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Architectural visualizations of indoor scenes enable compelling applications in several areas,
such as real estate, interior design, cultural heritage preservation, and more recently, immersive
virtual reality. Computer-Aided Design (CAD) tools have been invaluable for creating such
visualizations. However, creating detailed, attractive visualizations of scenes remains a
challenging task, particularly for non-experts. User interfaces for CAD tools tend to be
complex and require significant manual effort to operate. These tools are also designed to be
used ex-situ, or off-site, making it difficult to record and reproduce details faithfully.

In this thesis, I propose novel techniques and systems for interactive in-situ scene capture
on mobile devices that let non-expert users quickly and easily capture useful architectural
visualizations of indoor scenes. These systems are built upon two key insights; 1) sensors on
mobile devices can be leveraged to capture important aspects of the scene such as dimensions,
room shape, furniture placement, etc., and 2) an in-situ user can assist in the modeling task
by acting as a guide for reconstruction and object recognition algorithms. Based on these
insights, the semi-automatic systems that I propose combine the strengths of the user, who is
good at high-level semantic reasoning, and the computer, which excels at combinatorics and
numerical optimization.

I present three systems in this thesis. First, I present a smartphone application designed

to visually capture homes, offices and other indoor scenes. The application leverages data



from smartphone sensors such as the camera, accelerometer, gyroscope and magnetometer to
help reconstruct the indoor scene. The output of the system is two-fold; first, an interactive
visual tour of the scene is generated in real time that allows the user to explore each room
and transition between connected rooms. Second, by marking distinct room features such as
corners and doors, the system generates a 2D floor plan and accompanying 3D model of the
scene, under a Manhattan-world assumption. This approach does not require any specialized
equipment or training, and is able to produce accurate floor plans.

I then describe an interactive system to capture CAD-like 3D models of indoor scenes, on
a tablet device. The modeling proceeds in two stages: (1) The user captures the 3D shape
and dimensions of the room. (2) The user then uses voice commands and an augmented
reality sketching interface to insert objects of interest, such as furniture, artwork, doors and
windows. The system recognizes the sketches and add a corresponding 3D model into the
scene at the appropriate location. The key contributions of this work are the design of a
multi-modal user interface to effectively capture the user’s semantic understanding of the
scene, a framework for sketch based model retrieval, and the underlying algorithms that
process the input to produce useful reconstructions.

Finally, I extend the in-situ modeling approach to 3D-aware mobile devices, an emerging
class of devices that can more richly sense the 3D nature of our world using depth sensing
and self-localization. I propose a novel interactive system to further simplify the process of
indoor 3D CAD room modeling on such devices. The proposed system leverages the sensing
capabilities of a 3D aware mobile device, recent advances in object recognition, and a novel
augmented reality user interface, to author indoor 3D room models in-situ. With a few taps,
a user can mark the surface of an object, take a photo, and the system automatically retrieves
and places a matching 3D model into the scene, from a large online database — a modality

that proves to be faster, more accurate, and easier than using traditional desktop tools.
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Chapter 1
INTRODUCTION

Architectural visualizations of indoor scenes depict important aspects of spaces, such as
dimensions and the relationships between rooms, furniture, and other structural features.
Two commonly used visualizations are 2D floor plans and 3D CAD models. A 2D floor plan,
(Figure , is similar to a conventional map and presents an to-scale, orthographic cross-
section of a scene that contains symbols representing walls, doors, windows, and furniture. A
3D CAD model, (Figure is a more faithful rendering of a scene that conveys depth and
layout of a space in the form of a virtual model, allowing viewers to literally see the design
elements as if they were virtually present in the scene. Both 2D and 3D visualizations are
commonly used in conjunction to provide a better overall understanding of scene layout and

appearance.

LIVING ROOM
16'9" X 181"

BEDROOM
148" X 147"

DINING

PASS. THRU

(a) 2D Floor Plan (b) Living Room Model

Figure 1.1: (1.1a) A 2D Floor Plan of a typical home and (1.14) an indoor 3D CAD model of a

living room, both created manually for real estate purposes



These visualizations enable many compelling applications. An interior designer could use
such a record to remodel, re-furnish or rearrange an existing living space, while a real-estate
agent could ‘virtually” introduce potential homeowners to new homes prior to their being
physically present in the space. An archeologist could record and archive walkthroughs
of ancient ruins or heritage sites, and a museum curator could publish walkthroughs of
exhibitions/events. Further, an insurance adjuster could catalog objects of value, such as
antiques, art, appliances, etc. A crime scene investigator could use such a survey to recreate
a narrative and help deconstruct events in order to help solve a crime. Last but not least,
casual users could capture models of their homes, enabling applications such as mobile robot

navigation, home automation, and enhanced virtual and augmented reality experiences.

Traditionally, the tools used to create such a visualization were a measuring tape, camera
and drafting table. The surveyor would first record dimensions of the walls, doors, and
windows and note the position and extent of furniture items. He or she might then capture
several photographs of the scene, from multiple angles, for later reference. Finally, after
adjusting the drafting table to the correct height and angle, and preparing the drafting paper
and a sharpened pencil, the surveyor would begin to convert the measurements into a detailed
graphical representation of the scene. Many designers, architects and draftsmen still rely on

paper and pencil to produce these graphics.

In the last couple of decades, practitioners increasingly rely on desktop Computer-Aided
Design (CAD) software to record, modify, analyze or optimize their designs. Since the
invention of Sketchpad [L07] — a.k.a. the ‘Robot Draftsman’, a precursor to CAD software
— computers have been an invaluable aid to modeling and designing our world. Academics,
designers, and engineers have worked to improve the human-computer interface for these
modeling tools to make them more powerful, easier to use, and more efficient. Despite
significant advances, creating detailed, attractive 3D CAD models and floor plans of scenes
remains a challenging task, particularly for non-experts. Interfaces tend to be complex
(Figure and require skill and experience to operate. Significant manual effort and hours

are also required, especially when creating models from scratch. Further, most tools are



* My house.sh3d - Swet Home 3D

(a) Revit (b) HomeStyler (¢) SweetHome3D

Figure 1.2: While powerful and full-featured, ezisting indoor CAD modeling tools have complex and

difficult to learn user interfaces, as shown in these three examples.

primarily used in an ex-situ manner, i.e., used off site, away from the location being modeled,
making it difficult to record and reproduce details faithfully. This thesis poses the following
two research questions: First, is it possible to design user interfaces for indoor CAD modeling,
that operate in-situ, with the goal of improved efficiency and accuracy? Second, is it possible
to make a leap from measuring tapes, drafting tables and desktop CAD tools, to a more
widely accessible digital tool, available to novice users and professionals alike?

To address these questions, I first propose replacing the canonical tape measure and
drafting table with another powerful device, one that we all carry in our pockets: the mobile
phone. Mobile phones, tablets and other ‘smart’ devices are becoming increasingly ubiquitous.
With almost 80% of U.S. mobile subscribers now owning smartphones (as opposed to a basic
feature phond'), 50% owning tablets [22, [16], and similar rising trends across the world, it is
reasonable to assume that implementing a solution on a commodity mobile device can enable
scene capture on a very large scale. Mobile devices also have the capability to richly sense
the world around them. A majority of devices currently on the market are equipped with a

camera, gyroscope and magnetometer. And an emerging class of 3D-aware devices include

!Feature phones are mobile phones that are limited in capabilities in contrast to modern smartphones.
Feature phones typically provide voice calling and text messaging functionality, in addition to basic
multimedia and Internet capabilities [123]



motion tracking and depth sensing capabilitiesﬂ Finally, almost all smart devices have a
familiar interaction surface, the touch screen, which is generally more intuitive than desktop
interfaces.

Second, I propose to involve the user in the modeling task as a guide for reconstruction
and object selection algorithms. Automatic scene reconstruction and object detection is
susceptible to error. However, as humans we are inherently talented at high-level recognition
tasks and can easily correct a machine’s mistakes. We are not easily fooled by textureless
objects, reflections, occlusions, as state of the art recognition and reconstruction algorithms
often are. We are also equipped with a strong semantic understanding of a scene, which may
include information such as the types of objects present in the scene, e.g. ‘chair,” ‘table,” etc.,
or even awareness as specific as the exact brand and model of furniture, e.g., ‘an Eames lounge
chair and ottoman.” Finally, we have the ability to physically move around a scene, capturing
various viewpoints and objects of interest that may not be visible from a single vantage

point. Leveraging the preceding insights, I describe novel user interfaces for mobile devices

=

(a) Real Scene (b) Captured Virtual Scene (¢) Overhead View

Figure 1.3: One of the systems proposed in this thesis captures a 3D CAD model of an indoor

scene, in a few minutes, on a commodity tablet.

that harness the advantages of traditional desktop CAD software but present them in-situ,

letting the user record aspects of the scene by annotating and sketching over a live view of

2More on background on 3D-aware devices available in Section



the scene, captured during the modeling process. To this end, the techniques I introduce
leverage basic semantic input (annotations, sketches and voice commands) from the user, for
guidance, and offload tedious reconstruction and modeling tasks to the computer, attempting
to combine the strengths of both agents and have them work in synchrony. The systems
I propose are designed to be operated by novice users and produce results in real time on
commodity smartphones or tablets. The proposed systems do not require any additional
hardware or extended user training, thereby making them easy to distribute and scale to
several users. The systems are capable of producing three primary visualizations of the scene.
First a visual walkthrough, that lets users interactively explore an image-based virtual tour
of a scene. Second, a 2D floor plan that captures the shapes of rooms and their relative
size and position within the scene. And finally an editable 3D CAD model of each room,
containing accurate representations of walls, furniture, doors, windows, artwork etc. Using
these proposed systems, a large audience of both casual and professional users can capture,
visualize and reconstruct of a wide variety of interesting indoor scenes, from homes and offices
to museums and heritage sites.

Several challenges must be overcome to realize such end-to-end systems on mobile devices.
Although mobile devices contain a range of useful of sensors, they still lack the ability
to convert the sensor data into semantically meaningful information about the scene, as
algorithms have not yet reached the point where you can achieve results like Figure |1.3
automatically on a mobile device. Also, touch screens, while intuitive and widely understood,
are small and lack many affordances of a desktop interface. Therefore, special care must be
applied when designing the user interface for such form factors to maintain flexibility and

power when modeling complex environments.
1.1 Contributions

There are two fundamental research challenges identified above: (1) the design of intuitive
user interfaces that allow for in-situ modeling and (2) the discovery of algorithms for scene

reconstruction and modeling that are fast and capable of running in real-time on commodity



mobile devices. In this thesis, I present novel interface designs and new algorithms that

address each challenge. These contributions can be broadly categorized as follows:

Pan

Figure 1.4: Proposed interaction for exploring a room by viewing a video-based panorama on a

mobile device

Figure 1.5: Proposed interaction for transitioning between connected rooms using a video walk-

through.

1. A Framework for Visual Tour Capture on a Smartphone: I first propose a
framework for capturing and spatially indexing visual data on a smartphone, in order
to create an interactive visual tour, that lets users explore an environment and presents

them with a sense of ‘being there’. Prior approaches [66, [5] have required sophisticated



omnidirectional camera rigs and several hours of offline processing in order to create
such tours. However, the method I propose is implemented end-to-end on a commodity

smartphone and can generate tours in a matter of minutes.

To generate a tour, the user first captures video of an indoor scene by following
a few simple guidelines. Alongside image data, the proposed system also records
measurements from the gyroscope, accelerometer and magnetometer. This data is then
fused to generate an image-based rendering of the scene that lets a viewer interactively
play back a virtual tour in which he/she can explore a 360° panorama of each room
(Figure and also ‘walk’” between connected rooms (Figure . The generated visual
tours have several uses; 1) they can provide a remote viewer with a sense of presence,
2) they can be used to annotate objects of interest such as artwork, furniture, etc., and

3) they can be used as a basis for 3D reconstruction of the scene, as described next.

Figure 1.6: Using a proposed interactive modeling method, a 2D floorplan of a scene can be entirely

recreated in a few minutes on a mobile device.

2. An Interactive Technique for Floor Plan Estimation: I propose an interactive
photogrammetric modeling approach to recover room features from the visual tour
(described previously), such as the location of room corners and doors. With this

information, I use a novel reconstruction algorithm to estimate the position of the



camera and determine the approximate shape of each room along with the overall
floor-plan representation of the environment (Figure . The method is designed to
capture Manhattan World |206] scenes, i.e., scenes in which all surfaces are aligned with

three dominant directions.

Both the interactive modeling approach and the reconstruction algorithm run in a few
minutes on a commodity smartphone and can therefore potentially be used by realtors
and homeowners to generate floor plans of homes, or by business owners to create
maps of their establishments, all without the need for any specialized training or extra

equipment.

3D Model Inset

| C.amurnlture
Keep marking surfaé‘atea to improve segmentation.

Taik Button

(a) Sketching Interface on iPad (b) Modeling Interface on Tango

Figure 1.7: Screenshots of two interfaces proposed for in-situ CAD modeling. (1.7d) utilizing only

camera, accelerometer and gyroscope, and using additional depth and tracking data.

3. Interfaces for In-Situ Furniture Modeling: Beyond floor plan estimation, it is also
interesting to capture the contents within the room such as furniture, doors, windows,
artwork, etc. and generate a full 3D model containing these objects. Such a 3D
model has many demonstrated uses within the interior design, household furniture and

entertainment /virtual reality industries.

To capture such a model, I propose two in-situ, multi-modal user interfaces (Figure
designed to harness the user’s semantic understanding of these objects in order to

reproduce a faithful 3D CAD model representation of a scene. Instead of modeling



individual objects from scratch, a key insight is to leverage existing large online 3D
model databases. Recent efforts such as SketchUp Warehouse [102] and Shapenet [17]
have indexed a wide array of user-generated 3D models of real-world objects like
aeroplanes, cars, buildings, furniture, appliances, etc. This work leverages subsets of

these 3D databases, that are relevant to indoor scene modeling.

The algorithms I propose, process user input (voice, sketching, annotation) and sensor
data from the mobile devices to efficiently retrieve matching 3D models from the
database and and then place them at the appropriate locations in the virtual scene. The
first interface (Figure relies on the user sketching the rough shape of the object
(such as a table, chair, sofa, etc.) and providing the algorithm further guidance via
the use of familiar voice commands. The second interface (Figure , implemented
on a 3D-aware mobile device (viz. one that can accurately track its 3D position and
orientation in the world and estimate the depth of points in a scene), lets the user

model objects with only a few taps, requiring less effort than sketching.

Both interfaces let users visualize the 3D model in real-time on the device, as they
are constructing it. At the end of the modeling stage, the user may view and edit the
constructed model directly on the device or they can upload the 3D model to their

favorite desktop CAD modeling tool via a standard 3D file format.

The rest of the thesis is structured as follows. Chapter [2 provides a brief history of
architectural visualizations, and also provides a background for various mobile tools used
in this thesis. Chapter |3 describes the Visual Tour framework and Floor Plan estimation
technique. Chapter [4 describes the first interface for In-Situ Furniture Modeling, which relies
on user sketches and voice commands and is implemented on a commodity tablet device.
Chapter |5| describes the second interface for In-Situ Furniture Modeling, which is implemented
on a 3D-aware mobile device, along with associated user studies and feedback. Chapter [6]

presents conclusions and discusses several directions for future work.
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Chapter 2
BACKGROUND

2.1 Brief History of Architectural Visualization

(a) Statue of Gudea (b) Close-up of tablet
Figure 2.1: “Architect with Plans”, C. 2120 BC, Photo Credit: Musee du Louvre, Paris and British

Museum, London

The history of architectural visualization can be traced to the ancient Egyptians and
Mesopotamians. One of the earliest examples of an architectural visualization, in particular a
2D floor plan, can be seen in the Headless Statue of Gudea (Figure , from Mesopotamia
(present day Iraq) circa 2100 BC. In this statue, Gudea, dressed in princely attire, can be
seen seated with an engraved tablet engraved laid on his knees. The tablet contains an
architectural drawing which is believed to be a floor plan for a temple consecrated to Ningirsu,
the great god of the state of Lagash. [30]. The plan on the tablet appears as an orthogonal

projection and also contains a graduated ruler for reference.
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Architectural drawings and renderings became more widespread and increasingly detailed
in the second quarter of the thirteenth century, with significant developments made especially
in the Gothic period. The discovery and formalization of the perspective projection by Filippo
Brunelleschi, further increased the realism of architectural renderings during the renaissance.

The industrial revolution, the growth of the patent process and wartime engineering efforts
transformed architectural and engineering drafting into a highly specialized and sought after
skill (See examples in Figure . A traditional drafters toolset included a drawing board,
pencils, pens, compasses, T-squares, protractors, triangles. A major advance in drafting tools
occurred in 1901, with the invention of the Universal Drafting Machine (Figure This
device combined the T-square, triangles, scales and protractor into a moving arm and enabled
the drafter to create perpendicular lines at any orientation [I2I]. Despite advances in tools,
the manual design process was fraught with opportunities for error, both in drawing and

calculation. This set the stage perfectly for the advent of Computer Aided Design (CAD).

2.2 History of Computer-Aided Desigt]

Perhaps the most widely known and credited pre-cursor to modern Computer Aided Design,
was Ivan Sutherland’s Sketchpad [107], from 1963. Sketchpad belongs to a influential lineage
of pioneering work in Human-Computer Interaction. Originally inspired by the Memex from
“As We May Think” by Vannevar Bush [I5], Sutherland’s Sketchpad, in turn, went on to
influence Douglas Engelbart’s NLS (oN-Line System) [32], several early commercial CAD
tools and, indirectly, the work proposed in this thesis.

Sketchpad ran on the Lincoln TX-2 and used a CRT display, a light pen, and a set of
buttons, switches and dials. It was one of the first systems that allowed users to draw on a
computer. A vocabulary of commands and interaction paradigms let users draw primitive

shapes, copy/repeat previously drawn shapes (symbols), move parts of the drawing and

I This section summarizes the historical research contained in the book, The Engineering Design Revolution:
The People, Companies and Computer Systems That Changed Forever the Practice of Engineering By
David E. Weisberg. [121]
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Figure 2.2: Historic photographs of draftsmen and women from the 20th century.
Photo Credits: (a) History of CAD [121] (b) Eversource Electric Company, MA, USA (c) California
Digital Library, Courtesy of UC Berkeley, Bancroft Library (d) Meisterklasse Factory, Carl Guderian,

Flickr, 1951 CC 2.0 License (e) Donn B.A. Williams et al., City of Vancouver Archives (f) Ercole
Marelli Offices, Photo by Paolo Monti, 1963.
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Figure 2.3: Ivan Sutherland using Sketchpad in 1962. Photo Credit: Ivan Sutherland, MIT Press

and Computer History Museum.

zoom in/out of the drawing. The invention of this fast and accurate medium for graphical

communication won Sutherland a Turing Award in 1988. [3§].

Commercial research efforts such as Design Augmented by Computers (DAC-1) [122],
by General Motors, appeared soon after. And by the 1970s, a number of companies were
founded to commercialize CAD software. The invention of Non-uniform rational B-spline

(NURBS) [74] allowed research into curve and surface modeling to move into 3D.

Today a number of successful commercial desktop CAD programs exist, such as Auto-
CAD [9], SolidWorks [108], Revit [10], FreeCAD [39], and Rhino [84]. While most of these
programs are feature-rich and designed for use by professionals, programs like SketchUp offer
a simplified and easier to use interface targeted towards more casual users. Tools such as
Homestyler [45] and SweetHome3D [2] restrict themselves to the domain of indoor modeling,

a topic of focus for this thesis.
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2.3 DMobile Sensing and the Next Wave in CAD

Mobile devices that provide rich sensing capabilities are becoming increasingly ubiquitous.
This thesis will explore the feasibility of indoor CAD modeling, using mobile devices as the
primary medium for data acquisition and user interaction. The iPhone and iPad are two such
devices that upended the mobile industry by integrating reliable and accurate touch screen
technology, high quality cameras, GPS, and a variety of Micro Electro Mechanical Systems
(MEMS) such as gyroscopes and magnetometers, into a compact and usable form factor. The
first two systems described in this thesis are implemented on the iPhone and iPad respectively
and utilize these sensors, along with the camera, in order to create 2D floor plans and 3D
models of indoor scenes. We explore the capabilities of these devices in Chapters [3| and [4] of

this thesis, along with a survey of parallel work in this space, such as MagicPlan [50].

This thesis also explores the use of augmented reality (AR) for indoor modeling. Aug-
mented reality (or mixed reality) is a technology that superimposes digital content over a
user’s view of the real scene, while in-situ. This allows the user to more accurately capture
relevant information from the scene and also visualize digital models in the context of the
real world. AR has been used in the past for architectural and design applications, but only
recently has it entered the mainstream, owing to the introduction of 3D aware devices such
as Hololens [44] and Tango [81] (Figure and software SDKs such as ARKit [6]. The third

system, described in Chapter |5 of this thesis, is implemented on a 3D aware Tango device.

A 3D aware device is one that can accurately track its 3D position and orientation in the
world (6DoF tracking) and can estimate the depth of points in a scene. Tango [81] is one such
effort from Google which takes the form factor of a phone. By looking at the phone screen, a
user can see digital overlays over the live view of the scene, as seen from the device’s camera,
also referred to as indirect AR. Hololens [44] from Microsoft takes the approach of a head
mounted device that overlays information directly in front of the user’s eyes with see-through,
stereoscopic, optical waveguide displays. Both devices use visual-inertial odometry (VIO), a

combination of information from the device’s motion sensing hardware with computer vision
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(a) Lenovo Phab2Pro with Tango (b) Microsoft Hololens

Figure 2.4: Emerging 3D-Aware AR Devices

analysis of the scene visible to the device’s specialized tracking cameras. By tracking the
motion of fiducial features in the images, and fusion with motion sensing data, the device is
able to localize its position and orientation in the world with high precision.

Recently announced AR software SDKs such as Apple’s ARKit [6] have the potential to
bring augmented reality to millions of existing mobile devices. By implementing a version
of VIO on existing mobile hardware, ARKit eliminates the need for specialized cameras for
tracking and mapping, such as those included in Hololens and Tango. While we do not
explicitly explore ARKit or related software-based solutions in this thesis, the interaction
techniques described herein can be directly ported to devices that support such AR SDKs.

Mobile augmented reality has the potential to provide the next wave in 3D modeling
and scene reconstruction, enabling scaling to millions of casual and professional users that
already own mobile devices. This thesis is one of the first attempts to explore indoor scene
modeling techniques on the mobile platform. The following chapters , and |b|) describe
three approaches to tackle this problem, along with a detailed survey of related research for

each approach.
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Chapter 3
CAPTURING INDOOR SCENES WITH SMARTPHONES

(a) Capture data (b) Playback interactive tour  (c¢) Generate indoor floor plan

Figure 3.1: Our system captures an interactive visual tour and a floor plan of an indoor scene, in

real time, on a smartphone.

In this chapter, I present a novel smartphone application designed to easily capture,
visualize and reconstruct homes, offices and other indoor scenes. The application leverages
data from smartphone sensors such as the camera, accelerometer, gyroscope and magnetometer
to help model the indoor scene. The output of the system is two-fold; first, an interactive
visual tour of the scene is generated in real time that allows the user to explore each room and
transition between connected rooms. Second, with some basic interactive photogrammetric
modeling, the system generates a 2D floor plan and accompanying 3D model of the scene,
under a Manhattan-world assumption. The approach does not require any specialized

equipment or training and is able to produce accurate floor plans.

This chapter describes work that was originally published in the Proceedings of the 25th Annual ACM
Symposium on User Interface Software and Technology (UIST), 2012 [95].
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3.1 Introduction

ASPEN MOVIE MAP (1978-80)

(a) Movie Map Truck Rig (b) Aspen Tour Playback

Figure 3.2: A precursor to systems such as Google’s Street View and the one described in this
chapter, Aspen Movie Map was an early attempt to spatially index street imagery from the city of

Aspen, CO.

In 1979, Lippman et al. [66] used gyrostabilized cameras mounted on top of a car to create
an interactive visualization of downtown Aspen. This early hypermedia system, a forerunner
of Google’s Street View [5], pioneered the use of spatially indexed imagery for generating
interactive virtual tours (Figure . Their system allowed users to interactively explore
an environment and presented the user with a sense of ‘being there’. The desire to enhance
and improve this experience of virtual presence has subsequently fueled a sizable body of
work around interactive visual tours. However, most of these approaches [115], 110, 5] [49]
rely on specialized data acquisition equipment and have complex and time-consuming offline
processing pipelines, making them inaccessible to the casual user.

I propose a system to easily create and view interactive visual tours, in real-time, entirely
on a smartphone. To create a tour, the user first captures video of an indoor scene by
following a few simple guidelines. This video data is then spatially and temporally indexed

using sensor readings from the smartphone’s gyroscope, accelerometer and magnetometer.
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The proposed system then generates an image-based rendering of the scene that allows a
viewer to interactively play back a virtual tour in which he/she may explore each room and
‘walk’” between connected rooms. Once the data capture is complete, I use an interactive
photogrammetric modeling approach to recover room features such as the location of room
corners and doors from within the image data. With this information, I estimate the position
and orientation of the camera and compute a floor-plan representation of the environment.
The method is designed to capture Manhattan World [20] scenes, i.e., scenes wherein all the
surfaces are aligned with three dominant directions. The computed floor plans accurately
capture the layout of the scene and are used to augment the interactive tour, enabling the
user to understand where they are in the scene.

There are several challenges in making such a system work robustly, in real-time, on a
mobile device. First, mobile phones lack accurate localization information or odometry (GPS
does not work well indoors [I32]), making it hard to estimate camera position. Second, the
monocular video data lacks depth information about room dimensions or floor plan layout.
Extracting this information from video data is a difficult task. Finally, working within the
computational and memory constraints of an embedded device poses additional engineering
challenges.

The main contributions of this work are a framework for capturing and spatially indexing
visual data by using a combination of measurements from the gyroscope, accelerometer and
magnetometer, and a novel interactive technique to estimate room geometry and floor plan
layout from monocular video. At a system level, the novelty lies in the implementation of an
end-to-end smartphone application capable of capturing and reconstructing indoor scenes.
This application is the first of its kind to deliver an interactive tour experience coupled with
a floor plan on-the-fly, entirely on a phone. I foresee the use of this system in areas such as
real estate, interior design, indoor localization and mobile robot navigation.

In the remainder of this chapter I discuss related work, present an overview of the proposed
system from a user’s perspective, describe novel components of the system, present floor plan

results and evaluate them against ground truth. I conclude with a discussion of this work.
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3.2 Related Work

The idea of indoor interactive video-based tours has been explored by several authors in
graphics, vision, and HCI. Brooks [14] in 1986 was one of the first to propose a system to
build rapid visual prototypes of buildings for architectural use. More recently Uyttendaele
et al. [I15] used omnidirectional video to create indoor virtual tours. Similar approaches
are used in Google’s Streetview [5] and Art Project [49]. Our work is similar, in that the
user can interactively look around an environment, move freely along predefined paths, and
branch to different areas at decision points. These prior approaches required sophisticated
omnidirectional camera rigs and several hours of offline processing, whereas our method is
implemented end-to-end on a commodity smartphone and is able to generate tours in a few of
minutes. Our video-based tour approach is similar to that of Quiksee [82] but differs in that
they used a hand-held camcorder and an offline processing pipeline. Their method requires
manual spatial registration (as camcorders lack gyroscopic sensors) and does not model the
geometry of the scene. Quiksee has since been acquired by Google Inc. and no published

information is available on their method.

Early mobile robot navigation systems such as those proposed by Ishiguro [5I] and
Yagi [128] utilized omnidirectional camera systems combined with odometry measurements
to reconstruct environments for mobile robot navigation. Taylor [I10] also estimated camera
position and environment geometry from video data. Their approach required the user to
specify several point-and-line correspondences in key-frames of the omnidirectional video,
whereas our method requires users to mark each wall corner once in an interactive panorama
of the room. The visual SLAM and computer vision communities have developed automatic
approaches [36], 411, 103}, 23] 109] to reconstruct indoor scenes from images. While computer
vision-based 3D reconstruction has demonstrated potential, we avoid explicit reconstruction
with computer vision as it tends to be brittle, computationally expensive and does not work
well on texture-poor surfaces, e.g. painted walls, which dominate interiors. SLAM-based

reconstruction has been shown to work on smartphones by Shin et al. [100] who used sensor
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data to model indoor environments. Their approach is restricted to modeling only corridors
while our method describes rooms, their volumes, and also presents an interactive visualization
of the space. A Manhattan-world assumption was employed by Kim et al. [57], to acquire
indoor floor plans in real-time. Their approach is hardware-intensive, requiring the user to
carry a Kinect camera, projector, laptop and a special input device while capturing data

around the house.

The recent shift of imaged-based systems to the mobile phone platform is exemplified
by the mobile Photosynth application [25] that creates panoramic images in real-time on
a smartphone. MagicPlan [50] is a commercial floor plan generation app available for the
iPhone. By marking floor corners in the room via an augmented reality interface, their system
is able to estimate dimensions of the room and generate a corresponding floor plan. While
their algorithms are proprietary and unpublished, they likely estimate and use the height of
the observer (in this case the phone camera) and the tilt of the camera to estimate scene depth.
By estimating depth in this manner, MagicPlan is able to capture non-Manhattan world
scenes. This approach is susceptible to error when floor corners are occluded by furniture,
requiring the user to guess at their positions. Our approach instead uses wall edges (the lines
formed where two walls meet), which typically run from floor to ceiling and are often visible
in rooms regardless of furniture placement and other occlusions. MagicPlan reconstructs
rooms individually and then has a user manually assemble them to form a complete floor plan,
whereas in our approach, we solve for correspondences between rooms and assemble the entire
floor plan automatically. Finally, the augmented reality approach employed by MagicPlan is
quicker and allows users to mark floor corners and doors in a single step. In contrast our
two-step approach requires users to first capture imagery of the room and thereafter mark
room features over the captured imagery. However, MagicPlan focuses solely on floor plan
generation, whereas our goal is to produce a sense of virtual presence, to which end we use
the captured imagery to visually reconstruct an immersive tour of the scene. A comparison

of floor plans generated by both the approaches is presented in the results section.
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3.3 Application Overview

This section describes the function of our application at a user-level. Our application is
implemented on an iPhone 4, running iOS 5.1. However, the technique is designed to work
on any device that is equipped with a camera, gyroscope, accelerometer and magnetometer;
features that are now standard in the latest smartphones and tablets. We encourage readers
to view the accompanying supplementary video [92] in order to gain a better understanding

of the application’s interface. The basic steps in the approach are outlined below and in

Figures [3.1] &

Figure 3.3: The user may pan left or right in the panorama by dragging

Figure 3.4: By tapping on the motion arrow, the user may move between rooms



22

1. Data acquisition: (Figure To capture a room, the user stands near the center
of the room, holding the phone upright and aiming the phone camera at a wall. He/she
then proceeds to rotate 360° to capture a video of the entire room. The application
automatically detects when a full rotation has been completed and prompts the user to
turn and face the next room. Once in position, the user indicates that he/she is ready
to move to the next room by performing a swipe up gesture and subsequently proceeds
to walk to the next room. Our system records this transition as a video. On reaching
the center of the next room, the user performs a swipe down gesture and begins to
capture the current room. The same process is repeated for every room. If a room
is re-visited, the user has an option to indicate this in the interface. Captured rooms

appear as thumbnails on the bottom of the screen.

2. Interactive Tour Playback: (Figure Once capture is complete, the user can
instantly view a virtual tour of the scene. For each room, the system generates a 360°
video panorama, in which the user may pan left or right to explore the scene (Figure
. The user is afforded two modalities to interact with the panorama. They may
drag left or right on the touchscreen or physically move the device in 3D space to
‘look around’ the room, in a manner reminiscent of mobile virtual/augmented reality
applications [83] [1T2]. When a door appears in the users current field of view, a motion
arrow [42] appears on the screen, indicating that there is a path leading to an adjacent
room. Upon tapping the arrow, a transition video is played back giving the user the
effect of ‘walking’ into the next room (Figure [3.4). At the end of the transition, the
system presents the 360° video panorama of the current room, wherein the user may

once again explore interactively.

3. Embedding Close-up Images and Text: The user has the ability to embed close-up
photographs and text in the scene, during playback. To add an embedded object, the
user double taps a point of interest on the screen. This instantiates a modal dialog

that prompts the user to take a high-resolution photograph of the point of interest
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and optionally add some descriptive text. Upon completing this task and closing the
dialog, the user is returned to the tour and the embedded object now appears as an
icon overlaid on top of the panorama. The icon is positioned at the location where the
user originally performed the double tap gesture and is pinned to that location as the
user pans the panorama left or right. Tapping the icon spawns a modal popup that
shows the hi-res photo along with the annotation text. The embedded objects are saved

along with the virtual tour data for future viewing.

. Marking Room Features: In playback mode, the user can mark room features such
as wall edges (where two walls meet) and doors via an intuitive touch interface. To
mark a wall edge the user first brings the edge into view by panning left or right in
the panorama. Once the edge is visible, the user drags a marker to align with the
room corner in the image. Similarly, doors are indicated by placing two markers on
the extremities of the door. Note that each door is visible from both the rooms that it
connects. This door correspondence is also specified by the user, (i.e., which room does

a specific door lead to), by tapping the appropriate room thumbnail.

. 2D Floor Plan: (Figure An optimization algorithm uses the corner and door
information and other room constraints to generate a 2D floor plan of the space.
Alignment errors in the reconstructed floor plan can be manually corrected via a touch
interface. To fix an alignment error, the user first taps a wall that requires re-alignment
and next taps a wall to which the previously selected wall should be aligned. The walls
can be in the same room or different rooms, but they must be parallel. The floor plan is
rendered as a top-down map of the environment and indicates the users current position

in the tour.

. 3D Floor Plan: (Figure [3.6d]) We extrude the 2D floor plan vertically and render a
3D model of the scene. The 3D rendering can be manipulated via the touch interface

and users can explore novel views of the environment (e.g., a 45° bird’s-eye view).
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3.4 System Components

3.4.1 Spatial Video Indexing

Indexing video spatially with camera pose information is a simple yet effective method of
creating an interactive viewing experience [66]. During playback, by interactively selecting a
desired viewpoint and viewing direction, we can retrieve the closest view from the previously
captured video sequence. Interactive video playback has advantages over a traditional
composited panorama in that it captures dynamic exposure changes and motion in the
environment, which are essential to the richness and realism of the visualization [115].
However, the disadvantage of using a video sequence is the inability to zoom-out. While the
idea of spatial video indexing has been explored before [110} 115], we present a few novel

developments that help adapt it to a smartphone.

Calculating Camera Pose:

The on-board gyroscope on the iPhone 4 provides fine-grained information about the angular
velocity of the device; however integrating this data to calculate relative orientation results in
drift and requires calibration. The accelerometer and magnetometer conversely provide more
reliable orientation information, but at a lower resolution and refresh rate. We use a simple
sensor fusion approach to calculate pose by combining data from the gyroscope, accelerometer
and magnetometer as follows. The rotation rate of the device around three axes is obtained
by querying the gyroscope at regular intervals. The major axis of rotation is determined by
querying the accelerometer to determine the direction of gravitational acceleration and hence
the device orientation (portrait v/s landscape). Once the major axis is known, we bootstrap
the camera pose with the actual orientation of the device relative to true north, as obtained

from the magnetometer. Thereafter current orientation is determined as follows:

6 = 08, + At x wmasorasis (3.1)
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Where 0 represents current device orientation, as calculated by adding the delta change
in orientation At x w™razis to the last known orientation 8¢ ,. This value is updated at
approximately 100Hz, but suffers from gyroscopic drift of as much as +10° in a full 360°
rotation. We then spatially index the current image with the calculated device orientation

value.

Countering Gyroscopic Drift:

In order to counter gyroscopic drift, we rely on the magnetometer to inform us when a
full 360° rotation has been completed. While the intermediate magnetometer readings are
noisy and not useful for updating device orientation, we have found that the resolution is
sufficient to indicate when a rotation has been completed. Once we know that the rotation is
complete, we can close the “gap” caused due to drift. For this we use the initial and current
gyroscopically calculated orientation values and eliminate the drift by uniformly distributing

it across the entire rotation.

3.4.2  User Interaction to Mark Room Elements

Once the video and orientation data have been captured, the tour is played back interactively.
The playback interface is similar to previous work such as Street View [5] and VideoPlus [110]
which allow the user to interactively pan within a ‘viewing bubble’ and branch to different
bubbles at decision points.

During playback, we also present an interface to mark room elements such as corners
and doors. In this interface the user is presented with a draggable marker which they can
place over the current image to indicate the presence of a corner or door. Marking a corner
requires only one marker, whereas marking the extremities of a door requires two. The
relative heading of each marker is calculated from the indicated x-coordinate of the marker

within an image, by the following equation:

gmarker = etG + fov/wimg X (Pmarker - wzmg/2) (32)
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The spatial index, 8¢, of the image on-screen corresponds to the heading of the center of the
image. The one-dimensional pixel-offset of the marker from the center of the image of width
Wimg 1s calculated by subtracting the position of the center pixel, wjy,/2, from the position
of the marker, P,,4rker- The pixel-offset is then converted into a heading-offset by multiplying
by the field of view of the image, fov, and dividing by the total pixel width, w;,,,. Finally,
the estimated heading of the marker, 6,4 ke, is determined by adding the heading offset to
the current spatial index, 0.

During tour playback, the following equation is used to calculate position, Pfeqture,

of a feature with a known heading 0 tcqture Within an image.
Pfeature - wzmg/2 + wimg/fov X (9feature - QtG) (33)

This allows us to embed UI elements such as motion arrows and annotations into the scene.

3.4.83 Floor Plan Generation

(a) (b) (c) (d) (e)

Figure 3.5: Floor plan reconstruction algorithm: (a) Top-down view of the scene showing the corner
rays (dotted green) emanating from the camera. Py is unit distance from camera along first ray. (b)
Hypothesized wall at angle oy intersects second ray at Pa. (¢) The next wall is rotated 90 degrees,
and intersects at P3. (d) Incorrect hypothesis results in a distance error d between first and last

points. (e) Optimal wall configuration with starting wall angle ag, minimizes d.
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Computing Room Geometry:

We treat the marked corners and doors as rays emanating from the camera center and
reconstruct the room geometry that fits the given set of rays (as shown in Figure , based
on the following assumptions. First, we assume that the scene satisfies the Manhattan
world assumption, i.e., the walls are planar and the room corners are right-angled. Many
architectural scenes approximately fit the Manhattan World assumption, and it has previously
enabled very high quality reconstruction results across a wide range of scenes [41]. We also
assume that the camera is located in a position within the room from which all corners are
visible, or if this is not possible, that the user is able to estimate and mark the location of
occluded room features. Finally, we assume that the corner ray directions are determined

from the spatial indexing data, as described in the previous section.

Search Algorithm.:

Our search algorithm over the possible room configurations is described below and also
summarized in Algorithm [T}

Without loss of generality, assume the camera is located at the scene origin, and the first
room corner is at unit distance from the origin (we solve for the room only up to scale). Now
suppose we also specify the orientation « (relative to the first corner ray) of the first wall.
Under the Manhattan World Assumption, the orientations of all other walls are determined
(since they meet at right angles). It also turns out that their lengths can also be inferred
from the known corner ray directions (as we will describe shortly). The approach works as
follows. Let P; be the point at unit distance from the origin along the ray direction of the
first corner (Figure . The intersection of the ray from P; at angle o with the ray from
the origin along the ray direction of the second corner defines the position P, of the second
corner in the room (Figure . Rotate 90 degrees and repeat this procedure to intersect
the ray from P, with the ray from the origin along the direction of the third corner to define
P;(Figure , and so on. This procedure will place all of the corners in the plane. The key
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Algorithm 1 Calculating optimal wall configuration

1: Py = Origin

2: P, = Unit distance from F, along the first ray

3: N = Number of corners

4: minDistance = MAX FLOAT

5: for a« = 0 — 360 step 0.5 do

6: fori=2— N do

7: 0; = direction of i** corner > from ((3.2)
8: P, < intersect(P,_y, a+ (i —1) x 90, Fy, 6;)

9: end for

10: distance = getDistance(Py, Py)

11: if distance < minDistance then
12: manDistance <— distance

13: minAngle < angle

14: end if

15: end for

16: Return minAngle

insight is that for the correct value of «, the final ray from Py should intersect P; (Figure
, assuming N corners. An incorrect value of o will generally not satisfy this criterion
(Figure . Our approach is therefore to do an exhaustive search over all angles (0 - 360,
sampled at 0.5 degree increments), to solve for an « that yields the closest intersection with
Py (see Algorithm . Our algorithm finds an optimal solution in O(/Nd) running time where

N is the number of corners in the room and d is the number of angles sampled in our search.

Note that in Algorithm [I] intersect(Pa, 64, Pg, 0p) finds the intersection point of two
lines A and B defined in point-slope form and get Distance(Pya, Pg) calculates the distance

between points P, and Pg in a euclidean space.



29

Bl ';
m( E’w -:w

(a) Floor layout as esti- (b) Solving for the door (c) Layout after manual (d)  Reconstructed 3D

mated by odometry, with  constraint translates, edits have been made via  model of home.
current camera position in-  scales, and Totates rooms  a touch interface
dicated by the camera frum- to align properly

stum

Figure 3.6: Stages of solving floor layout.

Aligning Rooms:

Since our goal is to generate a complete floor plan of an indoor scene, we must calculate
relative positions and orientations of rooms to each other. We make an initial best guess
with the help of some approximate odometry. If we assume that the user walks at a constant
pace between rooms during capture, we can estimate relative positions of rooms, using the
user’s movement direction and length of the transition video sequence. However this method
is prone to error (as is seen in Figure due to the fact that users may move with a

non-uniform velocity and change direction mid-flight.

We can more accurately calculate relative room positioning by using the supplied door rays.
Once the walls have been calculated via Algorithm [T, we can find the projected co-ordinates
of the door by intersecting the door rays with the walls. Since each door is visible from

exactly two rooms (as indicated in the interface by the user), we can proceed to calculate a
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2D rigid body transformation, to align them. The transform is written as:

X c —s x; t
= e (3.4)

Y; s ¢ Yi ty
Here ¢, s, t, & t, are unknowns; by substituting the values of corresponding doors in
two rooms, we can solve for the transformation that correctly aligns the doors, and hence

also aligns both rooms. The matrix equation can be solved by standard least squares fitting

methods.

We solve for the transformations between every pair of connected rooms and are able
to generate a complete floor plan as shown in Figure [3.6b] This intermediate solution still
contains errors, such as misaligned walls and incorrectly scaled room dimensions. The errors
are caused due to several factors; gyroscopic drift not being eliminated completely, human
error in marking room features (typically off by a few pixels), error due to discretization of
the search angle o and the fact that the physical walls may not be perfectly axis aligned.
There may also be error caused due to parallax as the user may slightly move the camera

center while capturing the scene.

To alleviate errors, we allow users to manually correct wall alignment using a simple touch
interface, as described in the Application Overview section. The end result of this process is
depicted in Figure [3.6d, which more accurately describes the room layout in the house. In

this particular example, five corrections were required to produce the final result.

3.4.4 3D Rendering

3D reconstructions of a scene allow for generating novel views and a more immersive spatial
visualization. Once we have a suitable 2D floor plan rendering, we extrude it vertically and
render a floor plane to obtain a representative 3D model of the environment as shown in
Figure [3.6d] To provide the user with additional spatial context, we render a small camera

frustum that represents their current position and orientation in the tour.
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3.5 Results and Discussion

We tested our application in four indoor environments. For each environment we generated
an interactive visual tour and floor plan. The resulting tour experience has been described
previously in section and a demonstration of the interface is available in the supplementary

video [92]. In this section we will present the results of floor plan generation.

Ground Truth Our Method MagicPlan

[

Ground Truth Our Method MagicPlan

Figure 3.7: Room geometry recovered by our approach (red) and by MagicPlan (green), when

overlaid on ground truth (blue)

3.5.1 Recovering Individual Room Geometry

In Figure [3.7] we present the results of individual room reconstruction by our approach and
that of MagicPlan. Since our floor plan reconstruction is not to scale, for the overlay we

manually scale and register our result over ground truth. Room 1 took 1 minute and 12
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seconds to capture with our approach (44s capture + 28s marking room features) and 53
seconds to capture with MagicPlan. Room 2 took 1 minute and 34 seconds with our approach
(46s capture + 48s marking room features) and 1 minute and 4 seconds with MagicPlan. The
running time for both reconstruction algorithms was negligible. Our image capture time
remains roughly the same regardless of room configuration, but more complex rooms require
longer to mark room features. While the total time taken by MagicPlan is less, our approach
also captures imagery of the room for creating an immersive visual tour experience, whereas
MagicPlan outputs only a floor plan. The examples in Figure show that our approach is
able to capture the shape of the room with similar accuracy to MagicPlan. Note, however

that our reconstruction does not provide metric scale, while MagicPlan does.

3.5.2  Generating Floor Plan Layout

In Table [3.1] and Figure [3.§ we present results from four indoor environments:

Features No. of | Total Time || Error
Env. || Type | R C D | Frames Taken (%)
A House | 5 26 4 1356 Tml16s 5.66
B House | 6 42 5 2107 9m42s 13.38
c House | 5 26 5 1571 8m40s 8.76
D Office | 7 28 6 3422 12m35s 13.98
Avg. 9m33s 10.45

Table 3.1: Numerical results for four environments tested. (Legend: R = Rooms, C' = Corners, D

= Doorways)

The reconstructed floor plans for each environment are shown in Figure [3.8] along with
manually measured ground truth. Some reconstruction errors can be observed in environments
(A) and (D), where an individual room has been misaligned. In environment (C) our system

approximates a bay window to be flat, in accordance with the Manhattan-world assumption.
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We calculate a measure of reconstruction error from the overlay, as the ratio of area
incorrectly reconstructed (sum of both overestimated and underestimated areas) to the total
ground truth area. The results indicate that our system is able to reconstruct the dimensions
and overall floor plan of an indoor scene with an average error of 10.45% for the environments
tested. Aside from the previously mentioned failure cases, the floor plan correctly captures
the shape, relative position and orientation of most rooms. This meets our goal of capturing
an accurate layout that is useful for the purposes of visualization and navigation in the

interactive tour.
3.6 Discussion

We presented a novel end-to-end system to capture and reconstruct indoor scenes for the
purpose of creating an interactive visual tour. While there is a large body of prior work in
this area, our system is the first to allow casual users to quickly and easily create immersive
tours on a smartphone. Our method also enables the creation of indoor floor plans and
3D renderings of the scene, without the need to remove furniture or physically measure the
environment. In order to achieve our design goals, we have devised a data capture framework,
an interactive photogrammetric modeling approach, and an indoor floor plan generation
algorithm, designed to run independently on a commodity smartphone in real-time.

While the floor plan generation algorithm is currently unable to model curved walls or
non right-angled corners, we believe that the system is sufficient to capture a qualitative
sense of most indoor environments.

Several aspects of this system may be improved upon in future work. A hand-held device
is susceptible to shake and the resulting imagery is sometimes motion blurred. The gyroscope
data from the non-major axes can be used to select frames with minimal shake, thus stabilizing
the image data. Another improvement would be to better model complex indoor scenes that
contain non-Manhattan world elements. One approach would be to use computer vision
techniques to estimate the depth of room features to assist the floor plan generation algorithm.

The creation of more detailed 3D renderings of the scene can be enabled by adding textures
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to the walls and modeling furniture and other items within a room. Finally, to enhance
the effect of immersion, it should be possible to capture aspects of physical interaction in
the scene, for example operating appliances or turning on/off light switches. These can be
captured with our video-based approach but require explicit modeling to incorporate them
into the interactive tour.

We believe that real estate is perhaps the most compelling application for our system.
Realtors and homeowners can use our smartphone application to generate tours and floor
plans of houses without the need for any extra equipment. Mapping is another compelling
application area. Commercial mapping services such as StreetView [5] and Bing Maps [67]
are increasingly incorporating indoor maps into their products. Small-business owners or
other operators can use our system to create immersive tours of their establishments (cafés,
restaurants, hotels, etc.) and share them with customers through such mapping services.
Aspects of our approach may also be useful for other applications, in particular, the floor
plans can be used to bootstrap systems for indoor localization (e.g., in a mall) and mobile
robot navigation. Finally, the interactive tours give a sense of virtual presence, allowing
individual users to share their experience of a space with friends and family.

With almost 80% [16] of U.S. mobile subscribers now owning smartphones and similar
rising trends across the world, we believe that our method will enable casual users to capture,
visualize, and reconstruct a wide variety of interesting indoor scenes, from homes and offices

to museums and heritage sites.
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Chapter 4
IN-SITU CAD CAPTURE

4

(a) Real Scene (b) Captured Virtual Scene (c¢) Owverhead View

Figure 4.1: Our system captures a CAD-like 3D model of an indoor scene, in a few minutes, on a

commodity tablet.

In this chapter, I present an interactive system to capture CAD-like 3D models of indoor
scenes, on a tablet device. To overcome sensory and computational limitations of the mobile
platform, I employ an in-situ, semi-automated approach and harness the user’s high-level
knowledge of the scene to assist the reconstruction and modeling algorithms. The modeling
proceeds in two stages: (1) The user captures the 3D shape and dimensions of the room. (2)
The user then uses voice commands and an augmented reality sketching interface to insert
objects of interest, such as furniture, artwork, doors and windows. The system recognizes the
sketches and adds corresponding 3D models into the scene at the appropriate locations. The
key contributions of this work are the design of a multi-modal user interface to effectively
capture the user’s semantic understanding of the scene and the underlying algorithms that

process the input to produce useful reconstructions.

This chapter describes work that was originally published in the Proceedings of the International
Conference on Human-computer Interaction with Mobile Devices (MobileHCI), 2016 [96].
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4.1 Introduction

3D models of architectural scenes enable several compelling applications. Imagine if you
wanted to rearrange the existing furniture in your room, or visualize how a new piece of
furniture would fit into your current space. An editable 3D model of your room would allow
you to preview the results easily, without having to physically move any furniture around.
Such 3D models are also powerful tools to visualize homes and offices, for the purposes of real
estate, remodeling, and insurance. Also, with the recent surge in consumer-level virtual and
augmented reality, the digitization of personal spaces can enable better and more meaningful

interactions between the real and virtual worlds.

In Chapter [3, I described how to capture the shape and layout of rooms. However,
populating these models with furniture, doors, windows, and artwork is still a challenging
task. A common approach is to manually augment the room models using CAD software,
typically ex-situ, i.e., in a different context /setting than the original scene. The modeler
must therefore rely on memory, photographs, laser scans, or manual measurements in order
to create an accurate representation of the scene. Existing desktop CAD tools also pose
a steep learning curve for inexperienced users, often requiring considerable effort to create
aesthetically pleasing models. Another approach is to use automatic, computer vision based
techniques, but they typically do not capture the semantic nature of a scene, and produce
point-clouds or large polygonal meshes with missing regions and no notion of which geometric
regions correspond to objects or their physical extents. Hence, these models are very difficult

to edit or manipulate.

In this chapter, I present a novel in-situ interactive modeling technique that combines the
positive aspects of the automatic and manual approaches. The system runs end-to-end on a
commodity tablet or smartphone without any external computational or hardware resources.
The approach utilizes a multi-modal user interface based on the following elements: an
in-situ mixed-reality mobile platform, sketch based furniture placement, and voice commands.

Another key insight is to leverage humans for high-level recognition (identifying the class of
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an object, e.g., table, chair), a task that we find effortless, and use model-driven optimization
algorithms for precise selection/placement operations. With the user and system acting in
synchrony, we are able to improve the efficiency of indoor 3D modeling by harnessing the
best of both worlds.

The modeling proceeds in two stages. First, the user captures a 360 degree panning video
of a room, annotating corners as they go along. Based on the annotated panorama, the
system reconstructs a Manhattan-world (i.e., axis-aligned) 3D model of the room walls and
estimates scale with a constrained structure from motion technique.

Once the empty room has been reconstructed, the user interactively populates the scene
with objects while they are still in-situ. In order to do this, the system provides an interactive
modeling interface using a live feed from the camera. The user can model objects by first
issuing a voice command describing the object (e.g., “chair”) and then sketching a few lines
on the image of the object in front of them. The system then analyzes the voice and sketch
inputs, along with the position and orientation of the handheld device in order to determine
the type, 3D position, orientation and scale of the object of interest. A representative 3D
model is selected from a database and is placed in the room 3D model. This workflow is
repeated, until all objects of interest have been modeled, resulting in a schematic 3D model
of the room.

The mobile, in-situ system attempts to overcome some of the limitations of traditional
ex-situ desktop software. While in-situ, the user needn’t rely on memory or photographs,
but can rather use an image-guided sketching technique to model objects in the scene. Also,
by tracking the motion of the mobile device, the user is able to place the objects at the
appropriate scale and location in the scene, without needing any manual measurements. Note,
that the system is not intended to fully replace more-versatile desktop CAD software, but
rather serve as a tool for users to quickly and easily capture and manipulate 3D models of
indoor scenes using widely available mobile hardware.

In the remainder of this chapter, I discuss related work, describe the proposed system,

present results and conclude with the description of two potential applications of the system.
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4.2 Related Work

CAD: A variety of efforts have attempted to simplify the process of computer aided design
of scenes and objects. Trimble SketchUp [102] (formerly Google SketchUp) is one such
commercial product that simplifies the 3D modeling process by providing a limited set
of controls. AutoDesk Homestyler [45] and IKEA Home Planner [78] are tools designed
specifically to model indoor scenes. These systems are designed for desktop use with a mouse

and keyboard, while ex-situ.

Sketch-based modeling: Sketching techniques allow more casual forms of user input
to compute or retrieve 3D models. Several systems [133], 48, 126] have demonstrated the

value of quick, stylus-driven interactions to create 3D models.

Several others [T0T], 127, [3T) 40] have extended this paradigm to model various architectural
objects by using sketch-based model retrieval techniques. However, these techniques are not
designed to work in-situ and require users to draw multiple free hand perspective sketches of
objects from memory. Lau et al. [62] use an image-aided sketching interface to create 3D
wireframes based on 2D image guides, but focus on modeling simple objects with block-like
primitives.

In-situ modeling: The in-situ aspect of our system is built upon the idea of smartphone
scene capture explored in Chapter 3| Other related approaches such as [73], 59, [117], allow
users to create models from scratch by combining various primitives, whereas ours utilizes
preexisting 3D furniture models from the Internet and instead focuses on their correct
placement in relation to the current scene. In-situ indoor modeling has been explored by
Kim et al. [56], however their system is limited to box shapes and fully manual placement
of furniture, whereas ours can handle more general room shapes and uses a sketch based
augmented reality interface. Sukan et al. [I06] have used marker-based AR to visualize virtual
furniture in a scene, but don’t address capture. SemanticPaint [116] uses additional depth

hardware and in-situ interaction to segment and label fused point clouds.

Multi-modal Modeling UI: Novotny et al. [71] show that using a multi-modal augmented-
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reality interface for 3D modeling is efficient, though they restrict the workspace to a tabletop
and focus on free form 3D modeling with primitives. Tsang et al. [I12] also use voice, gesture
and a mechanical boom in order to annotate 3D objects in the context of real space but do
not address model creation. The voice component of our system relies on Pocketsphinx [47],
a free and open source speech recognition system for mobile devices.

Furniture Model Alignment: Recent work [65] 8, 46] has focused on automatically
aligning 3D furniture models to single images by using an exemplar database. While promising,
these are complex and computationally expensive approaches that may not be well suited for
mobile, in-situ applications.

Automatic 3D Reconstruction: The visual SLAM and computer vision communities
have developed several automatic approaches [103] 41| to reconstruct scenes from images.
While these methods have demonstrated potential, they tend to be brittle and do not work
well on texture-poor surfaces, e.g. painted walls, which dominate interiors. In Chapter [3| we
solicit a few user-marked features such as wall edges, resulting in a well-bounded optimization
problem that converges in a few seconds on the mobile platform. However, the work was
limited to floorplan generation and does not model furniture, which is the main contribution
of this work.

Other approaches [69] 99| 89], overcome the issue of feature matching by utilizing depth
information provided by a Kinect camera. While this approach has demonstrated exciting
results, the method described in this chapter does not rely on external hardware and can work
on widely available commodity hardware. However, in Chapter [5] I have also explored in-situ
modeling solutions on emerging depth sensing platforms such as Google’s Project Tango [S1].

Once a editable 3D model has been constructed, it can enable exciting applications such

as furniture replacement in images [55] and automatic rearrangement [68].
4.3 User’s view of the system

This section describes how a user interacts with our application. Our system is implemented

on an iPad Air Retina running iOS 8.3. However, the technique is designed to work on any
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Figure 4.2: Our mized-reality modeling interface.

commodity tablet equipped with a camera and inertial sensors. We strongly encourage readers
to view the accompanying supplementary video [93] in order to get a better understanding of
the interactive aspects of the system.

The user begins by capturing a continuous panning video from the center of the room,
rotating 360° to capture the entire room. As they pass a wall edge they use a simple tap
gesture to indicate the position of a corner. Interface cues notify the user if they’re moving
too fast or deviating from the ideal camera path. Once the full rotation is complete, the
system computes the empty room geometry in a few (< 5) seconds and presents the user
with a mixed reality furniture placement interface (Figure . The interface consists of a
live view of scene along with an inset of the reconstructed room model representing the 3D
geometry of the current view.

While standing at the same position as the initial capture, the user simply looks around
the room through the device and sketches rough outlines of objects they would like to capture.
To aid the search algorithm, they may state out loud the type of furniture they are capturing,
say “Table”, and proceed to trace the outline of the table that is frozen in the view. In under
a second, a 3D table model is retrieved and placed at the appropriate location in the empty

room. This workflow is repeated for various pieces of furniture, artwork, doors, windows, etc.,
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until all objects of interest have been modeled.

Some additional interactions are available to the user. They may add detail to the scene,
by using the “Add” voice command. For example they may say “Add curtains” to add a 3D
model of curtains to a previously placed window model. By using a command like “Replace
IKEA coffee table” users can replace existing generic furniture with specific 3D models
provided by retailers, previewing the results before purchasing. Users can also modify the
appearance and material properties of their furniture by saying “Material Dark Wood”.

After the furniture placement is complete, an overhead view allows the user to visualize
their space, rearrange furniture and preview the results instantly. The user may also add,
remove or replace furniture and modify furniture placement. To preview the changes, the user
holds the tablet up as though they were viewing a window into the scene, and the system
transitions smoothly into a live first person virtual view of the scene (see video), allowing the
user to get a better sense for the changes they may have made to the scene.

The working of our system, under the hood, is described in the following sections.

4.4 System Components

4.4.1  Empty Room Reconstruction

We first reconstruct the shape and scale of the room from a panning video. Building upon
the method described in Chapter [3| we leverage user-provided corner annotations to recover
the Manhattan shape of rooms, i.e., a floorplan consisting of piece-wise planar surfaces with
dominant directions. However, we found that for a more accurate mixed reality experience,
we additionally need to account for camera translation. This is because it is natural for a user
to move the handheld camera roughly along a circular path, while capturing images. This
type of camera motion gives rise to significant parallax in the images, particularly indoors
where distances are small. For example, in an image frame 1280 pixels wide, relative image
movements of objects at distances of 1.2m and 2.4m from the camera differs by about 200

pixels (~15%). If we did not account for this parallax, it would cause misalignment of the
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3D model that would adversely affect furniture placement.

L]
P(X,Y, Z)

Figure 4.3: Top-down view of the simplified camera motion model, based on the arc radius r and

orientation 6.

As illustrated in Figure [4.3] we assume a circular camera trajectory and known camera
height based on how users capture panoramas with mobile devices. The camera height is
set manually, per user, as it is required to determine ground plane distance accurately. To
assist the user, the interface provides a guide to minimize deviation from the ideal trajectory.
Minor deviations in pitch and roll do not affect the reconstruction, as they are not included
in our camera model. Any accumulated drift is alleviated by marking the first corner twice
(once again at the end) and distributing drift evenly across the frames.

By using the sensor measurements, we are able to estimate extrinsic camera parameters,
assuming that the user performs the image capture in accordance to our model. Our model
contains two variables (r, ) that describe the position and orientation of the camera. These
two variables are sufficient to determine the extrinsic parameters of a camera that moves
along a ring of radius r and that faces outwards at an angle 6 from an initial reference. We
assume that the other aspects of the camera attitude (pitch, roll) stay constant and that
the user remains in the same position while capturing the panorama. In an offline step we
use a camera calibration toolbox [13] to determine the intrinsic parameters for the camera.

This step is only required to be performed once for every camera device and the calibration
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parameters remains consistent across devices with the same manufacturer, make and model.

The camera matrices used by our model are shown in Equations (4.1)) to (4.4)).

Camera = Calibration x Projection x Extrinsics (4.1)
u
w

o S U 1 000 .
R t
M=1| 8 w|lo100 (4.3)
0 1
1 0010 -
In this case: )
cos0 sinf 0 0
R=1| —sinf cosd 0 t=10 (4.4)
0 0 1 —r

Our reconstruction algorithm visually tracks the wall edges using the user-annotated
template and calculates correspondences across several image frames. These 2D correspon-
dences are then used to reconstruct the absolute depth of the wall edges with structure from
motion [I03]. Given n known image feature correspondences x; and corresponding camera

matrices M;, we minimize the following reprojection error, to determine an optimal 3D point

~

X:

min 3 ||z — 4|

Subject to z; = MX

The room shape is scaled according to the calculated 3D locations of walls, while main-
taining the Manhattan constraint. In this way, we are able to generate an empty 3D room

model that closely represents the real scene in terms of geometry, scale and camera motion.
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(a) Chair sketch (b) Chair model placed (c) Table sketch (d) Table model placed

Figure 4.4: Sketch based retrieval results. Figures|4.4a € |4.4d show user sketches. |4.4b €9 \4.4d

show corresponding 3D model placements.

4.4.2  Furniture Placement Interface

Once we have reconstructed an empty 3D room model the user supplies an initial rotation and
translation that aligns the empty room model to the image that is currently being captured

by the device camera.

Given the geometry of the room, the user is presented with a mixed reality interface
(Figures containing a live view of the device’s camera along with an inset of the
reconstructed room model from the same viewpoint. We assume that the user stands in the
same position as in the room capture phase and rotates the device roughly along a sphere
centered at the user. The alignment is maintained by querying the device’s gyroscope to
determine the current viewpoint on the sphere, and translating and rotating the 3D model to
present the scene from this viewpoint, according to the camera model described previously.
Over time, gyroscopic drift may cause slight misalignment, but this is alleviated by the user
with a simple two-finger pan gesture to realign the model. We have found that minor drift
corrections are required in the order of once per minute and can be further mitigated by slow
and smooth movement of the device. In the system described in Chapter [5 we enable more

robust tracking using visual features.
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Sketch to 3D Model

We use a sketching paradigm to determine the type, position, scale, and orientation of a 3D
furniture model that the user wishes to place. The user first issues a voice command or double
taps the screen to indicate the start of a sketch. This freezes the live camera view so that
the user may more easily draw over the object. Once the display is frozen, the user is able
to conveniently sketch the outline of the object. Example sketches are shown in Figure [4.4]
The sketch is recognized and a representative 3D model of the object is retrieved from the
database (Described in Database section). The 3D model is automatically scaled, positioned
and oriented in the 3D room model to correctly align with the live view. The user continues

to add furniture in this manner until the modeling process is complete.

Camera Center Camera Center Camera Center
S . -

\..11:2?21.}]_‘\ ,,Th

Ground Plane Ground Plane Ground Plane

(a) Step 1: Vertical line projected (b) Step 2: Non-vertical line pro- (c) Step 3: Another non-vertical

into scene to form support jected to intersect with support with the same support

Figure 4.5: Illustrating the 2D to 3D conversion of the user’s sketch

Our goal is to recognize and place a 3D furniture object model based on an input 2D
sketch. The camera parameters, aligned room model, and camera height of the current view
are known and are used as inputs to the algorithm. Reconstructing a general 3D model
from a 2D sketch is an ill-posed problem. However, we observe that the major structural
components in furniture items such as beds, dressers, tables, chairs etc. are typically planar
facets, oriented horizontally or vertically (a notable exception being reclining chairs). If we

represent furniture models as a 3D line diagram consisting of horizontal and vertical lines
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Figure 4.6: Algorithm to convert a 2D user sketch in to a plausible 3D object sketch.
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Camera Center Wall Plane

Ground Plane

Figure 4.7: Example of an artwork sketch projected onto a wall.

(Figure , we can efficiently perform search and retrieval over this compact representation,
based on a partial input sketch.

To place a new object in the scene, the user draws a few line segments on the outline of
the object. They may be drawn in any order and there should be enough lines to uniquely
scale, position and orient the object. For example, a table would require at least three lines
indicating length, depth and height. Three lines are sufficient for a table, because it has 180
degree rotational symmetry about the vertical axis. A chair, however, requires additional
lines to uniquely orient the seat back (Figure . For objects that are very thin or are
placed on a wall (like artwork, windows etc.), two lines describing length and height are
sufficient, and a small constant depth is assumed. The lines drawn by the user (henceforth
referred to as ‘sketch lines’) are a 2D projection of horizontal and vertical lines on the actual
object (henceforth referred to as ‘object lines’).

For our system to recognize the user’s sketch the following must hold true: 1) Vertical
sketch lines must map to vertical object lines and non-vertical sketch lines to horizontal object
lines. 2) Vertical lines are supported at the base by the ground plane. 3) Every non-vertical
sketch line should be supported by a vertical sketch line, that determines its height above the
ground plane.

The reconstruction proceeds according to the algorithm shown in Figure 4.6 First, the
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sketch lines are categorized as vertical or non-vertical by sorting them based on slope. Sketch
lines that lie within £10 degrees of the vertical axis of the image are considered to be vertical,
whereas all other lines are considered to be non-vertical. We then cast a ray from our camera
center, passing through the base of the vertical sketch line into the 3D scene. The ray is
intersected with the ground plane to establish the ground point of the corresponding vertical
object line. We then cast a ray passing through the top of the sketch line and intersect it
with a vertical plane passing through the ground point, facing the camera. The intersection
of the top ray with this vertical plane determines the upper 3D point of the vertical object
line as illustrated in Figure [4.5a]

Non-vertical sketch lines are projections of horizontal object lines that lie at some height
above the ground plane, supported by a vertical sketch line. To determine the supporting
vertical sketch line, we find the 2D intersection of the current non-vertical sketch line with all
the vertical sketch lines. The selected vertical support has a predetermined height (say h) (as
described above), hence the supported horizontal line would also be suspended at the same
height h. The non-vertical sketch lines are then projected into the scene and made to intersect
with a plane parallel to the ground, suspended at height h, as illustrated in Figures
and [4.5b] We ignore all non-vertical lines that do not have a corresponding vertical support,
since we cannot determine their 3D position without ambiguity.

Objects that reside on walls, such as doors, windows and artwork can also be modeled
with our sketching framework. After the user has selected the type of object with a voice
command, they sketch two lines describing the vertical and horizontal extent of the object.
These lines are projected into the scene and intersected with the wall geometry in order to
determine their global position as shown in Figure [4.7, For artwork textures are cropped

from the camera image and transferred into the 3D model.

Furniture Database

Once a set of 3D object lines is specified, we perform a database search to determine the

furniture item that best matches those lines. Our database consists of a set of 65 3D models of
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Figure 4.8: Furniture models in our database with corresponding line representations.

commonly occurring furniture pieces, that have been manually preprocessed to be represented
as set of 3D lines, as shown in Figure The database also indexes textual metadata such
as the exact name of the object, manufacturer etc. Our database is acquired from freely
available online 3D model repositories [102, [114] and consists of both generic and specific
(IKEA, Steelcase, Herman Miller etc.) furniture models. Given a partial 3D user sketch,
the search problem is therefore two fold: 1) find the furniture model that best matches the
partial user sketch & 2) find the best 3D similarity transform that aligns the aforementioned
furniture model with the 3D user sketch. By simultaneously finding the closest matching
model in the database and the optimal transformation matrix, we can uniquely determine

the type, position, orientation and scale of the furniture.

We model rotation only around the vertical axis, non-uniform scale and arbitrary transla-

tion as represented by transformation matrix (4.5). We use an iterative search algorithm,
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described next, to consider all plausible transformations of the 3D model to fit the partial

sketch.

Sy . cos s, . s 0 1,

5; . —sind s, .cost 0 t,

M = (4.5)
0 0 S, 1.
0 0 0 1

For each model in the database: to obtain a candidate transformation, we pick three
orthogonal line segments on the model and associate them with three orthogonal line segments
on the user sketch. A least squares solver is used to determine unknown parameters in the
candidate transformation matrix. Once a candidate transformation has been obtained we
apply the transformation to the database model lines and analyze how well the user sketch
conforms to the transformed database model.

We use an exhaustive variant of 3D RANSAC [33] to find the best match. Since our models
consist of only a handful of lines, we can afford to exhaustively consider every candidate
transformation in order to find optimal consensus. Consensus is determined by measuring
the euclidean distance between the end points of the 3D sketch lines (sketch points) and the
end points of the transformed database model lines (model points). An inlier is defined as
a model point that lies within a threshold distance of a sketch point. The inlier threshold
distance is set to 15cm.

The score for a particular candidate transformation is calculated as the ratio of the number
of inliers to the total number of model points. This ensures that model transformations that
more completely encompass the sketch points score higher and thus eliminates bias towards
selecting simpler database models, that would otherwise easily match most sketches.

After every candidate transformation has been scored, we move on to the next model in
the database. We log the maximum score for each database model and store the corresponding

optimal candidate transformation. Once all models have been analyzed, the one with the
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maximum score is transformed and added to the 3D scene. If two or more models have an
equal score, our system choses the first model that appears in the database, since based on
the information provided it is not possible to break a tie. However, voice commands can be

used to tiebreak.

Command Type Summary

Furniture Item | Stand-Alone | Freezes the camera
frame and prompts
user to sketch the
item into scene

Add Modifier Adds selected item

on top of previously

placed item

Replace Modifier Replaces previously
placed item with cur-

rently selected item

Material Modifier Replaces material

properties of previ-

ously placed item

Table 4.1: Summary of voice commands and their functions

Voice Commands

The user can optionally issue voice commands at any point by tapping the listen button (See
Figure . The system detects silence at the end of speech and processes the preceding
command according to Table [{.I The most common command is a description of the
object is being modeled, e.g., “Table” or “IKEA Desk”. Voice commands allow for easy and
unambiguous selection of objects from the database. As the size of the database increases,

we have found that using voice recognition dramatically simplifies the retrieval problem, and
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enables more performant sketch-based retrieval. If a voice command describing an object is
issued and the description is indexed in the database, the live view is frozen in place, so that
the user may sketch the outline of the selected object. The sketch to 3D model algorithm is
then run on only the models matching the voice query. The closest match is then placed in
the scene based on the optimal transformation.

We developed a taxonomy for additional commands that may be issued in order to add,
replace or modify furniture as listed in Table 4.1} The “Add” command appends a pre-aligned
3D model on the previously placed item, for instance the user may add a “iMac” on any
desk or add “Curtains/Blinds” to windows. The “Replace” command replaces the previously
placed item with the currently selected item. If the objects are from the same category, e.g.,
chairs, the rotation, scale and translation are transferred to the new object. The “Material”
command modifies the material properties of the current object. This is achieved by replacing
the material property description file of the 3D model from say wood to metal or leather to
suede. We leverage the Pocketsphinx [47] library for voice command recognition. Testing the

performance of the voice recognition library was outside the scope of this work.

4.4.8  Furniture Rearrangement and Replacement

After all the models have been placed, the user is able to view and edit the captured scene.
The system provides a top-down orthographic view of the scene and an intuitive touch and
drag interface that allows users to translate, rotate, scale furniture and automatically align
items to the dominant directions. With this interface, the user may correct any errors in the
furniture placement. Users may also rearrange furniture or replace furniture with other items
from the database of a similar nature, for instance by invoking the ‘replace’ command, a
suede couch can be swapped out for a different style couch made out of leather. Users may
also delete furniture they wish to remove from the scene.

In order to preview changes, the user holds the tablet up as though they were viewing a
window into the scene. This gesture is automatically detected by our system and the view

transitions smoothly from the overhead to a first person view based on the current position
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and rotation of the device. The user may now move the device and hence the viewing window
around along a spherical bound from their current position. The virtual field of view roughly

corresponds to the human field of view and is designed to give the user a sense of being there.

(a) Real Scene (b) Captured Virtual Scene

»
(d) Real Scene (e) Captured Virtual Scene (f) Overhead View

Figure 4.9: Visual results from Office 1 and Living Room scenes

4.5 Results

We present results and evaluation from six indoor environments. All experiments were
performed using an iPad Air Retina running iOS 8.3. The captured scenes have considerable
variation in layout and function, and include two bedrooms, two offices, a living room and a
bathroom. The database used for the tests contains 65 3D models. For each environment
we captured a 3D model that captures the salient features of the scene, such as room shape,
furniture, doors, windows, textured artwork etc.

Figures and show 3D models captured with our system alongside a corre-

sponding view of the real scene. The real scene was photographed with a DSLR camera
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in order to capture a wider field of view (and hence more objects of interest). We have
attempted to closely emulate the same view with our system in order to form a suitable visual
comparison for the reader. The visual similarity indicates that the captured 3D models are
suitable for the purposes of furniture rearrangement, replacement and visualization, which is
a goal of our system. Additionally, in a following section, we have evaluated the accuracy of
the furniture placement against ground truth. Ground truth room dimensions and furniture

positions were manually measured for each scene using a tape measure.

Autodesk Homestyler

Scene Area # Items || Measurement Time | Modeling Time | Total Time
Bedroom 1 || 28.0m? 23 18m 12s 11m 19s 29m 31s
Living Room || 26.1m? 12 9m 14s 8m 57s 18m 11s
Office 1 13.9m? 14 8m 45s 8m 33s 17m 18s
Bedroom 2 21.1m? 13 10m 0O1s 8m 34s 18m 35s
Office 2 13.8m? 12 8m 12s 9m (09s 17m 21s
Bathroom 15.5m? 9 6m 20s 4m 54s 11m 14s
Avg. 10m 17s 8m 34s 18m 41s

Table 4.2: Quantitative results for the environments tested using Homestyler.

Time Comparison: Because no comparable mobile in-situ scene modeling system has
been demonstrated previously in the literature, we therefore chose to compare the performance
of our approach to Autodesk Homestyler [45] (an ex situ indoor scene modeling tool), since it
produces the most similar end results. Tables 1.2 and report the time taken to capture the
3D models by an experienced user of both systems. The total time for ex situ modeling is split
into time taken to make physical ground truth measurements and time taken to reproduce
the scene with a traditional desktop interface. The total time for our system includes empty
room reconstruction, furniture modeling and manual error correction, if needed (unrecognized

voice commands, sketching errors etc.). Note that our system does not require any physical
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Our System

Scene Area # Items || Total Time | Furniture Error
Bedroom 1 28.0m? 23 7m 12s 42.57cm
Living Room || 26.1m? 12 6m 02s 37.19cm
Office 1 13.9m? 14 6m 32s 33.77cm
Bedroom 2 21.1m? 13 5m 58s 40.03cm
Office 2 13.8m? 12 6m 29s 36.61cm
Bathroom 15.5m? 9 5m 06s 29.11cm
Avg. 6m 13s 36.55cm

Table 4.3: Quantitative results for the environments tested using the proposed method.

measurements. However, as a tradeoff, our furniture placement may deviate slightly from

ground truth.

Our results indicate that the proposed approach is faster than using a traditional ex situ
desktop interface in almost all cases. With our system, the user can capture a scene in a few
minutes, in-situ, without the need for manual measurement, which we believe will greatly

improve the efficiency of interior design applications.

Furniture Placement Accuracy: We define a furniture error metric that quantifies the
mean 2D shift of the furniture items by measuring the metric displacement of corresponding
corner vertices of furniture in the model and ground truth. This is calculated by overlaying
the 2D overhead views of the captured and ground truth results and for each furniture item,
measuring the euclidean distance between actual and captured furniture bounding boxes. For
example, if each corner of a modeled table is 5cm away from the ground truth, total error for
four corners of the table is 20cm. In this way, our metric attempts to capture absolute error

in scale and position of placed furniture models. (Refer to Table for error measurements)
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(a) Real Scene (b) Captured Virtual Scene (¢) Overhead View
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(d) Real Scene (e) Captured Virtual Scene (f) Overhead View

)
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(g) Real Scene (h) Captured Virtual Scene (i) Owverhead View

Figure 4.10: Visual results from Bedroom 2, Office 2 and Bathroom scenes

4.6 Discussion

We presented the design of a novel system for indoor 3d modeling that leverages the in-situ
and interactive aspects of the mobile platform. There are several avenues for future research
in this area. First, using a larger (“Internet-scale”) furniture database [17| coupled with
efficient search would enable the capture of a wider variety of scenes. It would be possible to

index such a database, to be compatible with our technique, with automated methods like
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dominant plane extraction [61]. To keep the search performant, we believe the voice input
in particular has significant advantages, as queries like “black office chair” can eliminate a
large number of irrelevant candidates based on textual tags in the database. Furthermore,
to disambiguate between similar looking models that have been retrieved, it is possible to
employ a selection Ul similar to [101] and have the user pick the closest match.

The ability to model more general furniture items (that are not just horizontally and
vertically faceted) and capture the appearance (texture, lighting) of the furniture and scene
more accurately are also interesting research problems. Our artwork capture technique is
one such attempt at image based appearance modeling. Currently objects that cannot be
represented with straight lines can be easily approximated, such as the flowerpot in Figure
is added by sketching a bounding box. Similarly, chairs without back legs are modeled by
approximating the sketch of an ordinary chair. Currently, the system supports the modeling
of only one room at a time. However, this can be easily extended to capture several rooms
during the same session and merge them into a single 3D model of the entire home.

The tracking of the system described in this chapter currently relies on the device gyroscope,
which can suffer from drift. In Chapter [5 T explore the possibilities of using more robust
tracking with visual features, that enables a more accurate augmented overlay and allow the
user to move freely within the scene. This would mitigate issues of occlusion and limited field
of view while modeling objects.

A system like ours, that runs on widely available commodity mobile hardware, is easier to
scale to several users and can enable acquisition of large datasets of real world room models
and furniture relationships. A large-scale user study would be very valuable, and we intend to
do so in future work. The data collected would be useful to train computer vision algorithms
for automatic reconstruction and recognition tasks.

Finally, once the model has been captured, there is potential to enable compelling
applications such as automatic optimal furniture rearrangement [68] and furniture re-

moval /replacement in the original images [55].
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Chapter 5

INTERACTIVE ROOM CAPTURE ON 3D-AWARE MOBILE
DEVICES

(a) Real Scene (b) User interacting with our sys- (¢) Generated Model

tem (inset)

Figure 5.1: With our system, a casual user can generate a representative 3D CAD model of a room,
in a few minutes, on a ‘3D-aware’ mobile device. The generated model is editable and contains scene

semantics, enabling interior design applications.

In Chapters [3] and [4] T have explored the processes of in-situ scene capture on widely
available commodity hardware such as the iPhone and iPad. These devices typically do not
have accurate indoor tracking mechanisms or depth sensors and therefore are limited in the
fidelity in the models they can produce. In particular, Chapter [ explores in-situ 3D CAD
modeling with an iPad. One of the major limitations of that system was that the user was
unable to move freely within the scene, limiting the extent of furniture that could be modeled
(both due to distance and occlusions). However, this limitation can be mitigated with the

use of an emerging class of mobile devices known as 3D-aware mobile devices. 3D-aware

This chapter describes work that was originally published in the Proceedings of the 30th Annual ACM
Symposium on User Interface Software and Technology (UIST), 2017 [91].
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device manufacturers have begun to integrate depth sensors and specialized cameras to enable
accurate indoor tracking, localization and depth estimation. In this chapter, I explore the
possibilities of using such a 3D-aware device to create in-situ CAD models of indoor scenes.
Studies conducted indicated that having free movement and additional sensor data further
simplifies the process of modeling and improves its generalizability.

Traditional ex-situ room modeling methods require users to measure room and furniture
dimensions, and manually select models that match the scene from large catalogs. Users
then employ a mouse and keyboard interface to construct walls and place the objects in their
appropriate locations. In contrast, the proposed system leverages the sensing capabilities of a
3D aware mobile device, recent advances in object recognition, and a novel augmented reality
user interface, to capture indoor 3D room models in-situ. With a few taps, a user can mark
the surface of an object, take a photo, and the system retrieves and places a matching 3D
model into the scene, from a large online database. User studies indicate that this modality

is significantly faster, more accurate, and requires less effort than traditional desktop tools.
5.1 Introduction

The advent of ‘3D aware’ mobile devices (phones, tablets, headsets, etc.) such as Google
Tango [81], Microsoft Hololens [44], and Meta2 [I] opens up interesting new opportunities
to map and understand our world. I explore the specific problem of 3D CAD room model
capture using such devices.

A captured CAD room model is a representative, editable model of a real room, that is
composed of CAD models of room elements such as walls, furniture, doors, windows, and
artwork. These individual object models can be authored from scratch with interactive
modeling tools such as AutoCAD or Sketchup. Recent large-scale efforts [120] [17] have
collected and indexed several thousands of these user-generated object models. Leveraging
this large corpus of object models, the task of CAD room capture can be reduced to
selecting, for each object in the scene, a closely matched CAD model and placing it at an

appropriate location within the scene. The resulting 3D CAD room models enable a variety
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of compelling applications ranging from interior design, to virtual walkthroughs, and more
recently, interactive virtual and augmented reality experiences.

Several desktop and web tools [45], 2, [77] have been developed based on this idea, and
they usually contain a curated set of object models to choose from. However, creating CAD
room models is still a time consuming task for users even with these specialized tools. This is
due to a few reasons: 1) the user needs to manually measure a scene in order to construct
an accurate model, 2) finding matching furniture in large catalogs is frustrating and time
consuming, and 3) CAD modeling interfaces tend to be complex and pose a steep learning
curve for new users. Chapter [] explored a novel user interface for in-situ CAD modeling
on an iPad, which was a first step in mitigating the drawbacks of traditional desktop CAD
modeling workflows.

In this chapter, I present another follow-up approach to CAD room modeling by inter-
actively recognizing and placing representative object models in the scene, by harnessing
the power of 3D aware devices and recent advances in object recognition. By recognizing
and placing the objects in-situ, via an augmented reality interface, this method mitigates
the need for manual measurement of the scene, and facilitates selection of models from large
databases.

A 3D aware device is one that can accurately track its 3D position and orientation in
the world (6DoF tracking) and can estimate the depth of points in a scene. Equipped with
sensors that enable motion tracking and depth sensing, these devices enable ‘scanning’ a room
by capturing depth maps and fusing them into a point cloud or mesh model. However, the
resulting depth-based models are typically incomplete (with lots of holes), are time consuming
to create, lack semantics, and cannot be easily edited /rearranged. In contrast, a CAD room
model overcomes many of these issues — it represents the room in terms of the same kinds
of CAD primitives that architects and designers are accustomed to. Because the sensing
capabilities of these devices alone are not sufficient to produce a CAD model, I therefore
introduce an interactive technique that additionally employs a human-in-the-loop in order to

gain a better semantic understanding of the scene and efficiently capture a CAD model of
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the environment.

The primary contribution of this chapter is the design of a novel user interface for in-situ
CAD room modeling that combines the above mentioned elements into a robust, end-to-
end, functional 3D modeling tool that allows users to create rich semantic models of their
environment. As part of the system, I also contribute a novel CAD object model alignment
algorithm that is able to accurately place a 3D object in a scene in the matter of a few
seconds, despite the presence of noise in the sensor data. Finally, I present results from a
within-subjects user study that compares the usability of this system to a popular desktop
room modeling tool. Quantitative and qualitative observations from this study indicate that
3D aware in-situ CAD room modeling offers significant advantages over traditional desktop

tools.
5.2 Related Work

3D Aware Devices and Applications: Tango-enabled [81] smartphones like Lenovo Phab
2 Pro [80] and AsusZenFone AR [7], and head-mounted devices such as HoloLens [44] and
Meta2 [I] have just come to market in the last year. They provide powerful new spatial
awareness capabilities, notably the abilities to measure depth and accurately self-localize in
3D space, that open up many new opportunities in AR and 3D interaction research. Our
system is the first to leverage Tango for CAD-based furniture recognition and placement.

MagicPlan [50] is an augmented reality floor plan capture app that has been ported to
Tango. The app is able to reconstruct room shape and dimensions using the spatial mapping
data, but to model furniture, they rely on a manual drag and drop interface similar to desktop
tools. Lowe’s Vision [58] and AR Home Designer [28] are spatially aware apps for placing
new virtual items into a scene. They do not, however, capture existing objects in the room.
SnapToReality [72] extracts physical constraints, such as planes, from a scene in a manner
similar to ours, but also does not capture existing objects.

Virtual Home Design Software: Several desktop [102, 2] and web-based tools [45, [77,

79, 3|, [78] are available to capture 2D and 3D building and furniture models. They are, almost
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exclusively, ‘drag and drop’ interfaces where blocks of furniture, doors, windows, appliances
etc. can be manually positioned around the scene. A main drawback of these tools is the need
for manual measurement and object model selection. These tools serve as a useful baseline

for our work, and we compare results.

In-Situ 3D Modeling: In-situ indoor modeling has been explored by several groups.
Ishikawa et al [52] demonstrate interactive plane based 3D modeling on images but require that
all objects be approximated by planes. Others [73] 59 60] enable building simple polyhedral
shapes using a sketching interface. Others have explored free form in-situ sketching of
virtual [I30] and physical [4] objects. While these approaches work well for relatively simple
objects, modeling more complex geometries is time-consuming, and unnecessary in our
context, when a corresponding CAD model already exists. The system described in Chapter [4]
generated CAD-based room and furniture models using an ordinary tablet, but the lack of
3D-aware sensing restricts the user to rotational motions (you can’t walk around the scene
freely), and cannot produce metrically accurate models without manual scale adjustment.
Most related to our work, Shao et al. [99] use depth sensing and matching to a database
of CAD models for furniture recognition and placement. A key difference, however, is that
their system does not operate on a mobile device — rather they take an RGBD photo and
use desktop computer for user-guided modeling. In contrast our contribution is a Ul and
system in which all interactions occur in-situ, on a 3D-aware mobile device, enabling users to
interact with the system (and the room) in real-time, while the images are being captured.
Our system leverages ShapeNet [I7], a large-scale dataset of CAD models curated from the
Internet which contains several thousand furniture models for each category, more than an
order of magnitude more objects than is supported by [06] (65 objects), and [99] (145 objects).
Finally, we note that neither [96] nor [99] have been user tested and compared to existing
commercial systems, one of the contributions of this chapter.

3D Object Recognition: Our work leverages recent advances in 3D object recognition
in images, from large exemplar databases. In particular, we build upon work by Li et

al. [64] in order to select matching furniture models from ShapeNet. A variety of other
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techniques [65], 8, [46] have focused on automatically aligning 3D furniture models to single
images. All of these approaches focus heavily on automatic detection and placement, which
can be error prone. An advantage of interactive systems such as ours is the ability for users
to correct retrieval errors in real-time, therefore increasing the likelihood of success in their
modeling task.

Fully Automatic 3D Reconstruction: Several stereo [103][41}, 1T9] and depth-based [69,
19 29, 97] methods exist for “scanning in” mesh models of objects and scenes. Acquiring
detailed and hole-free models, however, is quite time-consuming, as you need to pass the
sensor over every surface including the undersides of objects where it may be difficult to
move the camera. The resulting models typically consist of millions of polygons that lack
semantics and are not easily editable. Whereas our system produces clean, hole-free, semantic,
editable CAD models that can be efficiently compressed /transmitted and are compatible with
a variety of existing tools. Salas-Moreno et al. [89] propose a hybrid technique consisting of a
real-time SLAM-+-+ system that recognizes previously reconstructed objects and inserts them
into the scene in real-time. While their system only supports a handful of objects and does
not run on a mobile device, it is purely automatic. SemanticPaint [I16] uses interaction to
segment and label fused point clouds, but their models are not as clean and easy to edit as

CAD models.
5.3 Design Goals and Observations

Our overall goal is to construct a 3D model that is useful for room-scale interior design
projects such as furniture rearrangement, remodeling and redecorating. We gain inspiration
from popular room modeling tools [45, 2l [77], and attempt to produce similar results, but
with a fraction of the manual effort.

We therefore define the following features for our system: 1) Record dimensions of walls to
create a floor plan layout of the room, 2) Select representative 3D models of existing furniture
and place them at appropriate locations within the virtual floor plan, 3) Model structural

elements in the room, such as doors/windows, and finally 4) Transfer artwork, wallpaper and
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Figure 5.2: A sample of chair 8D models, indicating the variety of furniture models available in the

ShapeNet [17] database.

other textural information from the scene into the model.

We also make a number of simplifying assumptions, based on observations made during
the process of system development. These assumptions help to simplify the system and user
interactions.

First, we restrict our attention to furniture items that contain a dominant horizontal
surface. Most functional furniture items contain such a surface. For instance, chairs provide
a place to sit, tables provide a surface upon which to work or eat, beds provide a surface to
lie on, and so forth. Furthermore, this horizontal surface uniquely determines the position,
scale, and orientation of the furniture item within the scene, making it a useful primitive for
interaction.

Second, we assume that all furniture in the scene can be well-approximated by furniture
models in the ShapeNet [I7] database (Figure [5.2). By aligning the dominant horizontal
surfaces of the model and the real object (Figure , we can therefore place the model at
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(a) Dominant horizontal surface of table in scene  (b) Corresponding 3D model surface

Figure 5.3: The dominant horizontal surfaces of a real table and corresponding 3D model visualized

with a green plane.

the appropriate scale and location within the scene.

Third, we assume that the room interior is bounded by a connected set of flat, vertical
walls (i.e., there is no opening other than the doors).

Finally, we assume that doors, windows, and artwork lie in/on vertical walls, and bounded
by axis-aligned rectangles, allowing them to be specified by two corners on a wall. We also
observed that windows and artwork, in particular, often contain glass or other specular
materials that cannot be reliably detected by depth sensors.

In the discussion section, we evaluate how these assumptions affect the generality of our

technique, discuss limitations and propose possible improvements for future work.
5.4 User’s View of the System

We first describe our system from a user’s perspective. To get a complete understanding of the
interactive aspects of our system, we request readers to view the accompanying supplementary

video [94]. Our system is implemented on a Tango-enabled [81] Lenovo Phab 2 Pro, but the
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Figure 5.4: User’s view of the system, during various stages of the modeling process. Bold text in
the center provides the user with instructions for the current phase of capture. The inset in Fig[5.4d|
shows a top down view of the walls as they are captured. The thin square frame in Fig[5.4Y provides
a guide for image capture. The thumbnails in Figs & show alternate model choices.

underlying technique is designed to work on other emerging 3D-aware platforms.

Modeling with our system proceeds in three phases (note that the order of phases 2 and 3

is interchangeable):

1) Floor, Ceiling, and Wall Capture: (Figure To begin, the user launches our
application and is presented with a live view of the scene as seen from the device’s RGB
camera. Bold text in the center of the screen provides instructions for the user. First, the
user is asked to capture the floor and ceiling by pointing the device at them and holding still
for a second. A visible Ul cue and an audible click indicate that these have been scanned.
The cursor then changes to resemble the edge between two walls and the user is asked to aim
the device at a wall edge. They can then tap the screen to being wall capture. As the user
moves and rotates around the room, they mark each subsequent wall edge. A bright grid
visualizes the walls as they are being captured. Upon returning to the first wall edge, the
system automatically completes the room shape and the captured walls are rendered in a

solid color, to indicate that wall scanning is complete.

2) Furniture Capture: (Figures [5.4b|and [5.4c)) To capture furniture, the user aims

the device at the dominant horizontal surface of the furniture item, such as the seat of a

chair or the top surface of a table. As the user aims the device, a preview outline appears
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in 3D, highlighting the extents of the currently identified surface. Once the user is satisfied
with the preview, they tap the screen to confirm the selection. The selected surface is then
represented as a persistent solid green quadrilateral. The user is then instructed to move
back to a position where the entire object is within the camera’s view and is prompted to
take a photograph. A menu appears from the right with buttons corresponding to supported
furniture types (Chair, Table, Sofa, Bed, Bookshelf, Cabinet), and the user taps the button
corresponding to the type of object being captured. Within 2-4 seconds, an object recognition
system returns a list of matching 3D models and they are displayed as thumbnails on the
bottom of the screen. The CAD model corresponding to the first result is loaded and is
overlaid on the live view of the scene, in the same position and orientation as the original
object that was being captured. If the first result is unsatisfactory, the user has the option
of trying out various models from the list in order to find the one that best resembles the
real object. Once satisfied, they press ‘Place Object’ to confirm, and repeat this workflow for
all furniture items in the scene. For larger surfaces that do not fit within the camera’s field
of view, such as tables or couches, the user may select the surface in multiple stages, with
each tap automatically improving the surface segmentation. The user also has the option of
repeating a previously captured item, in cases where the scene contains multiple pieces of

identical furniture (e.g. dining chairs).

3) Door, Window, and Artwork Capture: (Figure Once all furniture objects
have been captured, the user proceeds into the final phase of modeling windows, doors and
artwork. To capture these objects, the user is prompted to mark their top right and bottom
left corners. The cursor changes to resemble the corner shape to assist the user. As they
mark the surface, a planar proxy is rendered to indicate the extent of the selection. They
then select the type of object and, similar to furniture, they can chose the best match from a
list of models. For artwork, the user is additionally prompted to take a photo of the artwork,

whose texture is then automatically extracted and transferred into the 3D model.

Once modeling is complete, the user may view the model in one of a three ways: A) by

using the augmented reality view to look around the real scene and see the CAD model



69

Capture Capture Capture Wall Cap?ure Capture
Floor Ceiling Comer AL Furniture Image
Surface
Repeat for
All Corners Repeat to
capture entire surface
More
Furniture Yes

?

Placement
Algorithm

Capture Doors,
Windows, Artwork

0

ShapeNet
3D Database

Figure 5.5: System overview and workflow. Elements in yellow are implemented as part of our
system and run entirely on the mobile device hardware. Elements in red and green are components

from related work that reside on the server.

overlaid on top of it. B) they can also disable the see-through camera and only view the

virtual scene, with less visual distraction (as in Figures [5.1¢/ and [5.13] column 2), or C)

they can view a top-down rendering of the scene to reveal the floor plan and 2D furniture

placement (Figure column 3).

5.5 System Components

Our application is built on the Tango platform [81] which provides three key features that we
leverage in our system: 1) Motion Tracking accurately determines the device’s movements in
6DoF space. 2) Area Learning: As the device explores an environment, it stores an optimized
map that can be re-used later in order to improve tracking and perform loop closure, and 3)
Depth Sensing: a time-of-flight depth sensing camera on the device determines the distance
of every pixel from the camera (barring a few exceptions such as specular or non-reflective

surfaces). The application is implemented in Unity3D for Android.
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5.5.1 Floor, Ceiling, and Wall Capture

To detect when the user aims the device at the floor and ceiling, the system observes the
pitch of the device and triggers a RANSAC [33] based plane fitting algorithm on the depth
map, if the pitch falls outside a certain range (-45° for floor, to 45° for ceiling). Calibrating
floor plane distance is crucial, since it serves as a supporting plane for furniture items that
will be scanned at a later stage. Ceiling plane distance is currently only used to determine
the upper extent of the walls. Walls describe the main shape and structure of the room
and modeling them is the first major step in our modeling process. We follow a strategy,
similar to our prior work [96] 95|, of soliciting user input to mark wall edges. However, unlike
[96, O5], users are free to move around the room. Additionally, with the availability of depth
data, we are able to uniquely determine the depth of the wall edges in 3D world space. Once
the user aligns the ‘wall cursor’ (See Figure with a wall edge and a tap is registered,
the system records the depth value, in world space, of the center pixel of the screen which
corresponds to the location of the wall edge. As the user moves towards the next wall edge, a
visualizing mesh dynamically extends to follow the current position of the cursor. When the
user returns to the first wall edge and the 3D cursor is within 0.25m of the initial marking,

the system automatically snaps to the first edge and closes the room shape.

5.5.2  Furniture Surface Capture

The interface instructs the user to aim the device at the surface they wish to capture. Surfaces
are assumed to be near-rectangular and parallel to the ground plane. When the user taps to
mark a surface, a seed depth point is chosen at the center pixel of the screen, where the 3D
cursor is located. All valid depth points in the frame that lie within a height threshold of
3.5cm and have a normal cosine similarity < 0.6 from the seed point are selected.

They are then quantized into an evenly spaced grid of 1.33cm x 1.33cm with collisions
being eliminated by the quantization process. This ensures a more uniform distribution of

depth points over the entire surface for the next step of rectangle extraction. By tapping
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multiple times, the user accumulates depth points into a dictionary data structure (indexed
by quantized bin) and a dynamic threshold selects the most frequently occurring quantized
depth values based on a cutoff frequency of 0.8 x average frequency.

The y-coordinates (height) of the accumulated points are temporarily dropped, in order to
analyze them on the z-z plane. We employ Shamos’ rotating calipers algorithm [98] in order
to select the minimum area rotated rectangle that encloses all of the 2D points. The returned
rectangle is then projected back into 3D by reintroducing the average y-coordinate, of the
plane and then rendered in the augmented reality interface. The captured planar surface is
stored as a set of four corner vertices, along with the length, breadth, and height. We refer
to this as the user-marked surface.

A faster version of this algorithm (without quantization and accumulation) is used to
render a preview of the currently selected rectangle, to give the user an idea of the area they
are about to select. We found that having a preview was important, since the user is not
aware of the underlying algorithm and may accidentally select spurious points on the wall
or on neighboring objects. Having the preview increased accuracy, but also increased the
time taken to capture, since the users sometimes tried to get the ‘perfect’ preview before

confirming their selection.

5.5.8 Image Capture and 3D Model Retrieval

Once the surface area been marked, the user moves to a position where the entire object is
visible and captures a photograph. The image is captured from the color camera of the device
and encoded as a PNG. Based on the user’s selection of type of object, the system uploads the
image to one of eight HTTP listen servers that are running Convolutional Neural Networks
(CNNs) described in [64]. The Networks are identical in architecture but are individually
trained on separate classes of objects from the ShapeNet database [17], consisting of 6778
chairs, 8436 tables, 3173 sofas, 233 beds, 452 bookshelves, and 1571 cabinets. We utilize
these networks largely unmodified, except for minor performance optimizations. The output

of the CNN is a list of ShapeNet model IDs and distance scores that are then returned to the
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device in the form of an XML document that also contains meta data, such as the name of
the model, and a URL to the source files associated with the model (3D model file and a
PNG thumbnail).

Upon receiving the response, the mobile application proceeds to load all thumbnails and
displays them in a menu that pops up from bottom of the screen. The menu is designed
to avoid unnecessarily occupying screen space when not in use, and the pop up animation
directs the users’ attention to the availability of more model options. The system then
asynchronously loads the 3D model Unity asset bundle corresponding to the first result. Once
the model is downloaded, it is sampled and placed in the scene using the model placement

algorithm described in the next section.

5.5.4  Model Placement Algorithm

The goal of the furniture placement algorithm is to be fast, accurate, and generalizable to a
wide variety of furniture types. The inputs to the placement algorithm are the 3D model
to be placed, the current global pose of the camera, a depth map of the scene as sensed by
the device, and the user-marked surface (stored earlier). The high level idea behind the
furniture placement algorithm is to compute the dominant horizontal surface of the CAD
model (Figure and align it with the user-marked surface.

Our approach to automatically extract the dominant horizontal planar surface from the
CAD model is to first sample the model as a point cloud (Figure [5.7a). We consider the
model in a frontal pose and fire rays from a virtual camera. For efficiency, rays are only fired
into the bounding box of the object. For each ray that collides with the object, we record the
position and normal of the collision point in the local space of the object. We also record the
lowest and highest collision points on the model. Rays that do not encounter the object are
recorded as free space rays.

The y-coordinate (height) of each sampled point is added to a histogram with a bin size
of 3.33cm. We pick the most frequently occurring quantized y-coordinate and isolate all 3D

points that fall within that range, which correspond to points on the near-planar surface
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Figure 5.6: The dominant horizontal surfaces of various furniture CAD models, visualized with a

green plane.

of interest. We apply the same rotating calipers algorithm as before to determine the four
corner vertices, along with the length, breadth, and height of the planar surface. We refer to

this as the model-extracted surface.

To align the user-marked and model-extracted surfaces we determine a scale factor in the
x and z axes by dividing the corresponding breadth and length values. Scale in the y-axis
is determined by equating the height difference between the lowest sampled model point
and the model-extracted surfaces, and height difference the real scene’s ground plane to the
user-marked planar surface. The translation of the 3D model in the z-z plane is determined
by aligning the centroids of the user-marked and model-extracted surfaces. The translation

in the y-axis is determined by aligning the lowest sampled point in the model to the height
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(a) Model Sampling (b) Good Alignment (¢) Poor Alignment

Figure 5.7: Visualization of CAD model sampling (5.7d), along with a good alignment to the depth
map and a poor alignment to the depth map . Inliers are in light green and outliers in
dark red.

of the ground plane in the real scene.

Note that aligning the quadrangular planar surfaces does not necessarily determine the
optimal rotation of the model, particularly in cases where the object is rotationally symmetric.
It does, however, limit the rotation to at most one of four directions (along the edges of the
quad). If the planar surface of the furniture is nearly square (length and breadth within 50cm
of each other), four possible orientations can exist, since the order of rotational symmetry of
a square is 4. If the planar surface is rectangular, we only need to check two orientations

that are 180 degrees apart.

To determine the optimal rotation of the model, we use a scoring function that determines

the fit of the model when compared to the observed depth map of the scene, as visualized in

Figures & The scoring function takes each point in the sampled 3D model and finds
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the distance to the nearest depth map point based on projective point matching [34]. If the
distance is below a certain threshold (empirically determined to be 20cm), the model point is
considered to be an ‘inlier’. Free space rays that were recorded during model sampling are
fired into the depth map. If they encounter a depth point within the threshold distance of
the model centroid, they are considered as ‘non-inlier‘, i.e. a point that was expected to be
free space. The final score is computed as the percentage of inlier points to the total sample
points with a penalty subtracted for the percentage of non-inlier points. We found that a
penalty factor of 2.0 improved the relevance of the scoring function by adequately accounting
for expected free space in the depth map v/s the model.

For circular surfaces (e.g. a circular table or stool), we approximate the surface to the
nearest quadrilateral. In these cases, the rotation of the surface is irrelevant, since all rotations
are equivalent.

If the user selects a new 3D model from the menu or wishes to capture the next furniture

item, the above steps are repeated to place the new model in the scene.

5.5.5 Door, Window, Artwork Capture

The user manually marks the extents of the object surface by annotating the top right and
bottom left corners of the object. Based on the assumption that the object is rectangular
and not tilted with respect to the ground, we can uniquely determine the 3D extents of the
surface rectangle based on these two depth points.

Once the surface is selected, the user chooses the object type (door, window, artwork)
and selects an appropriate model. Currently our implementation is limited to a fixed number
of models (10 each) for doors and windows. We believe it will be easy to extend the deep
learning framework used for furniture, to recognize doors and windows, but we leave this
for future work. Finally, a similar method of scaling and translating the user-marked and
model-extracted surfaces of the door/window is used to place the model in the scene.

For artwork, we use a 3D planar proxy as the ‘model” and transfer the texture of the

artwork from the image to the model using a GrabCut algorithm [8§].
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5.6 User Study

To evaluate our system we compare it to Autodesk Homestyler [45] an existing, commercially
available, web-based CAD modeling tool, specifically designed for modeling indoor scenes.
We picked Homestyler since it is a full-featured modeling tool that is popular amongst casual
interior designers. It contains a curated catalog of models to choose from, so users do not
have to search and download models from the Internet. The resulting model it produces is
very similar in nature to that of our system. However, we posit that the experiments would
be similar for any of the equivalent desktop/web-based indoor modeling tools referred to in

the related work section.

The goal of the study was to analyze users’ performance, in terms of task time and
placement error, while creating 3D CAD models of an indoor scene with either tool, and also
to gather qualitative feedback. Our starting hypothesis was that in-situ CAD modeling with

Tango would be faster and more accurate than traditional desktop tools.

Participants: Our study was conducted with 10 participants (2 Female) from ages 24-
33 (M=27.8 years, SD 4.85). They are all graduate students recruited from Mechanical
Engineering or Computer Science departments at the University. All of them were familiar
with desktop computers and touch-based mobile devices. When asked how much experience
they have had with 3D model creation tools (such as Sketchup, Blender, AutoCAD) they
rated themselves as 7 novices, and 3 intermediates. None of the users claimed to be experts
or professional 3D modelers. None of the users had used our application or Homestyler prior
to the study, and 7 participants claimed to have had some experience with augmented reality

before. The users were all volunteers and each study session lasted for approximately 1 hour.

Study Design: We conducted a 10x2 within-subjects study, where each user was tasked
with creating a CAD model of a room, once each with our tool and Homestyler. In order to
eliminate any carryover effects caused by practice or fatigue, we randomly assigned half the
users our method first. We first conducted a short pilot study with two users (results not

reported), in order to eliminate hidden issues with the user interface and to verify the study



7

(a) Study Room (b) Generated Model

Figure 5.8: Study Room Setup. The room contained 4 distinct chairs, 1 desk, 1 window and 1 door.

methods, time taken etc.

Task Setup: The task consisted of modeling an office scene consisting of one room of
dimensions 2.9m x 4.7m. The room, shown in Figure 5.8, contained four distinct chairs, one
desk, one large window and a door. Users were instructed to capture all of these elements
in their models. They were to first capture the walls, then the furniture (in any order) and
finally the window and door.

Study Procedure: The study began with a short introduction to the task. The users were
then given a demonstration of the first assigned system, by the researcher, who performed
the task of wall capture, and demonstrated the capture of one chair and table. The users
were then given time to familiarize themselves with the system and repeat the demonstration
tasks. This was repeated for the second assigned system.

The users were then instructed to start over and capture a full 3D model of the room
with each system. They were encouraged to think out loud and ask the researcher questions
if they were stuck. During the assessment the users were aware that their task times and 3D
model results would be recorded for later analysis.

For each method, we recorded time taken to complete sub-tasks of floor/ceiling/wall
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Figure 5.9: Quantitative Comparisons: [5.9d shows total time taken by users for the modeling task

with either tool. Time for Homestyler is further broken down into measurement and modeling time.
shows furniture placement error our system and Homestyler when compared to ground truth

based and average symmetric Chamfer distance.

capture, furniture capture and door/window capture, and the resulting 3D model was saved.
In the case of the desktop modeling method, users were asked to record the dimensions of
the walls, doorway and window, using a standard tape measure (ignoring height in all cases),
so that they may enter it manually into the modeling tool. The rationale behind asking them
to do this is that if a home user were to create such a model on the desktop, they would have
to measure walls to ensure accuracy. We did not ask users to measure furniture position, as
this was determined to be a cumbersome task that would take a very long time to complete.

Manual measurement time was recorded separately.

At the end of the tasks, the user was asked a series of qualitative questions that compared

our system to Homestyler.
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5.7 Results

5.7.1 Task Time

Figure shows total time taken by each user to model the room using our system v/s
Homestyler. The total time for Homestyler includes the time taken to manually measure the
scene, as it is an integral step to create an accurate CAD model on the desktop. In contrast
our system does not require the user to make any physical measurements, instead relying on
scene measurements from the device.

We conducted paired-samples t-tests to compare metrics from both systems. Results
indicate that in all participants, our system took significantly less time (t(9) = 6.34, p <
0.001) to complete the task than Homestyler for creating an equivalent model. On average
with our system users took (M=336.9, SD = 100.9s) seconds, to complete the task, compared
to (M=702s, SD=245.34s) with Homestyler. On average our system was 49.8% faster than
Homestyler with a 95% confidence interval of a 41-58% speedup. If we do not wish to consider
measurement time, our system was still faster (t(9) = 2.88, p = 0.02) than Homestyler for 8
out of 10 users. If we only considered furniture modeling time (excluding measurement, walls,
windows, doors), our system was 53 seconds quicker on average, however the improvement

was less significant (t(9) = 1.49, p = 0.1701) in this case.

5.7.2 Furniture Placement Error

In order to measure error in furniture placement, we captured a ground truth 3D scan of
the room using point-cloud fusion. The point cloud was then rendered from a orthographic
top-down view, creating a 2D floor plan of the scene. We rendered similar views of the models
captured with our system, and Homestyler and overlaid them on the ground truth scan, as
shown in Figure

We then compare manually annotated contours around corresponding furniture items.
For each furniture item, we compute Jaccard Index 5.1 metric centroid distance (in cm)

and Chamfer Distance. Chamfer distance ({5.2)), which is defined as the sum of closest point
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(a) Our System Overlay (b) Homestyler Overlay

Figure 5.10: Results from P5 using our system |5.10d) and Homestyler |5.108 overlaid in a 2D

top-down view on a ground truth scan of the scene. Contours in green indicate ground truth and red

indicate the user-generated model.

distances between the contours in the model and ground truth. This was symmaterized
by (5.3). We adopt the symmetric Chamfer distance as our primary error metric, since
it accounts for difference in contour shapes as well as the displacement of their centroids.

However, errors calculated with other metrics are tabulated in Figure

JaccardIndexr = (AN B)/(AU B) (5.1)
Ch(A, B) = Yacaminpep|la — b (5.2)
SymmetricCh(A, B) = Ch(A, B) + Ch(B, A) (5.3)

The results indicate that our system has significantly less placement error (t(9) = 6.34, p <

0.001), in all cases. We acknowledge that manually measuring the position of each furniture
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Figure 5.11: Other Furniture placement error measures of our system and Homestyler when

compared to ground truth based on Jaccard Index , average metric centroid distance

item, and entering it into Homestyler would reduce error, but would also incur a severe time
penalty. We therefore chose not to evaluate this scenario, since our system was already much

faster than the manual method.

5.7.3  Qualitative Feedback

After completing both tasks, we ask users to reflect on their experience and rate our system
when compared to Homestyler, in Mental Demand, Physical Demand, Temporal Demand,
Effort, Frustration, Errors in Appearance, and Errors in Position. These axes were inspired
by NASA Task Load Index [111]. For each factor, we ask the users if our system was ‘Much
Lower’, ‘Slightly Lower’, ‘Same as Homestyler’, ‘Slightly Higher’, or ‘Much Higher’. Responses
are shown in Figure and indicate that our system is generally less demanding to use
than Homestyler. It is interesting to note that users qualitatively perceived our system as
being quicker and less error (position) prone than Homestyler, an insight that is in agreement

with our quantitative analysis.

We also asked participants several open-ended questions. The questions, along with
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Figure 5.12: Qualitative feedback. (Best viewed in color)

summaries and some representative quotes are below:

“Overall, did you prefer the augmented-reality or desktop modeling system?
Please elaborate.” 7 out of 10 users strongly preferred our system, stating “It was a much
smoother process and I was more confident in the result”, “AR was much easier overall, being
able to quickly preview models in-place was a huge benefit”, “AR. Finding matching furniture
was easier and no measurement was required”. 2 users preferred the desktop system stating
“More control that the output was correct” and “capturing surfaces on the AR system was
frustrating”. 1 user preferred a hybrid of the two systems, capturing data with AR and editing
on the desktop.

“How confident are you in the assessment of Q17 All users were confident in their
response to Q1. 8 users stated that further practice would not change affect their opinion. 2

said maybe.

“What did you like or found easy about the AR system?” “Basically no thinking
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required. Fasier to find matching furniture and no frustration with sizes”,“Very intuitive”,
“does not take much time”.

“What did you not like, found difficult or frustrating about the AR system?”
“Capturing large surfaces like a big desk that takes multiple scans was frustrating/inconvenient”,
“Holding the Tango for several minutes can be tiring”, “reverting changes was difficult”, “stepping
back to take pictures was difficult”, “unsatisfying to see small misalignments”

“Did the capability to model in augmented reality assist you in the modeling
tasks? Please elaborate.” “Yes. The real time preview helped”, “Yes. Didn’t have to glance
back at references for picking furniture”, “Yes, co-location does make the modeling process
easier”.

“Did the model suggestion interface assist you in the modeling tasks?” All
users agreed that the model suggestion interface was helpful, as opposed to the manual
hierarchical selection required in the desktop tool.

“If you had complete creative control over this system, how would you im-

1S

proved it?” “More automation for plane detection”, “manual adjustment mode” (several

users said this), “automatic detection of object class”, “easier way to capture large surfaces”,

“integrate with crowdsourcing”.

5.7.4 Other Scenes

We present a variety of other scenes captured with our system to demonstrate that it
generalizes to environments beyond those tested in the study. We did not formally evaluate
capture performance for these scenes, but instead present visual results in Figures &
depicting the real scenes, corresponding captured CAD model view, and overhead views from

4 Living Rooms, 2 Dining Rooms and a Bedroom scene.
5.8 Discussion and Limitations

The results of the user study indicate that the task of indoor 3D modeling is faster and

more accurate with our in-situ, 3D aware mobile device approach, than with a traditional
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Figure 5.13: Visual results from 4 Living Rooms, 1 Dining Room and 1 Bedroom scene
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desktop approach. We believe Homestyler is an appropriate tool for comparison since it is a
full-featured modeling tool that is popular among casual interior designers today. Overall,
users preferred our system and enjoyed completing the modeling task using it. Although the
study was conducted in a controlled setting with a fixed layout and furniture arrangement,
we also present results on a range of different scenes (Figure .

While our simplifying assumptions enable improved performance, they also introduce
certain limitations to our system, which we analyze herein. First, the assumption that
furniture has a near-planar, horizontal surface works well for many of the dominant furniture
types such as tables, chairs, beds, couches, etc. However, objects that lack functional
horizontal surfaces such as plants, lamps, refrigerators, and telephones cannot be modeled
with this method. Furthermore large functional surfaces (dining tables, beds) cannot be
captured in one step and may require the user to move and capture additional parts of the
surface. Furniture with a fully occluded surface (such as chair that is tucked under a desk)
cannot be modeled with our approach. In this case, we would instruct users to physically
move the furniture into a position where the surface is un-occluded. Despite these limitations,
we were able to capture a wide variety of living room, dining room, bedroom and office scenes.
Modeling more general objects is an interesting avenue for future work.

The assumption that doors, windows and artwork are planar, aligned with the wall plane
and not tilted with respect to the ground appeared to hold true in almost all of our test
scenes. A notable exception is a door that is ajar and not aligned with the wall, in which
case the user would either need to close the door or mark the frame, rather than the body
of the door. While we did not formally evaluate the influence of capturing artwork in the
scene, we anecdotally observed that adding artwork enhances the sense of realism of the
CAD model and makes scenes more identifiable to viewers. In future work, capturing scene
lighting [11], 134] may further improve realism of the models.

Due to limitations with current depth-sensing technology, our system is unable to capture
the surface of specular or non-IR reflective objects (such as glass or black leather). To

overcome this, we used a workaround to capture the glass table in Figure [5.13) Row 1. A
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proxy material (a magazine, that is visible to the depth sensor) was placed on the surface
during capture. In future work, we could also enable the user to manually mark the surface
area in question. Similarly, depth-sensing fails in direct sunlight (e.g. outdoors, or a room
with bright sunlight) since the sunlight washes out the IR signal from the depth sensor.

While the ShapeNet database is relatively large, it is not comprehensive, and therefore
not all objects can be accurately represented with our CAD-based approach. Also, automatic
model retrieval is not perfect, as can be noticed in some of the room models, but allowing the
user to select the best match in-situ helps improve results significantly. As model databases
and machine learning techniques improve, they will continue to improve our system.

Finally, some users reported arm fatigue when using the hand held mobile device. We
acknowledge this limitation and expect it would diminish if our system were to be implemented
on a head-mounted device.

We have presented a novel system that enables casual users to interactively capture
semantic 3D CAD room models on 3D aware mobile devices. Using our system, users can
quickly and easily capture walls, furniture and structural elements within the room. We learned
from our user studies that such a in-situ capture system offers a significant improvement over
traditional desktop CAD modeling software, in terms of speed and accuracy.

Enabling casual users to capture models of their indoor surroundings has several interior
design applications including virtual furniture rearrangement or replacement, remodeling,
relighting. In the future, such semantic models may also be used to enhance virtual and
augmented reality experiences. We believe that our system is a first step in an interesting
direction of combining the power of 3D aware mobile devices and state-of-the-art object

recognition and we hope that our work motivates further research into this area.
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Chapter 6
CONCLUSION

In this thesis, I have proposed several methods to capture indoor scenes interactively, using
mobile devices as the primary data acquisition tool. The systems I proposed are designed
to be operated by casual users and generate semantically rich architectural visualizations,
suitable for the purposes of interior design, remodeling, and real estate. These models also
enable AR/VR experiences and a variety of other interesting interactive applications. The
ability to create such models using a commodity mobile device enables scene capture on a very
large user scale, by both casual and professional users. A key insight that drives the proposed
systems is the involvement of an in-situ user, who can provide high level semantic guidance to
ensure success of the modeling tasks. The specific aspects of indoor scenes captured by these
methods are visual appearance and layout, floor plans, and 3D CAD model representations.

Below, I summarize each contribution.

1. A framework for visual tour capture on a smartphone: Prior approaches to
creating interactive visual tours of indoor scenes usually required sophisticated camera
rigs and involved several hours of offline processing, whereas the proposed method
lets casual users create and view tours on a commodity mobile phone in a matter of
minutes. To capture a tour, a user walks around a scene in a structured manner, while
capturing video. This video is processed alongside motion data from the phone’s IMU
to recreate an interactive version of the walkthrough, that lets the viewer look around a
panorama of each room and naturally transition between adjacent rooms. These tours
provide viewers with a sense of ‘being there’ and form a basis for my next contribution,
a photogrammetric modeling tool to recover home floor plans. This system enables

casual users, business owners, or curators to create interactive visual tours of their
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homes, business or museums that are easily shareable and can be viewed on either a

desktop or mobile device.

. An interactive technique for floor plan estimation: I proposed an interactive
photogrammetric modeling approach to recover room features (corners and doors) from
the visual tour. A simple touch interface allows users to mark these points of interest
over the visual tour. I introduced a reconstruction algorithm that uses these features to
recover an overall floor-plan representation of the environment. The feature extraction
interface and reconstruction algorithm run entirely end-to-end on the mobile device. In
a few seconds, an estimated reconstruction is presented to the user, who can then refine
results via an editing interface. I also compared results to ground truth and competing
floor plan reconstruction approaches. Such a system allows homeowners and realtors to
create floorplans of homes in real-time using only a commodity mobile phone, without

the need for manually measuring room dimensions.

. Interfaces for in-situ scene modeling: I presented two interfaces for in-situ, in-
teractive, 3D CAD model room capture. I proposed leveraging existing large online
3D model databases and state of the art object detection algorithms, to recover repre-
sentative CAD models from these databases and place them at appropriate positions,
orientations, and scales in the scene. The first interface, implemented on an iPad, uses a
fixed viewpoint and invites the user to sketch a rough outline of the object, to estimate
its position, orientation, and scale. The second interface, implemented on a Tango 3D
aware mobile device, allows users to move freely within a scene and processes depth
information to extract planes and thereby estimate the pose and scale of furniture items.
Both interfaces allow the capture of doors, windows, and textured artwork. The mobile
augmented reality approach that I proposed allows users to capture 3D CAD models
of rooms in a faster and more accurate manner. These systems can enable interior
designers and contractors to easily preview remodels and rearrangements of furniture.

Having a CAD model of a room can also be useful for providing semantic cues for
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virtual and augmented reality applications.

6.1 Future Work

The work presented in this thesis is a first step towards creating rich semantic models and
visualizations of architectural scenes using mobile devices. With the increasing popularity
of augmented reality and deep learning, there is an unprecedented opportunity to explore
both user interfaces and reconstruction algorithms that enable in-situ scene reconstruction,
that will enable thousands or perhaps millions of casual users to create rich, semantic, useful
models of the real world. In this section, I present some open problems and possible solutions

to achieve this vision:

6.1.1 Improved Image Capture from Mobile Cameras

One of the primary issues with data capture on mobile devices is the smaller size and
lower quality of the image sensor, when compared to professional SLR camera systems.
Being handheld, a mobile camera is also susceptible to unintentional shake, causing motion
blur. Reducing motion blur artifacts by discarding affected frames or applying deblurring
techniques [105] could significantly improve the quality of indoor visual tours and also enable

more accurate extraction of semantic information from images.

6.1.2 Relaxing Manhattan-World Constraints for Floor Plans

The floor plan reconstruction algorithm proposed in Chapter [3|is unable to model curved
walls, non right-angled corners, or other non-Manhattan scene elements. An interesting
avenue of future work is to relax the Manhattan-World constraints and enable more general
scene capture. The work proposed in Chapter |3| has been extended by other authors [76] [75]
to work with non-right angled corners, however curved walls are still difficult to model with
a monocular approach. Stereo or depth based reconstruction or interactive annotation are

possible solutions to the curved wall problem.



90

6.1.3 Relaxing Planar Surface Constraints for Furniture

While several important furniture types can be captured and modeled using the planar
facet approach described in Chapters [4] and [ other types of furniture do not fit into this
framework, like lamps, curtains, flowerpots, appliances, telephones, etc. Since these items do
not have easily identifiable planar facets, it may be possible to fall back on techniques such
as ICP [12] 34] to find optimal placement of these objects, given a point cloud of the scene.
If initialized correctly, ICP converges to the best possible registration of generalized point
clouds. Drawbacks of ICP include increased computation time and potential of erroneous
registration if there is only partial correspondence in point data or the initialization is poor.

Another possible approach to capturing more general furniture types is to feed depth
information along with the RGB image into a new class of Volumetric Convolutional Neural
Nets [125]. Deep nets have also shown promise in extracting structure and position of objects

from single images [53] 124, [104].

6.1.4 Full Floor Reconstruction

The proposed room modeling approaches are currently designed to work for one room at a
time. However, for indoor models to be useful for applications such as real-estate, a full-floor
reconstruction is usually required (similar to the model in Figure . An avenue for future
work would like to enable seamless capture of an entire floor and render it in a stylized
manner. An key feature of 3D-aware devices, such as Tango [8I] and Hololens [44], is that
they enable robust tracking through an entire house, including in-between rooms. It would
therefore be possible to extend the in-situ modeling system to work seamlessly across rooms

and output a full floor reconstruction at the end of the workflow.

6.1.5 Modeling Scene Appearance

My work has primarily focused on the structural composition of scenes. However, beyond

structural fidelity, the visual appearance of scene elements goes a long way in making a



91

Figure 6.1: An Indoor 3D CAD model, created manually for real estate purposes, depicting rooms,

furniture and texture, with some walls shortened for better visibility.

model more recognizable. This includes capturing material properties, textures, and scene
lighting. I explore some of these concepts by estimating average wall color in scenes and also
transferring textures, such as artwork and tapestries, from the scene into the model. However,
forming a more visually accurate model will involve capturing intrinsic material properties of
scene elements [11], modeling the effect of scene lighting [I34], and transferring these into the
captured model. Not only would this improve the visual fidelity of the models, but it would

also enable interesting applications such as relighting and previewing furniture items in-situ.
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6.1.6 Modeling Physical Interactions with the Scene

My modeling techniques assume that scenes are static. However, real world objects can be
physically manipulated by moving them, removing them, etc. It would be interesting to
explore how to model these physical interactions and reproduce them digitally. One direction
is to model behaviors for individual objects. For instance, when pushed, a rolling chair will
move differently than a chair with fixed legs. Another direction is to use the proposed CAD
capture tools to digitally rearrange furniture. Our tools already allow the user to make
manual edits to the furniture layout, however, an improvement would be to incorporate
automatic furniture rearrangement algorithms [68, [131], 129] in order to produce machine
optimize arrangements. It is my belief that simulating such furniture rearrangements will
increase the utility of these models, particularly in virtual reality applications, where realism

is key.

6.1.7 Modeling Internal Structure

While the work proposed in this this thesis focuses on the objects contained within the
room, it would also be interesting to determine the invisible objects contained within walls.
Examples of this include support structures, electric and heating ducts, plumbing etc. The
location of these structural elements is crucial for applications such as home remodeling,
home energy audits, etc. We could conceivably use alternate sensing modalities on the mobile
device to determine their location. Some possibilities are to use the magnetometer to detect
metallic structures within walls, or use ultrasonic mapping to determine placement of dense

objects such as beams. This could be an interesting and practical direction for future research.

6.1.8 Implementation on other Platforms

Finally, it would very interesting to explore how in-situ modeling interactions will differ when
used with emerging head-mounted devices. Microsoft HoloLens [44], is one such device that

does away with the touch screen and is able to superimpose 3D content over the real world
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using a see-through augmented reality display. As a proof-of-concept, a preliminary prototype
of the in-situ modeling system was implemented on the Hololens. This system was able to
detect and place a particular kind of office chair in a given scene. A video demonstration
captured from the point of view of the user (using Hololens’ mixed reality capture) is available
here [90]. While this is a very early prototype, it demonstrates the feasibility and ease of
in-situ modeling with head-mounted devices. Virtual reality displays such as the Oculus
Rift [87] can be used to visualize captured 3D models and can provide a strong sense of
presence, that may prove useful for visualization and interior design applications.

It will also be interesting to port the systems to use software-based augmented reality
SDKs such as ARKit [6], in order to enable in-situ movements on commodity mobile devices

that lack specific hardware for 3D tracking.
6.2 Summary

In this thesis, I introduced the problem of ‘Interactive In-Situ Scene Capture on Mobile
Devices’ along with three systems that allow casual users to capture and visualize various
aspects of indoor scenes. I strongly believe that low-cost, easy-to-use, and widely accessible
mobile solutions, such as the ones proposed in this thesis, will empower a large number of
users to capture a variety of interesting places on earth, ranging from homes and offices to
museums and heritage sites.

It is my hope that the principles in this thesis — such as involving an in-situ user, and
replacing conventional drafting tools with a mobile device — can inspire future research in

this exciting area.
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