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Abstract

Search engines provide the interface to interact with 3D object repositories, which are rapidly growing in both number and size.
This position paper presents the current state of the art on 3D dataset navigation and 3D model retrieval. We discuss a number
of challenges we consider as the main points to be tackled for developing effective 3D object exploration systems.

Categories and Subject Descriptors (according to ACM CCS): Computer Graphics [1.3.6]: Methodology and Techniques—

1. Introduction

The use of search engines is now the default way in which most
people engage with information, as the vast majority of informa-
tion is available today in digital form. A new wave of information
has been underway for a few years: low-cost 3D scanners and sen-
sors, 3D printers, and powerful modelling software have made 3D
models familiar to an increasing audience [SF09]. 3D digital repre-
sentations of objects have been penetrating applied domains span-
ning from entertainment to life sciences, cultural heritage, indus-
trial design, manufacturing and urban planning [CMSF11]. Repos-
itories of 3D objects are rapidly growing in both number and size
[BLMS14, Spal6]. They are a valuable resource for both consoli-
dated and new uses, as it is easier to find something, and possibly
modify it, than to create it from scratch [TGY*09]. Therefore, ex-
ploring 3D repositories and retrieving appropriate models has been
drawing attention from researchers for over fifteen years.

1.1. A brief historical excursus on 3D retrieval: from
geometric descriptors to the semantics of 3D collections

As traditional information access techniques were shown inade-
quate to deal with 3D content, the first content-based approaches
were presented at the beginning of the 2000s [VHO1]. They fo-
cused on the definition of shape descriptors as signatures synthe-
sizing the geometric content of 3D models [BKS*05, TV08], and
of similarity measures for matching descriptors [SJ99, BCBB15].
The result was the introduction of the first 3D search engine pro-
totypes [SMKFO04]. Over the years, descriptors and similarity mea-
sures were refined to deal with geometric invariances, from rigid
transformations to isometries, according to the application at hand
[BBKO8,BFGS14]. Appearance was also taken into account beside
geometry, resulting in techniques for the retrieval of textured 3D
models, which are common for example in cultural heritage appli-
cations [BCGS13,BCFS15].
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Afterward, researchers realized that there was much more to the
problem of 3D retrieval than just geometry and appearance. Gradu-
ally, the focus shifted from the concept of geometric shape to that of
semantics, as the meaning or functionality of a 3D object in a given
context. Many descriptors were proposed to infer semantic (high-
level) information from low-level properties [LMS13]. Moreover,
users can be interested in exploring different aspects of 3D objects,
thus calling for modular descriptors which could be fine-tuned to
the problem at hand [BDF*08]. Also, as similarity is a cognitive
process, the user’s intent during the search should be included in the
loop [SWS*00]: methods for relevance feedback were introduced
for 3D object search [LMTO05, GFSF10] and the first 3D search en-
gines supporting user interaction appeared quite recently [Heall].

The most recent path of research aims to go beyond the retrieval
of individual objects in a 3D collection, by supporting a collection-
level 3D content analysis: namely, the navigation across an entire
collection, the abstraction of family of shapes and the summariza-
tion of shape variability [LHLF15], up to 3D collection exploration
for content-based modelling and editing [ZLDM15].

1.2. The future of 3D data exploration

Despite the considerable efforts, 3D retrieval and 3D dataset nav-
igation remain challenging problems. The issues still unsolved, or
not receiving enough attention, include the definition of the con-
cepts of similarity itself, the building of user-friendly interfaces for
content-based 3D object search, the development of effective vi-
sualization techniques for 3D search results, and the handling of
real-time response of techniques and algorithms.

In this position paper, we identify some of the main challenges
for searching 3D collections, and suggest seven research guidelines
for designing the 3D navigation systems of the future.
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2. The road ahead
2.1. Challenge one: Supporting search intent

In Information Retrieval, the strategies for navigating an electronic
collection can be broadly classified into two categories: analyt-
ical and browsing [KRD*15, MS88]. Analytical strategies serve
to retrieve specific facts, whereas browsing supports exploratory
information-seeking tasks. In 3D search and retrieval, from the very
beginning the research focused on analytical strategies for match-
ing user queries to 3D database objects. The aim was to support
immediate navigation to desired objects, assuming that users had
a clear idea of their target from the start. Nevertheless, users of-
ten navigate towards information targets via iterative steps using
cues from the environment, and also change their perspective on
the search task as they interact with the content of the environ-
ment (see [KRD*15], even if applied to a different context). Also,
as observed by Bates [Bat89], individuals pick up bits and pieces
of information as they navigate through an information space. Fi-
nally, browsing strategies help circumventing difficulties in query-
ing the system (the well-known vocabulary problem or page-zero
problem).

Therefore, future systems should be able both to answer specific
queries and to support continuous, iterative navigation of the 3D
resources. Browsing strategies are supported by the recent propos-
als in [KFLCO13], which arranges the objects in a 3D dataset in a
dynamic map that the user can spatially navigate; and [HSS™13],
which arranges the objects as either a hierarchical tree the user can
traverse starting from any object in a leaf node, or as a set of con-
centric circles around a specific query.

2.2. Challenge two: Supporting faceted search

3D shapes can vary in several ways, and users may be interested in
exploring different types of variations; even within a single explo-
ration session, a user may want to define the exploration space us-
ing multiple different attributes. Facets are quantitative or categori-
cal aspects which are of importance to a user [JGZ*11]. Faceted
browsing allows users to specify filters to find subsets of items
sharing specific desired characteristics. In the context of 3D objects
search, users may be interested in different geometric or semantic
attributes.

Therefore, a search system should allow users to dynamically
prescribe multiple facets to drive the exploration. This requirement
impacts on both the building of interfaces and the definition of 3D
descriptors. On the one hand, faceted browsing interfaces have to be
defined to support users specify their filters, as in [KLM™ 12], where
the filters simply are regions of interest on the surface (e.g., the
back of a chair). Also, as users may not know a priori which prop-
erties they are interested in, the interface should help them decide
on which filters to specify. On the other hand, the search system
should be endowed with 3D descriptors able to encode different
shape and semantic properties. Recent mathematical theories such
as persistent topology can help to define modular descriptors which
adapt to different shape properties: they offer a common framework
in which different functions can be plugged in to describe different
properties of an object [BDF*08].

2.3. Challenge three: Offering contextual cues to support
search refinement

Once users have started navigating, a system should support query
refinement. Presenting the users with the context in which the re-
trieved content is encoded may help them refining their search.
For example, Degree-of-Interest (DOI) visualization techniques
[Fur86] highlight items of interest along with subsets of ob-
jects which provide explanatory context. This idea is explored in
[HSS™13], which uses quartets of objects to organize a heteroge-
neous collection of shapes and allow users to gain an overview of it.
Inspiring ideas can be found in [BTP*12], which suggests a focus-
plus-context principle for the dynamic exploration of a (already)
clustered dataset. A selected thumbnail image determines the lay-
out (size and position) of the other images, which are close and big
if semantically similar to the focus image, while small and stacked
in far away piles if dissimilar.

Another possibility is to look at the literature on serendipitous
finding. Serendipity refers to the ability of connecting unexpect-
edly found information with what you know and what you are pos-
sibly looking for. [DCW11] suggests to encourage serendipity by
showing users items which "share unusual facets or relate to one’s
previous interactions". In this direction, an interesting proposal is
the fit&diverse paradigm in [ XZCOC12], which presents users with
both objects which fit their target and diverse objects to create sur-
prising and inspiring suggestions.

2.4. Challenge four: Relevance feedback and user engagement

3D shape search is an interaction process between the user, the 3D
content and its semantics. Smeulders et al. [SWS*00] brought the
semantic gap into focus, namely the gap between the visual data
information and the meaning of the data for the user. Indeed, as
observed by Koenderink [Koe90], things possess a shape for the
observer: in the observer’s mind, the perception of a phenomenon
joins existing concepts and enables recognition and similarity as-
sessment. Similarity is a cognitive process, which depends upon
the observer. Therefore, it is mandatory to make the user active in
the search process [DJLWOS]. To “include a human in the loop”,
relevance feedback techniques enable users to feed the system with
their opinion so that it refines its answer accordingly. Relevance
Feedback dates back to 1971, when it was introduced by Rocchio
for text document retrieval [Roc71]. Then, in the 1990s Rui et al.
brought it to the Computer Vision Community [RWOMOS]. It was
only recently that relevance feedback started drawing the attention
of the 3D retrieval community [LMTOS5, PPT*08, GFSF10].

The 3D search system of the future should engage users di-
rectly, favour a continuous, active dialogue, and make it easy for
users to provide feedback about suggested items. Also, the system
should be able to analyse users’ behaviour and infer their prefer-
ences, without posing a burden on them, that is, to infer the osten-
sive relevance of items directly from the user interaction with the
content [Cam96]. Two examples in this direction are [KFLCO13],
in which a dynamic map is progressively filled with the 3D ob-
jects in the dataset according to the user’s navigation tendencies;
and [HSS*13], in which the system maintains the exploration his-
tory of the collection in a separate window, allowing simple under-
standing of the exploration path and quick backtracking.
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2.5. Challenge five: Scalability and real-time interaction

Whereas the first 3D datasets were made of hundreds or, in some
cases, thousands of objects [SMKF04], the current repositories may
contain up to millions of models, like the Trimble warehouse! .
Also, the increased availability of 3D acquisition facilities, includ-
ing crowd-based photogrammetric methods, or cheap sensors like
Microsoft Kinect, large-scale shape retrieval will become impor-
tant [SBS*15]. Therefore, the scalability of the exploration tech-
niques with respect to the size of the dataset is mandatory to support
both real-time result visualization and real-time user interaction.
Traditional query modalities based on similarity matrices (quadra-
tric in terms of the dataset elements) are not suitable when deal-
ing with hundred thousands of models, like in [GCL*15]. Possi-
ble solutions are optimization via parallel implementation of some
steps [KLM ™ 12]; two-stage strategies with off-line dataset cluster-
ing preceding on-line dataset exploration [HSS*13]; reducing the
number of on-line computations by taking into account only the
neighbourhood of the current objects of interest [KFLCO13].

Finally, we observe that scalable methods should be also robust
against degenerate models, which can represent a large fraction of
large-scale 3D repositories [SBS™15].

2.6. Challenge six: Supporting navigation across non
homogeneous datasets

Future 3D search systems should enable exploration across differ-
ent data, such as 3D objects, images, videos, as well as textual
metadata. For instance, in the Cultural Heritage domain, collections
of 3D models are equipped with multiple information like images
representing details of relevance, archaeological descriptions and
metadata on the provenance, the age, the style, etc. Therefore, it
would be important to uncouple the representation format of a re-
source from the query modality by which to find it (for instance,
accessing a 3D model by querying the system with 2D images),
and to offer an integrated approach to the management of 2D, 3D
data and semantic metadata.

Under the assumption that 3D models and 2D images pro-
vide complementary information about the same objects or object
classes [HOM15], recent approaches in both computer graphics
and computer vision exploit cross-domain information to improve
the performance of techniques in each domain, including part-
based model synthesis [XZCO*11], consistent 3D shape segmen-
tation [WAvK*12] and co-alignment, object detection and cam-
era pose estimation [AME™14], object shape estimation in images
and learning efficient classifiers on 3D shapes for better text-based
search [HOM15]. Similar ideas could be implemented to support
representation-independent browsing techniques of hybrid datasets.

2.7. Challenge seven: Domain-specific 3D search

While the entertainment industry has been the driving force behind
the explosion of applications and technological advances in 3D me-
dia, 3D models no longer are just fancy-looking objects: 3D repos-
itories are essential knowledge carriers and may represent a huge
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economic factor in many applied and scientific domains, which in-
clude design and manufacturing, serious gaming and simulation,
cultural heritage and archaeology, medicine and bioinformatics, ge-
ographic information systems and environment [CMSF11]. Each
domain has its own needs and peculiarities: searching CAD objects
in a repository is a different problem than navigating a catalogue
of ancient Greek vessels. In addition, in the same domain an object
can be seen from different points of view, which strongly affect the
concept of similarity (e.g. in product modelling: design, manufac-
turing, packaging, etc.).

Therefore, future 3D search engines should adapt their answers
to both the application domain and the user’s point of view. Again,
this poses requirements on both the choice of descriptors and met-
rics and the interface design. The choice of descriptors and metrics
should reflect the characteristics of the field, for example support-
ing partial matching for the search of fragments in cultural heritage
datasets [SPS15]. The interface should offer facilities, which en-
hance the user domain environment, experience and professional
skills, for example supporting medical doctors with the integration
of their medical knowledge with the content-based search tools of-
fering a unified user’s interface [BCPS15].

3. Conclusions

We have presented seven research challenges which we hope may
help inspire further research and serve as guidelines for design-
ing effective and interactive 3D search systems. Of course, our
list is not exhaustive. New challenges are coming out which lie
at the boundary between disciplines. Two examples are data min-
ing for the integration of massive quantities of user behaviours
to improve search algorithms, and tools for social and collabo-
rative search. We believe solving these problems will require the
cross-fertilization between different fields such as Computer Vi-
sion, Computer Graphics, Machine Learning, Cognitive Science
and Human-Computer Interaction.
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