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ABSTRACT

Creating high-level structured 3D models of real-world indoor
scenes from captured data is a fundamental task which has im-
portant applications in many elds. Given the complexity and vari-
ability of interior environments and the need to cope with noisy

and partial captured data, many open research problems remain,
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ported into practice, as well as an analysis of the kind of indoor
environments that still pose major challenges.

Previous presentations. This tutorial builds on an extensive state-
of-the-art survey that has been presented at Eurographics 2020 [Pin-
tore et al 2019b]. The Eurographics presentation version was a
condensed STAR aimed at experts, and focused on the presentation

despite the substantial progress made in the past decade. In this of the literature survey. This course signi cantly extends it with

tutorial, we provide an up-to-date integrative view of the eld,
bridging complementary views coming from computer graphics
and computer vision. After providing a characterization of input
sources, we de ne the structure of output models and the priors
exploited to bridge the gap between imperfect sources and desired
output. We then identify and discuss the main components of a
structured reconstruction pipeline, and review how they are com-
bined in scalable solutions working at the building level. We nally
point out relevant research issues and analyze research trends.
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tutorial-style presentations to accommodate a much more varied
audience and to make the content more self-contained.

2 COURSE DESCRIPTION

The automated reconstruction of 3D models from acquired data, be
it images or 3D point clouds, has been one of the central topics in
computer graphics and computer vision for decades. This eld is
now thriving, as a result of complementing scienti c, technological
and market trends. In particular, in recent years, the widespread
availability and proliferation of high- delity visual/3D sensors
(e.g., smartphones, commodity and professional stereo cameras and
depth sensors, panoramic cameras, low-cost and high-throughput
scanners) has been matched with increasingly cost-e ective op-
tions for large data processing (e.g., cloud and GPU-accelerated
computation), as well as with novel means of visual exploration,
from mobile phones to immersive personal displays.

In this context, one of the rapidly emerging sub- elds is con-
cerned with the automatic reconstruction of indoor environments.

Renato Pajarola, and Enrico Gobbetti. 2020. Automatic 3D Reconstruction That is, a 3D representation of an interior scene must be inferred
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1 FORMAT AND PRE-REQUISITES

Format. Long (3 hours).

Necessary background. The tutorial is at the intermediate level.
Basic computer-vision and graphics background is a pre-requisite.
Intended audience. The target audience includes researchers in
geometric modeling, as well as practitioners in the relevant appli-
cation elds. Researchers will nd a structured overview of the
eld, which organizes the various problems and existing solutions,
classi es the existing literature, and indicates challenging open
problems. Domain experts will, in turn, nd a presentation of the

from a collection of measurements that sample its shape and/or
appearance, exploiting and/or combining sensing technologies rang-
ing from passive methods, such as single- and multi-view image
capturing, to active methods, such as infrared or time-of- ight cam-
eras, optical laser-based range scanners, structured-light scanners,
and LiDAR scanners [Berger et.&017]. Based on the raw data
acquired by these devices, maggneralsurface reconstruction
methods focus on producing accurate and dense 3D models that
faithfully replicate even the smallest geometry and appearance de-
tails. In this sense, their main goal is to provide the most accurate
representation possible of all the surfaces that compose the input
scene, disregarding its structure and semantics or possibly only ex-
ploiting them to maximize the delity of the output surface model.

A number of morespecializedndoor reconstruction solutions fo-

areas where automated methods are already mature enough to be ¢ys, instead, on abstracting simpli ed high-level structured models
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that optimize certain application-dependent characteristics [Ikehata
etal. 2015].
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The focus on high-level structured models is motivated by sev-
eral reasons. First of all, their availability is necessary in many
elds. For example, applications such as the generation or revision
of building information models (BIM) require, at least, the determi-
nation of the bare architectural structure [Mura et.&014b; Turner
etal 2015]. On the other hand, information on the interior clutter, in
terms of 3D footprint of major indoor objects, is necessary in many

Pintore et al.

interested in online reconstruction can nd more detail on the topic

in the survey by Zollhofer et al. [Zollhéfer et aR018]. We also
will refer the audience to an established state-of-the-art report on
urban reconstruction [Musialski et aP013] for an overview of
the companion problem of reconstructing (from the outside) 3D
geometric models of urban areas, individual buildings, fagades, and
further architectural details.

other use cases, such as guidance, energy management, security, The techniques surveyed in this course also have an overlap with

evacuation planning, location awareness or routing [Ikehata et al
2015]. Even when the goal is solely for visualization, structured

the domains of Scan-to-BIM or Inverse-CAD, where the goal is the
automatic reconstruction of full (volumetric) information models

simpli ed models need to be extracted as a fundamental component from measurement data. However, the overlap is only partial, since
of a renderable model. This is because narrow spaces, windows,we do not cover the assignment of full semantic information and/or

non-cooperative materials, and abundant clutter make the transi- the satisfaction of engineering construction rules, and Scan-to-BIM
tion from the acquisition of indoor scenes to their modeling and  generally does not cover the generation of visual representations,

rendering a very di cult problem. Thus, applying standard dense
surface reconstruction approaches, which optimize for complete-
ness, resolution and accuracy, leads to unsatisfactory results.
Automatic 3D reconstruction and modeling of indoor scenes,
has thus attracted a lot of research in recent years, making it an
emerging well-de ned topic. In particular, the focus has been on
developing specialized techniques for very common and very struc-
tured multi-room environments, such as residential, o ce, or public
buildings, which have a substantial impact on architecture, civil
engineering, digital mapping, urban geography, real estate, and
more [Ikehata et al2015]. In this context, the fundamental tasks

are the discovery of structural elements, such as rooms, walls, doors,

and indoor objects, and their combination in a consistent structured
3D shape and visual representation. The research community work-

which is necessary for rendering. Moreover, most Scan-to-BIM
solutions are currently targeting (dense) point cloud data, while we
cover solutions starting from a variety of input sources. It should be
noted that, obviously, relations do exist, and many of the solutions
surveyed here can serve as good building blocks to tackle the full
Scan-to-BIM problem. We will refer the audience to established
surveys in the Scan-to-BIM area for a review of related techniques
based on point-cloud data [P tr ucean et.&015; Tang et aR010;
Volk et al. 2014], general computer vision [Fathi et 2015], and
RGB-D data [Chen et al. 2015a].

In addition, commodity mobile platforms are emerging as a very
common solutions both for capture and for exploration of mobile
environments. On this speci ¢ topics, we refer the audience to two
recent tutorials on the subject, which also contain sections devoted

ing on these problems appears, however, fragmented, and many to indoor environments [Agus et al. 2017a,b].

di erent vertical solutions have been proposed for the various
motivating applications. In this course, we provide an up-to-date
integrative view of the eld, bridging complementary views coming
from computer graphics and computer vision.

3 COURSE RATIONALE

Reconstruction of visual and geometric models from images or point
clouds is a very broad topic in computer graphics and computer
vision. This course focuses on the speci ¢ problems and solutions
relating to the reconstruction ostructured 3D indoor modgtbat
is rapidly emerging as a very important and challenging problem,
with speci ¢ solutions and very important applications. Thus, we
complement existing courses and surveys focusing on reconstruct-
ing detailed surfaces from dense high-quality data or on assigning
semantic to existing geometry, by covering the extraction of @
proximate structured geomefrgnnected to avisual representation
from sparse and incomplete measurements.

The tutorial content is based on a recent survey of the state-of-
the-art that we have published in Computer Graphics Forum [Pin-

4 DETAILED OUTLINE

The course will be organizes in two sessions of 1.5 hours. After
providing a general overview of the subject (Session 1.1), we will dis-
cuss shape and color sources generated by indoor mapping devices
and describe several open datasets available for research purposes
(Session 1.2). We will then provide an abstract characterization of
the typical structured indoor models, and of the main problems
that need to be solved to create such models from imperfect input
data, identifying the specialized priors exploited to address signif-
icantly challenging imperfections in visual and geometric input
(Session 1.3). The various solutions proposed in the literature, and
their combination into global reconstruction pipelines will be then
analyzed by providing a general overview, pointing out the various
solutions proposed in the literature, and discussing their pros and

tore etal 2019b], and presented at the 2020 Eurographics conference.cons. Session 1.4 will be dedicated to room segmentation, while

We refer the audience to that STAR for an in-depth presentation of
the concept and a detailed reasoned bibliography.

A general coverage of methods for 3D surface reconstruction
and primitive identi cation is available in recent surveys [Berger
et al. 2017; Kaiser et a2019], and we will build on them for the
de nition of general problems and solutions. In the same spirit, we
do not speci cally cover interactive or online approaches; those

Session 1.5 will cover boundary surface reconstruction from dense
3D data. After a break, we will continue with a presentation of
boundary surface reconstruction from images and/or sparse 3D
data (Session 2.1), object detection and reconstruction (Session 2.2),
nal model assembly (Session 2.3), and visual representation gen-
eration (Session 2.4). We will nally point out relevant research
issues and analyze research trends (Session 2.5).
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SESSION 1.1:
Opening and introduction

In the introductory session, we will de ne the topic of structured
indoor reconstruction and point out to the many applications of it.
We will then provide an outline of the rest of the presentation.

SESSION 1.2:
Data capture and representation

Indoor reconstruction starts from measured data obtained by sur-
veying the indoor environment. Many options exist for performing
capture, ranging from very low-cost commodity solutions to pro-
fessional devices and systems. In this session, we rst provide a
characterization of the various input sources and then provide a link
to the main public domain datasets available for research purposes.
Input data sources. Indoor mapping is required for a wide variety

of applications, and an enormous range of 3D acquisition devices
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CRSA4/ViC Research Datafé2S4 Visual Computing 2018; Pin-
tore et al 2019a, 2018a,Replica DatasdStraub et al 2019], and
Structured3D DatasgBun et al. 2019; Zheng et al. 2019a].

SESSION 1.3:
Targeted structured 3D model

The goal of structured 3D indoor reconstruction is to transform
an input source containing a sampling of a real-world interior
environment into a compact structured model containing both geo-
metric and visual abstractions. Each distinct input source tends
to produce only partial coverage and imperfect sampling, making
reconstruction di cult and ambiguous. For this reason, research
has concentrated on de ning priors in order to combat imperfec-

have been proposed over the last decades. From LiDAR to portable tions and focus reconstruction on very speci ¢ expected indoor
mobile mappers, these sensors gather shape and/or color informa- structures, shapes, and visual representations. In this session, we

tion in an e ective, often domain-speci ¢, way [Lehtola et 22017,
Xiong et al 2013]. In addition, many general-purpose commodity

rst characterize the artifacts typical of indoor model measurement,
before de ning the structure and priors commonly used in struc-

solutions, e.g., based on smartphones and cameras, have also beetured 3D indoor reconstruction research, and the sub-problems

exploited for that purpose [Pintore et aR014; Sankar and Seitz
2012]. However, a survey of acquisition methods is out of the scope
of this survey. We rather provide a classi cation in terms of the
characteristics of the acquired information that have an impact on
the processing pipeline. Our classi cation will di erentiat®urely
visual input source®urely geometric input sourcasdMultimodal
colorimetric and geometric input sources

Open research data. A notable number of freely available datasets
containing indoor scenes have been released in recent years for
the purposes of benchmarking and/or training learning-based so-
lutions. However, most of them are more focused on scene un-
derstanding [University of Zurich 2016] than reconstruction, and
often only cover portions of rooms [Cornell University 2012; New
York University 2012; Princeton University 2015; Stanford Uni-
versity 2016b; Technical University of Munich 2015; Washington
University 2014]. Many of them have been acquired with RGB-D
scanners, due to the exibility and low-cost of this solution (see
an established survey [Firman 2016] for a detailed list of them).
We will summarize the major open datasets that have been used
in general 3D indoor reconstruction research, detailing their char-
acteristics and possible usage. These will incll@gN360 Data-
base[Massachussets Institute of Technology 2012; Pintore et al
2018a,b; Xiao et 22012; Yang and Zhang 2016; Zhang eatl 4],
SUNB3D Databa$€hang et al2017; Choi et aR015; Dai et aR017c;
Princeton University 2013; Xiao et.&013],UZH 3D DatasdMat-
tausch et al2014; Mura et al2014b, 2016; University of Zurich
2014],SUNCG Datas@rmeni et al. 2017; Chang et a017; Liu

et al 2018b; Princeton University 2016; Song e28l17],Bundle-
Fusion DatasgDai et al. 2017c; Fu et aR017; Huang et aR017;
Stanford University 2016acanNet DatfChang et al 2017; Dai

et al 2017a,b]Matterport3D DatasdChang et al 2017; Matter-
port 2017],2D-3D-S Datas¢rmeni et al. 2017; Stanford Univer-
sity 2017],FloorNet DatasgChen et al 2019; Liu et al2018b,c],

connected to its generation.

Artifacts. In this session, we will introduce the characterization
provided by Berger et al. [Berger et.@017] for point clouds, which
characterized sampled sources according to the properties that have
the most impact on reconstruction algorithms, identifying them
into sampling densitynoise outliers misalignment and missing
data We will then show how this characterization extends to visual
and mixed data. We will then discuss how the artifacts associated
with each one of these characteristics have some speci ¢ forms for
indoor environments.

Reconstruction priors. We will show how, without prior assump-
tions, the reconstruction problem for indoor environments is ill-
posed, since an in nite number of solutions may exist that t under-
sampled or partially missing data. We will discuss how structured
indoor reconstruction has focused its e orts on formally or im-
plicitly restricting the target output model, in order to cover a
large variety of interesting use-cases while making reconstruction
tractable, introducing in particular the separation between per-
manent structures and movable objects, and the organization of
permanent structures into a graph of rooms connected by passages.
We will then survey very speci c geometric priors for structural
recovery that have been introduced in the indoor reconstruction
literature, including oor-wall [Delage et al2006],cuboid[Hedau

et al. 2009],Manhattan world{Coughlan and Yuille 1999Atlanta
world (a.k.aAugmented Manhattan WorldSchindler and Dellaert
2004],Indoor World Mod¢dL ee et al 2009],Vertical WallgPintore

et al. 2018a], anBiece-wise planariffFurukawa et al. 2009].

Main problems. Starting from the above de nitions, we identify

a core set of basic problems that need to be solved to construct
the model from observed data, which are then discussed in the
following sessionsroom segmentatiotvounding surfaces recon-
struction indoor object detection and reconstructidrgrated model
computationandvisual representation generation
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SESSION 1.4:
Room segmentation

While a number of early methods focused on reconstructing the
bounding surface of the environment as a single entity, without con-
sidering the problem of recognizing individual sub-spaces within it,
structuring the 3D model of an indoor environment according to its
subdivision into di erent rooms has gradually become a fundamen-
tal step in all modern indoor modeling pipelines, regardless of the
type of input they consider (e.g. visual vs. 3D data) or of their main
intended goal (e.g. virtual exploration vs. as-built BIM) [Ikehata
et al 2015]. In this session we will discuss approaches that segment
the input before the application of the reconstruction pipeline, as
well as approaches that structure tlwtput 3D model according to
its subdivision into di erent rooms.

SESSION 1.5:
Bounding surfaces reconstruction - part 1

While room segmentation deals with the problem of decomposing
an indoor space into disjoint spaces (e.g., hallways, rooms), the goal
of bounding surface reconstruction is to further parse those spaces
into the structural elements that bound their geometry (e.g. oor,
ceiling, walls, etc.). This task is one of the major challenges in in-
door reconstruction, since building interiors are typically cluttered
with furniture and other objects. Not only are these elements not
relevant to the structural shape of a building, and should therefore
considered as outliers for this task, but they also generate viewpoint
occlusions resulting in large amounts of missed sampling of the
permanent structures. Larger amounts of missed 3D samplings are
also present in visual input sources. Thus, generic surface recon-
struction approaches are doomed to fail. In this session, we will
discuss an array of speci c state-of-the-art approaches, focusing
primarily on the extraction of walls, ceilings, and oors. Given the
complexity of the topic, the session is subdivided in two parts. In
this rst session, we will introduce the topic and discuss methods
for reconstructionwith dense geometric measygegjuired either

by stereo or by direct measurement of depth.

SESSION 2.1:
Bounding surfaces reconstruction - part 2

The second part of the bounding surface reconstruction session
will be devoted to techniques that perform reconstructiarthout
geometric measures as input souacekwith sparse geometric mea-
suresAs we will see, these technique exploit mostly visual input
data (single- and multi-view).

SESSION 2.2:
Object detection and reconstruction

Modeling objects that occur in indoor scenes is a recurrent problem
in computer graphics and computer vision research. In this context,
the termobjectrefers to a part of the environment that is movable
(typically, furniture) and thus does not belong to the architectural
structure. In this session, we will survey those aspects of indoor
object modeling that are integrated in the reconstruction of the
entire indoor scene. In particular, we will present approaches where
object detection is exploited for clutter removal, methods where
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3D indoor objects are approximately reconstructed, and specialized
techniques targeting the detection and modeling of at objects
attached to walls and ceilings.

SESSION 2.3:
Integrated model computation

The structured reconstruction of a complex environment requires
not only the analysis of isolated structures, permanent or not, but
also to ensure their integration into a coherent structured model. In
this session, we will rst discuss how the boundary models of the
di erent rooms are made geometrically and structurally consistent,
ensuring for instance that the separating wall boundaries between
adjacent rooms are correctly modeled based on the speci ¢ output
representation of choice. Secondly, we will show methods that nd
connections among rooms, so that adjacent rooms are connected
by doors or large passages that directly re ect the intended func-
tionality of the environment and that can therefore be integrated in
its structured representation in the form of graph edges. Moreover,
the structure of a multi-room environment goes beyond the plain
geometric description of its rooms and is strongly related to the
way such rooms are connected. For this reason, we will also present
approaches for the extraction of a graph that encodes the room
interconnections in multi-room and multi- oor environments.

SESSION 2.4:
Visual representation generation

The geometric and topological description coming out of the pre-
vious steps may not be enough for the applications that should
ultimately visualize the reconstructed model. It is therefore nec-
essary to enrich the structured representation with information
geared towards visual representation. In this session, we will discuss
how generating visual representations translates into two di erent
problems: the improvement of appearance of reconstructed models
with additional geometric and visual data, and the generation of
structures to support exploration and navigation. We will then dis-
cuss techniques to improve the appearance of reconstructed models
by re ning the color or by re ning the geometry. We will nally
show how providing support for visualizing/exploring the dataset
has especially been tackled in the context of applications that link
the structured reconstruction to the original data, and will present
current approaches.

SESSION 2.5:
Wrap-up and discussion

In this concluding session, we will summarize the main result com-
ing out of the literature survey and provide examples of applica-
tions in which the techniques are exploiting, focusing especially
on emerging software-as-a-service approaches. We will then pro-
vide a view on open problems and current and future works. We
will particularly mention work that exploits less constraining pri-
ors, performing data fusion to combine visual and depth cues into
multi-modal feature descriptors to help reconstruction, improving
reconstruction from visual input from commodity cameras and
smartphones, as well as exploiting data-driven priors to learn hid-
den relations from the available data.
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5 TUTORIAL NOTES CONTENTS

At the end of this tutorial, we include a full bibliography, as well as
commented slides for all the tutorial sessions.

6 SCHEDULE
Duration Lecturer Topic Sub-topics
10' Gobbetti Opening and intro-Topic de nition; Main applications; Course
duction outline
10' Gobbetti Data capture and repinput data sources; Capture setups; Open re-
resentation search data
15' Gobbetti Targeted structuredArtifacts; Reconstruction priors; Main prob-
3D model lems
25' Mura Room segmentation Segmentation of input; Segmentation of out-
put
25' Pajarola Bounding surfaces reWith dense geometric measures
construction - part 1
BREAK
25' Pintore  Bounding surfaces reWithout geometric measures as input
construction - part 2 sources; With sparse geometric measures
20' Pintore  Indoor object detecObject detection for clutter removal; 3D in-
tion and reconstruc-door objects detection and reconstruction;
tion Flat indoor objects detection and reconstruc-
tion
15' Ganovelli Integrated  modelEnsuring consistency of multi-room models;
computation Finding and modeling connections; Multi-
room and multi- oor graphs
15' Ganovelli Visual representationGeometry re nement; Texture re nement;
generation Visual exploration
15' Gobbetti Wrap-up and discusSummary of techniques and assessment of

sion capabilities; Open problems; Q&A
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Good day everybody, here is Enrico Gobbetti welcoming you to the alitami
automatic 3D reconstruction of structured indoor environments.

This is a very timely topic, since myself and my co-authors had to preparecord
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AUTOMATIC 3D RECONSTRUCTION OF STRUCTURED " SIGGRAPH 1t
INDOOR ENVIRONMENTS FROM ACQUIRED DATA BEYIND

Reconstruction of indoor environments from acquired samples is one ahtis
rapidly developing sub-fields of 3D reconstruction.

As for all 3D reconstruction processes, devices sample a collection of possibly noisy
and sparse measures of the environment, from which a clean applicatioendept
3D model must be inferred.

As we will see, indoor environments themselves, as well as target applicatawes, h
very peculiar features that make the problem very challenging.

In this tutorial, we strive to provide an up-date integrative view of the vast amount
of computer graphics and computer vision research in this area.
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3D

Reconstruction
pipeline
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First of all, we do not specifically discuss the acquisition processphuentrate on
the reconstruction pipeline from the acquired geometric or visual samples.

Second, we mostly target full 3D reconstruction, as opposed toisakithat only
strive to generate 2D floor plans.
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Automatic pipelines
Batch Processing

In terms of pipelines, moreover, we do not target interactive acqoisitir modeling,
but, rather, processing pipelines that auromatically reconstruch8idlels from
samples.
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Link to captured data

Most of the surveyed solutions, as we will see, work in a batdterahan online
fashion, since they need to solve complex global optimization problemsnerate
their output.

As a matter of fact, as opposed to plain surface reconstruction, the goat te
replicate dense surface and appearance details, but to discover archaéctur
elements and indoor objects, as well as to organize them in a consiggerati and
geometric structure that captures their relations.




THE STAR

State-of-the-art in Automatic 3D Reconstruction of
Structured Indoor Environments

. Introduction
. Related surveys

. Background on data capture and representation
. Targeted structured 3D model
. Room segmentation

. Bounding surfaces reconstruction

N O b ON =

. Indoor object detection and reconstruction
8. Integrated model computation

9. Visual representation generation

10. Conclusion

We have organized the massive amount of research done on this topic in a lavgy,shat we have
recently published in Computer Graphics Forum, and presented as adftdte-art report at
Eurographic2020.

In this presentation, we are going to summarize our main findings in a tutorial| providing not only
a coverage of related work but a full introduction to the subject.

We encourage you, anyway, to refer to the article text for much more detailsamly detailed
bibliography




This survey is a collaboration of six authors from threetutgins distributed across
Europe and funded by several collaborative projects, also mentionedsislitie.

Like myself, my colleagues also prepared this presentation while enjoying various
flavors of lockdown in their respective indoor environment.



All the authors collaborated on the preparation of this work, anlllbe presenting
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Giovanni Pintore is a senior research engineer at the CRS4 research centerim lItaly,
the group under my direction, and is a well-known expert in mobile lgcspand 3D
reconstruction from images. In this tutorial, he will be presentirngsbssions on
bounding surfaces reconstruction from images and on indoor object deteand
reconstruction.
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Claudio Mura is a Post-Doctoral researcher at the University of Zuri€litzerland,
whose research focus is on 3D modeling and understanding of irdgepomt-based
shape analysis and point cloud processing.

In this tutorial, he will be presenting the session on Room Segmentation
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Fabio Ganovelli is a Senior Researcher at the National Research @oltalgil who
has contributions in several areas of shape and appearance capture, prg;essin
display.

In this tutorial, he will be presenting the sessions on Integrated moal@lputation
and Visual representation generation.
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Lizeth is a doctoral candidate at the Visualization and Mtild Lab of the
University of Zurich, and an Early-Stage Researcher in the European project
EVOCATION that involves all the groups represented here.

She will not be directly presenting a session, but contributed éopfeparation of
the course material as well as of the STAR on which it is based.

13



Renato Pajarola is full professor at the University of Zurich SvaitmerHis research
interests include interactive large-scale data visualization, iea-8D graphics, 3D
scanning and reconstruction, geometry processing, as well as remote anaparall
rendering.

In this tutorial, he will be presenting the sessions on Bounding&esf
Reconstruction from Point Clouds.
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Finally, myself, Enrico Gobbettarharesearch director at the CRS4 research center
in Italy, where my group focus on the study, development, and apaicaif
technology for acquisition, storage, processing, distribution, and intemeact
exploration of complex objects and environments.

In this tutorial, in addition to the opening and closing sessions, | veMige
background on data capture, model representations, artifacts, priors, gelipe
structures.
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We will loosely follow the organization of our mentioned stafethe- ES E % }ESY X
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Starting by providing background on data capture and representation

17






We have all seen in recent years an unprecedented proliferation of egveccapture
the visual appearance and the 3D shape of objects and environment.

These devices vary greatly in terms of cost as well as quality of thereajzta,
ranging from high-quality yet expensive 3D laser scanners to low-cost pamorami
cameras.




Despite their differences, they all generally allow to generate large ambsaf digital
measurements of real-world entities with unprecedented ease. Be it imagéb of
point clouds, these raw data are typically noisy, unorganized,yhrgbdundant and
often massive in size.




Converting them into more compact and manageable 3D models in an automati
manner has been a central topic in computer graphics and computer vasidns
today more than ever of paramount relevance.




In this context, a number of methods have been proposed over thesytbat target
generalsurface reconstruction: their goal is to produce 3D models thataatal with
the highest accuracy possible the geometric and appearance details ehtities
representedt but they do so disregarding their semantics and structures.

There are indeed more specialized approaches that focus on specific doaman
include specific priors in the reconstruction process, which alsesitbe contextual
inclusion of semantic information in the reconstructed models.




A prime example of this is given by the topic of urban reconstiacti

In fact, both general surface reconstruction and the more specific urban
reconstruction are nowadays well*S 0]¢Z S} %] * Y




Ywhich have been recently surveyed in a complete and exhaustiveenaWe refer
you to these extensive surveys by Berget et al. and Musialskifer @ coverage of
those topics.

For other domains, the development of specialized reconstruction approaches has
only recently been tackled in a systematicwayv u}vP SZ ¢ }u Jve Y
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sectors of human activity.



An obvious question at this point is: why do we need specialized igaebs for
interior scenes?

It turns out that in many specific fields of application there is@ng need for
structured indoor models, high-level representations that absttaetlow-level
measurements into the main scene elements and their relations. Such
representations are optimized to meet specific needs: for instancéen t
Architecture, Engineering and Construction domain it is often requoegtnerate
and update Building Information Models that are largely focusetherarchitectural
structure of the environment. On the other hand, applications like emergen
management and indoor navigation additionally require a descriptione®f th
cluttering elements inside these scenes. All these needs are not guaranteed by
standard surface reconstruction.

On top of this, specialized solutions are also needed to deal with thafsp

problems that are typical of raw input representations of intesiol hese are partly
linked to the technological limitations of the devices used for indm@pture, but

more importantly by the properties of the scene themselves: interior environments
are often cluttered and have many unreachable areas; moreover, they contain

10



transparent as well as textureless surfaces, which give rise to a number of specific
artifacts, as we will discuss shortly.
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In fact, the specific type of input data is a factor that influencesyrempects of the
indoor modeling process. We can distinguish three main types of dataesothat
can be used to survey an indoor environment:

WHE oC Alep o §Y
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Y tnthe form of plain RGB imagésire probably the most ubiquitous type of input
data, since they can be generated with low-cost, etasgperate cameras. Besides
individual still image, which have a limited field of view, 36BVigw panoramic

images are popular purely visual representations, since they can provide the full
context of a single room. To properly describe multi-room environmentsgelieyit

is necessary to use collections of images or panoramas, each taken from a different
view point and registered together. Obviously, these representationsad@xplicitly
include any 3D information on the scene

Conversely,Y
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Y pure geometric information is provided by representations like 3D pomids,

which consist of dense collections of individual 3D points. Nbynihese data have
very low measurement noise and are acquired using expensive and bulky terrestrial
laser range scanners, though recently there has been a shift towards solutions that
are faster, more mobilg and significantly cheaper. Just like for images and
panoramas, multiple point clouds taken from different positions ABipstered into

a single reference frame are needed to properly describe large and comple
environments
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Y colorimetric and geometric information. Colored 3D point clouds can Iesrgdx
directly from multi-modal devices that combine depth sensors and @aloreras, or
by registering 3D point clouds and color images acquired separately. Ofténr, mu
modal devices output registered color images together with the generated point
clouds. With the recent widespread diffusion of cheap RGB-D camegstered
collections of color and range images are becoming increasingly pogdbare
reaching quality levels comparable to those offered by more expensive laser
scanners.

It is often useful to categorize indoor modeling approaches basedetyfie of

input data, as this factor plays a role in the techniques of cHoicthe
reconstruction process.
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Yalso due to the fact that the specific data source used in the acounsg directly
linked to the artifacts that appear in the input data.

Generally speaking, the artifacts that one can expect to find are the same as those
indicated by Berger and colleagues3rz |E *pEA C }v "P v E o_ +uCE(
reconstruction.

However, in the case of indoor environments, these take specific forms and aee mo
or less evident depending on the specific acquisition device used.

All acquisition technologies generally exhibit some degree of measuremesg and
have problems with transparent and highly reflective surfaces; thisaase sparse
scattered outliers off the actual sensed surfaces or larger and more structured
ghosting artifacts - essentially, measurements corresponding to non-existent
geometry caused by mirror-like reflections of the light rays thathese surfaces.
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An insufficient or irregular sampling density is also a recurring issue. In laseedcan
point clouds, this is mainly due to the fact that the rays emitt@de uniform angular
spacing and can hit scanned geometry in a non-uniform way. However, mfomm
sampling is also an issue for 3D data generated from visual sources, for instance in
the presence of texture-less surfaces

16



Misalignments can also occur, either between registered 3D point cloudstwebn
individual frames of an RGB-D stream, for instance due to looprelfsilures caused

by drift

This is a relatively standard problem, only exacerbated by the pessshlcity of
feature points detected in texture-less indoor environmen¥s,

17



On the other hand, high amounts of missing data are a distinctivedafamdoor
scenes, which are typically highly cluttered. This makes it difficaépture
unaccessible parts of the scene and originates many shadowed areas, caused by
objects occluding the line of sight of the sensing device to the structureseoést.

18



One can find plenty of examples of these artifacts in the many reseatelsets of
indoor scenes that have been publicly released in recent years.

t Jv[8 Z A 3Z §]u-déptidescription here, so for additional details we
refer you to the tutorial notes in the proceedings, as well as tosauvey articles.
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Given the acquired input measurements of an indoor environment, thenatg goal
of automatic structured indoor modeling approaches is to convegtitinto a
structured model.

We mentioned already that this is a high-level model that abstracts tha mai
elements of the environment and their relations. More specifically, also base¢ldeon
work by lkehata and colleagues and the more recent paper by Armeni et algrwe
describe this model as an architectural graph-based data structure: thesnod
correspond to elements of the scene (rooms, walls, floors, ceilings, but also raovab
objects contained in the scene) and are associated to both geometry aral vis
appearance; the edges correspond to geometric relationships betweendatiest
typically, adjacency.

So based on this, a scene can be described as a graph of rooms bounded py wall
floor and ceiling , connected by portals (doors and passages), and possitalinmg
furniture or other movable items.

20



So this graph has a topological part (the connecgi@aph), a geometric part (the shape of the
various components) and a visual part (the appearance model of the diffecetes).

This representation serves two fundamental purposes:
- First, it simplifies semantic analysis of the scene and enables aamwhdomain-specific applications, for

instance indoor navigation
- Second, it makes the indoor modeling process tractable by implaxthstraining the possible outputand
this is particularly important, since indoor scenes normally exhikiteme variability in both architectural

shapes and object arrangements

21



In fact, besides the implicit constraints set by the graph itself, theeea number of explicit assumptions that are
commonly made on the architecture of the environmenivhich are presented here in increasing order of
complexity

The most restrictive one is the FLOOR-wall pndrich assumes that the

environment is composed of a singke floor and straight vertical wall, essentially ignoring the
ceiling.
The cuboid priomssumes that the room has a cube-like shape and is therefore boundéx tegsngles placed

at right angles

According to the indoor world model, the environment must have a bat& floor and ceiling and vertical walls
which all meet at right angles; this is a slightly more restrictive versithhe more widely used Manhattan World
prior, which allows floors and ceilings to be at different elevatiohe. Atlanta World priort or Augmented
Manhattan Worldt lifts the restriction that walls must meet at right angles.

Allowing floors and ceilings to be slopingvhile keeping the verticality of wallsresults in the Vertical Walls

prior; finally, the Piecewise Planarigssumption also includes sloping walls, thus allowing rooms geeral
polyhedra. This imposes the least restrictions, but at the same timenexjfull 3D reasoning on the scene.

22



These priors influence the different aspects of the structured modginocess,
allowing to manage its complexity at different levels.

To better capture this complexity, it is useful to identifytanber of basic sub-
problems that should be solved to obtain the final model from the measureal. dat

We denote agoom segmentation the problem of separating the measured data
based on the room to which they belong

The task obounding surfaces reconstructioaims to recover the geometry
bounding the individual room shapes

Another conceptual sub-problem is tloetection and reconstruction of the indoor
objects, with the goal to remove elements that represent clutter and possibly
reconstruct their footprint or shape

After the individual rooms and the contained objects have been reconstruttiey,
are fused into a single consistent moded step that we denote astegrated model
computation

The last conceptual problem is focusedamiding visual attributedo the generated
model, making it suitable for interactive visualization and navigation.

~} o §[«delydinto the details of these five problents
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Ystarting from room segmentation.

We now move from Sardinia to Switzerland, where my colleague Clautitisguss
§Z]e §}%] Y
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Hello, here is Enrico Gobbetti again, continuing to enjoy lockdiovthe same indoor
environmentY

All good things come to an end (hopefully also bad ones), Jasine to wrap-up.

Our presentation has quickly covered, in tutorial form, the estaft-the-art in
structured indoor reconstruction

Again,we refer you to our recently published survey article for muchreno
information and a detailed bibliography



To summarize, our survey has highlighted that structured indoor goection is a
well-defined area of research in itself, that requires specializedisakito produce
the desired structured models from captured samples.

The overall problem is very challenging, but we have shown ésatarch has
witnessed substantial progress in the past decade, growing from metharadling
small-scale single-room simple environments, to techniques that handle suiastan
artifacts and produce high-level structured models of large-scale Eamulti-room
buildings.

However, several areas remain for future work.

/[[oo }v op uC 3 o0olU v 8Z }A E oo AuESMH]OY(ABZuijjvs
identified ones.



The first important point is that, in order to offer robust gbbns to the ill-posed
reconstruction problems, very strong priors are typically imposed.

For instance, very few methods target complex ceilings or curved surfaces.
Relaxing such constraints is a main avenue of future work.

Besides better solvers, an emerging aspect is that improved multi-modal acyquisit
devices (for instance RGB-D cameras) might be very helpful in this area.

This is because by providing denser visual and depth coverage they reduce
reconstruction ambiguities.

Usage of RGB-D data, as opposed to purely visual or purely geometticsitipous
becoming a constant for most solvers tackling complex models.



An second important take-home message is that research approaches are
increasingly evolving from simple rule-based methods to assemble local
reconstruction to more general optimizers that strive to globallyimine some
fitting function.

However, most optimization solutions still tend to target ralaty small-scale multi-
room environments with simple priors, using, for instance, planar surfaces énd fu
in-core processing.

The global reconstruction of massive models with complex architectusgleshis still
a challenge.

This requires progress both on global solution methods and on their effigaatlel
multi-scale implementation on large environments.



As already mentioned, moreover, the recent years have seen the consolidation of
multi-modal capture systems, which provide lots of informationvtrk with.

Very few solutions, however, jointly exploit color and 3D data, whichyguieally
handled in different stages of the pipelines.

Performing data fusion to combine visual and depth cues into multdahfeature
descriptors is therefore a very important avenue of future work, sjooe analysis
promises to better cope with heavily cluttered and partial acquisgion



At the opposite, purely visual input is extremely ambiguous and makes stogtion
very hard.

Regular and panoramic cameras are therefore not the best capture device to use for
inferring the shape of an indoor environment.

On the other hand, indoor reconstruction from camera capture is exgigm
interesting for a number of applications and is possibly the omly to provide tools
usable for the masses.

Therefore, many many solutions are emerging in this area, and given thgstron
ambiguities they need to strongly exploit prior knowledge or addal capture
information.

Two recent trends in this area are to exploit knowledge learnech fizrge databases,
as well as putting the user in the loop to improve capture & reconsbac

In particular, it is not uncommon to exploit data from additiosahsors such as
inertial units, for instance by tracking paths.



Finally, the trend of moving from hard-coded priors to priors ledarfrom data is a
general one, and not limited to purely visual input.

This is not surprising, since learning-based solutions are a becoming a general
approach for many problems in computer vision and computer graphics.

In our context, they are also especially well adapted, since man-made ineldulst
strong regularities that can be learned from examples and are transferatdssacr
model kinds.

For the same reasons, a combination of geometric reasoning with purelyddiaten
solutions is particularly promising because of the mix of geometrically regular
architectural elements and freely dispersed indoor clutter.

In this context, the rapid emergence of annotated real and sytithrodels
databases is very important for both training and evaluation purposes.

Our survey includes a detailed list of the currently availabkson




And with this final remark, and yet another referral to our article, ave come to an
end.

dz &[+ 18 (JE &} CJ



Due to the exceptional period we are living in, this tutorial cowdti be given live,
V 1S[* V}S %o}eel 0 S} Z A SZ <5v E YY" A ee]}vX

However, the virtual conference format should also provide some way to interact,
which is however still not clear at the moment of preparation efgé notes and of
recording of our talk.

In addition all authors may be contacted by e-mail, and some of thensweiti
*lu 8Ju + VveA EY

Thanks for your attention!
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