provide rich characteriza-
tions of the geometric and structural
object boundary properties. For CAD
models, it’s easier to devise a feature
extraction method, because
neering features have a rather well-
formalized characterization. Con-
versely, feature recognition for free-
form shapes is challenging, especially
when the semantics underlying the
features are related to an intrinsically
vague context, as with most natural
shapes.” Think, for example, of the
human body’s semantics: neck, legs,
thigh, elbow, and many other terms
that identify relevant body parts.
Refer to portions of the body shape
that can’t be precisely coded or iden-
tified by a mathematical formula-
tion and whose boundaries can’t be
drawn precisely. Also, some body fea-
tures consist of other features; a leg
is defined by the shin, the calf, and
the thigh. Its articulation depends on
the knee, whereas the ankle and hip
connect it to the body. To our knowl-
edge, only one paper has addressed
feature recognition using an underly-
ing feature ontology in a very focused
domain.!® Although it is rather a toy
example, the paper proposes that we
could achieve good results only by
coupling geometric segmentation and
structuring methods with ontologies
and then reasoning on the segmenta-
tion output.

engi-
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Annotation and

Markup of 3D Media

Shape segmentation and feature ex-
traction are the computational tools
needed to select the portion of inter-
est in a model. Selecting regions of in-
terest in the manual annotation of 2D
media is rather simple in terms of user-
interface: dragging a selection box or
lasso tool over an image achieves the
necessary functionality. The same
doesn’t hold for 3D media, or at least
it’s complicated by the data’s nature:
parts might be out of reach for mouse
interaction, and bounding a part can
be rather complex.

Shape segmentation is therefore
complemented by shape annotation,
which is typically the means to docu-
ment content with contextual knowl-
edge, either manually or automatically.
Because 3D annotation is a relatively
new topic, few prototypes exist.!1:12

The two most important aspects
of an annotation framework involve
what is annotated and how it is an-
notated. For the first aspect, it’s im-
portant to understand whether the
target is the whole object or its con-
stituent parts. If the target is constit-
uent parts, the annotation must be
combined and output using shape seg-
mentation. This case is promising and
flexible, and supports content-based
retrieval using textual queries that
take into account annotations about
objects and their parts. For the sec-
ond aspect, users may want to anno-
tate 3D objects with free or ontology-
driven tags. While the first approach
is more suitable to applications in-
spired to social networking principles,
the second is more suitable for collab-
orative working environments where
annotations serve the purpose to en-
rich geometric data with additional
knowledge. Knowledge about 3D con-
tent may be:

e Knowledge related to the geom-
etry of 3D media. The object’s ge-
ometry remains the same in every

context. Knowledge concepts at
this level could be shared by all 3D
applications.

e Knowledge related to the meaning
of the object represented in the 3D
media. 3D media can represent ob-
jects that belong to a category of
shapes, either in broad, unrestricted
domains (for example, chairs and
tables in furniture) or narrow, spe-
cific domains (for example, T-slots
and pockets in mechanical engineer-
ing). Feature concepts should allow

The two most
important aspects

of an annofation
framework involve
what is annotated

and how it is annotated.

for different granularity and spe-
cialization levels.

e Knowledge related to the application
domain in which 3D media are ma-
nipulated. The application domain,
especially in scientific and industrial
scenarios, defines how the 3D shape
should be represented, processed,
and interpreted. The knowledge of
domain experts plays a big role here
in manipulating the digital model
and devising ad hoc solutions for
specific domains.

Two outstanding issues exist here.
The first is how to structure the an-
notation process’s output. The second
is how to deal with the transient na-
ture of geometric primitives with re-
spect to persistency of meaning, as
Sven Havemann and Dieter W. Fellner

described.*
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Concerning the first issue, there’s
no clear approach to linking annota-
tions to 3D media. Current standards
for expressing geometric data, such as
X3D, allow the possibility of describ-
ing compound scenes as assemblies of
simpler ones and describing behaviors
and interactions, but this is mainly
considered a standard to code infor-
mation needed for interactive appli-
cations rather than for a 3D Semantic
Web. Traditional geometric represen-
tations, in various types, could be en-
hanced with tags, annotations, and
even hyperlinks to other 3D mod-
els, making them evolve toward what
Havemann and Fellner call general-
ized 3D documents.* Marco Attene
and his colleagues’ ShapeAnnotator
keeps the geometry and annotation in
two distinct files; the annotation pro-
duces a set of instances that, together
with the domain ontology, form a
knowledge base.!! Each instance is re-
lated to one part of the model, and it’s
defined by its URI, its type (the class
the feature belongs to) and other attri-
bute values and relations. In its current
version, the ShapeAnnotator saves the
geometric representation, augmented
with information about the segmenta-
tion, into a single file, and saves the
instances as a separate OWL file that
imports the domain ontology.

This is a partial solution. The prob-
lem of defining a stable 3D markup
remains.

Concerning the geometric primi-
tives issue, annotations or tags at-
tached to parts of 3D models should
survive changes in the geometric rep-
resentation. This task isn’t trivial,
even if we consider just one represen-
tation type, such as triangle meshes.
Think of part-based annotation of
a 3D model representing a statue or
a complex artifact. For visualiza-
tion, we need to simplify the models;
that is, we need to remove a number
of vertices and triangles. What hap-
pens to the annotations? How do we
keep them consistent across resolution
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changes? The problem gets even more
complicated if we think of completely
changing the representation type—
for instance, switching from triangle
to quadrilateral meshes. The statue’s
shape, together with its relevant fea-
tures, remains the same, and the anno-
tations should follow the scale changes
accordingly and smoothly.

Content-Based
Retrieval of 3D Media
In the current panorama of 3D search
engines, there’s no satisfactory way
to search for a semantically relevant
feature—a house or a tree—in a 3D
scene or 3D models repository, unless
the 3D models have been manually an-
notated with keywords, which reduces
the problem to a text search.
Researchers are exploring content-
based search to overcome this problem
by letting users search for 3D content
resembling a sketched query or by us-
ing a query-by-example. Nothing has
been developed into a full-scale search
engine, and the results such systems
produce are far from the results ob-
tained by text searches. From a high-
level perspective, the main components
of a content-based retrieval system for
3D or 2D visual media are similar:

e a feature extraction module and in-
dexing system that usually works
offline,

® a query formulation and result de-
livery module, and

e an online matching module that ex-
tracts the most relevant items from
a collection according to metrics de-
fined on the feature vector space.

The main differences between the 2D
and 3D context arise during feature
extraction, and unfortunately most
2D methods don’t generalize to 3D be-
cause of the context’s different nature.

Assessing  similarity among 3D
shapes is a complex, challenging re-
search topic, and researchers have
only recently addressed the compu-
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tational aspects of 3D shape retrieval
and matching.!3-"* The methods de-
veloped so far span from coarse fil-
ters suited to browse large 3D reposi-
tories on the Web, to domain-specific
approaches for assessing similarity of
part models containing semantic and
structural information. Most pro-
posed methods focus on the geometry
of shapes, in the sense of considering
spatial distribution or extent in the 3D
space. Nevertheless, consensus exists
that people recognize and mentally

People recognize

and mentally code

an object’s shapes

in terms of relevant

parts and their spatial
configuration or structure.

code an object’s shapes in terms of rel-
evant parts and their spatial configu-
ration or structure. The use of struc-
tural descriptions supports reasoning
on shape similarity at a local or par-
tial level.

To be really helpful in the Semantic
Web sense, next-generation 3D search
engines should be able to integrate
content-based, geometry-driven crite-
ria with concept-based, semantically
driven criteria. Such engines should al-
low queries such as “find the 3D mod-
els in the repository that represent a
vase with handles, and whose handles
are globally similar in shape to a given
query model.” In the example, “vase”
and “handle” could refer to seman-
tic annotations and could be resolved
via a semantic search, whereas “han-
dles are globally similar in shape” will
be resolved by applying a geometric
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search to the models selected by the se-
mantic search.

To bring intelligence to 3D content
and help users creatively manipulate,
search, and share 3D objects, we need
metaphors for describing the content
that are, to some extent, equivalent to
those that people employ in organizing
their worldview. Humans easily de-
scribe and compare objects using shape
properties at a conceptual level. How-
ever, the digital world requires a more
formal method using a variety of com-
putational tools to describe, match,
or manage digital objects on the basis
of shape properties we can detect, ex-
tract, or even quantify, at difference
degrees of performance.’

Once we solve these problems, we
can use 3D to exploit the Semantic
Web’s capabilities. The most interest-
ing development will occur in scientific
and industrial areas, where 3D models
are just part of the picture. In compu-
tational sciences and applications deal-
ing with 3D data, the relevant scientific
data that should be made available to
the research community includes not
only raw data but also worked-out 3D
models; algorithms to implement solu-
tions for specific problems; benchmarks
capturing a given task’s computational
and methodological criticalities; sci-
entific workflows that draw a path be-
tween raw measurements, processing,
and analysis steps; and the publication
of results in traditional scientific jour-
nal papers. To develop effective scien-
tific support, we must consider not only
networking mechanisms that enable ac-
cess to scientific facilities or the pooling
of scientific data but also approaches to
facilitate the sharing of scientific knowl-
edge as a whole to develop a Semantic
Web infrastructure that implements ac-
cess to knowledge via advanced services
and middleware layers.!

For generic usage scenarios, we
must consider that inexperienced users
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are becoming more actively involved
in the content creation pipeline and
asking for more intuitive and effective
tools for creating, sharing, retrieving,
and reusing 3D content. These issues
are common to more established me-
dia types, such as images and videos,
but 3D media open a number of spe-
cific challenges due to the geomet-
ric nature of the data involved. Even
nonprofessionals can easily remix 2D
content with software such as Photo-
shop or FinalCut, but the same level
of functionalities for 3D media are
available only in complex software
systems.H
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