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(a) a piece of geometry S (b) parts and part geometry (c) parts, variables, and pairwise relations

Figure 4: An example of a structured shape (a) that is decomposed into parts. Each part controls a portion of geometry (b), which we call
part geometry. The parts (c) have parameters and a constraint energy that controls the parameters as well as the decomposition itself. The
example shows a pairwise relations (a part graph). In this particular case, it has a Markovian structure (only neighbors interact). Such
graphs would for example reflect the structure of enforcing connectivity or smoothness across neighboring pieces.

abstraction [Yumer and Kara 2012], and discovery of functional
substructures [Zheng et al. 2013]. Going beyond object modeling,
Fisher et al. [Fisher et al. 2011; Fisher et al. 2012] analyze scene
data using spatial contexts and apply the results for novel scene
synthesis.

Organization. We organize this survey on structure-aware shape
processing techniques by the underlying structure models as pri-
mary sorting criterion. We believe that formalizing our understand-
ing of “structure” in shapes is the intellectual key challenge in cre-
ating more powerful and generally applicable modeling tools. Be-
side discussing the broad types of structure analysis approaches, we
also summarize key application areas including smart acquisition,
structure-aware model editing, novel model synthesis, and design
space exploration. We conclude by listing some of the key chal-
lenges to be solved and their potential implications.

2 Overview of Structure

Starting with early scientific efforts to relate object form to its in-
tended functions, the inter-relation between form and function has
played an important role in shape understanding and design. In na-
ture, the geometric forms, such as the skeleton, of many organisms
can be explained by physical considerations arising from their en-
vironment, operational efficiency, and functional utility. For exam-
ple, the horns and shells of animals are often spiral-shaped due to
growth pattern and rate considerations [Thompson 1992]. Hence, it
is expected that functionally related natural objects would share a
similar form, or as we shall call in this survey, structure.

In man-made artifacts, such similarities can be even more pro-
nounced since most man-made objects are designed to serve singu-
lar functions. Structures of man-made objects arise due to physical
and ecomonic, i.e., cost, constraints during design and menufactur-
ing, or more pragmatically, due to semantic considerations. But,
what is a structure?

The Oxford dictionary defines structure as

(Definition): The arrangement of and relations between
the parts or elements of something complex.

In this view, structure constitutes a collection of parts and how the
parts are mutually related. It should not be confused with the notion
of structure in structural engineering. In this survey, we follow this
abstract notion for composite objects. Such a characterization is not
surprising given that most man-made objects (e.g., chairs, tables,
lamps, shelves) are a constellation of parts, where the constellations
are often characteristic of the corresponding model collection. We
assume that the global geometry is captured by a composition of
(abstract) parts, each of which has parameters that define the parts,
and a set of relations among these parts that impose structure on
the composite. A unique feature of the setup is that the relations

can arise among parts restricted to any particular model, or more
generally, across different but functionally related models (e.g., a
collection of chairs).

2.1 Modeling Structures

We describe a generic model for structuring shapes, which we later
use to compare and contrast apparently different structure-aware
shape processing techniques, and better understand their scope and
design choices. A shape S can be seen as a collection of parts, their
parameters, and most importantly, the relations that characterize the
arrangement of the parts (see Figure 4).

Parts and parameters. A part Pi of a shape is a logical entity of
semantic significance that controls the appearance of part geome-
try. Note that in this abstraction, parts are not necessarily disjoint,
i.e., they can overlap. Further, each part has a finite set of parame-
ters that affect the shape of the part. Note that unlike in traditional
geometry processing, by part we do not necessarily mean a surface
patch arising from segmentation. Instead, a part can simply be an
abstraction for a region of the object and act as a proxy for a se-
mantic part. Figure 4 shows a schematic example of a shape that is
decomposed into parts with multiple parameters per part.

Generally speaking, a part a vector of all the vertices forming a
shape space (e.g., as in [Yang et al. 2011]), a feature curve (e.g., as
in [Bokeloh et al. 2009; Gal et al. 2009]), a bounding box (e.g., as
in [Xu et al. 2010; Ovsjanikov et al. 2011], a fitted proxy such as a
box or generalized cylinder (e.g., as in [Zheng et al. 2011; Xu et al.
2011; Xu et al. 2012a]), a surface or volumetric segment [Shamir
2008], or a variational proxy, etc. Note that in most cases the choice
of parts automatically determines the choice of the respective pa-
rameters. Further, in some cases, the parts can be completely spec-
ified by the user, i.e., semantic parts can be provided as part of the
input as an input template. Most methods covered in this survey op-
erate on parts which are meaningful components of a shape [Shamir
2008], e.g., a leg of a chair, a table top, a wing of an airplane, or a
window over a facade, etc.

Relations. Relations capture how parts, and hence their parame-
ters, are correlated. Such relations can be between a pair of parts
(i.e., a pairwise relation) or among a set of parts (i.e., higher order
relations). The relations are the key element behind any structure.
Formally, relations can be represented mathematically by a con-
straint energy E that must be zero for a valid structure (relations
enforced as hard constraints) or that should be minimized (soft con-
straints). Let us consider few examples:

• In a constraint-based modeling setup, the relations would re-
quire elementary, pairwise relations such as parallelity, copla-
narity, bilateral symmetry, etc.
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• Introduction to Geometric ‘Structure’!
• Extracting Structures!

– analysis of Individual Models!
– analysis of Shape Collections (co-analysis)!
– encoding Structural Hierarchy!

• Manipulating Structures!
– Modeling as Structural Variations!
– Structure-guided Design!
– Organization + Exploration of Shape Collections!

• Future Directions
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• Big data challenge: Relating geometry and function!
• Unified encoding of structure across models!
• How to deal with inconsistencies among relations?!
• ‘Semantic’ tagging + infer object function

structure in the wild
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1. Functionality: how to describe, infer, compare, classify, and 
synthesize functionality for 3D objects!

• “Form follows function”          potential to infer function from form!

• Too much “preservation”, can we create truly new structures or even 

functionalities, e.g., functional hybrids

Challenges (Richard)
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2. Creative modeling: can a machine be creative in 3D content creation?!

• What is creativity, in the confines of having the “right structure”? 

Challenges (Richard)
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2. Creative modeling: can a machine be creative in 3D content creation?!

• What is creativity, in the confines of having the “right structure”?  

• Progressive set of goals:!

• To create a program capable                                                               

of human creativity!

• …!

• To design a (non-creative) program that assists in human creativity, 

e.g., shape gallery via set evolution [Xu et al. 2012] 

Challenges (Richard)
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Challenges	
  (Vladimir)
• Relate Function and Structure!

• Physical attributes!

• Mechanical structure!

• Human interaction
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