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Abstract

The recent advances in Augmented Reality (AR) and Virtual Reality (VR) technology and
their growing popularity in the past years has significantly influenced emerging trends
towards more intuitive and user-centric applications that are accessible to a large community.
Sharing immersive experiences is the central challenge here and requires the accurate
presentation of virtual content to the user which not only depends on several technical
aspects of the respective display devices but also on the visualized scene elements. However,
many applications are particularly designed for immediate scenarios which cannot entirely
rely on pre-generated content and, thereby, require on-the-fly acquisition of the unknown
surrounding scene environment in an efficient and progressive way.

In this thesis, we developed and investigated techniques for real-time reconstruction of 3D
scene geometry and appearance with a specific focus on practical methods and systems that
could be used in AR and VR scenarios. To this end, we present several contributions which
can be categorized into three major areas of these systems. First, we studied the Li-based
Locally Optimal Projection (LOP) operator in the context of data prefiltering and introduced a
family of generalized operators in which each element corresponds to a localized L, estimator.
Furthermore, we revealed their close relation to the Mean Shift framework and derived
various theoretical properties of the respective kernels and, in turn, the projection operator.
We applied the gained insights to define an improved density weighting scheme, a more
accurate kernel approximation for the continuous projection operator, as well as a set of
robust loss functions which correspond to the kernels. Secondly, we developed a practical
multi-client live telepresence system which enables streaming live-captured 3D scene data
to remotely connected users who can independently explore and interact with the scene.
We introduced a bandwidth-efficient volumetric data structure based on Marching Cubes
indices as well as fast GPU hash data structures to efficiently maintain and progressively
stream the reconstructed model with only moderate network requirements. In subsequent
work, we further improved the overall performance and scalability of our telepresence system
by introducing several algorithmic improvements to the reconstruction component. Thirdly,
we investigated a segmentation-based approach for estimating appearance information in
terms of the spatially-varying surface albedo from RGB-D and additional infrared (IR) input
data. In addition to an improved formulation of the coupling between the color and infrared
channels, we also incorporated temporal information from previous frames to accelerate the
Total Variation-based optimization process.
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CHAPTER 1

Introduction

The rapid developments of recent Augmented Reality (AR) and Virtual Reality (VR) tech-
nology have benefited many applications and are increasingly influencing our everyday
lives towards more intuitive and user-centric experiences. Current AR display devices such
as the Microsoft HoloLens 2 or the Magic Leap 2 allow to see the physical world with
overlaid virtual elements and can, thereby, enhance the visual perception with additional
information. On the other hand, VR devices such as the HTC Vive Pro or the Valve Index
allow users to completely dive into a virtual world by providing an immersive experience of
being and feeling present in there. Natural applications that arise from these capabilities
are telepresence and teleconferencing scenarios where people at distant places can connect
and interact with each other in a similar way as if they were physically present at a single
location. This, in turn, stimulated further applications in other related fields like robotics,
architecture, entertainment, education, medicine, and many others.

A crucial component in any of these systems is the accurate presentation of the virtual content
to the user which is not only influenced by the actual visualization on the respective AR
or VR display devices, determined by technical parameters including framerate, resolution
or latency to avoid disturbing effects like motion sickness, but also by the quality and
expressiveness of the content itself. Pure image-based data such as 360° images and videos
can easily be captured by standard cameras and provide a high amount of details due to the
maturity of the camera sensor technology. In this context, the recently presented seminal
work in Neural Radiance Fields (NeRF) [Mildenhall et al., 2020] received significant attention
as it enabled synthesizing realistic novel unseen views of a scene from an implicit model
which was represented by a neural network and optimized only from a set of recorded
images and the respective camera poses. A plethora of subsequent work aimed to address
several of its initial limitations including to allow representing dynamic scenes [Li et al.,
2022], handling varying illumination conditions [Martin-Brualla et al., 2021], reducing the
amount of training time [Miiller et al., 2022], or increasing its robustness for very sparse
sets of input views [Niemeyer et al., 2022]. Nevertheless, many of these approaches still
resort to offline optimization and precomputed camera poses, are restricted to small-scale
scenes, cannot render high-resolution images in real time due to expensive ray marching, and
only have limited interaction and editing functionalities in terms of interpolating between
observed states. To this end, traditional concepts from computer graphics and computer
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vision were leveraged by converting the implicit NeRF representation into classic primitives
such as Bidirectional Reflection Distribution Functions (BRDF), environment illumination,
and surface geometry in terms of meshes [Zhang et al., 2021b; Yuan et al., 2022] that can be
more flexibly edited or exchanged and are also significantly faster to visualize [Chen et al.,
2022b]. Similarly, the workflow as well as several components of classic real-time surface
reconstruction systems were employed to perform online fusion of radiance fields [Zhang
et al., 2022b]. Meeting all of these requirements, i.e. real-time online reconstruction of
large-scale scenes and real-time live visualization of the dynamically updated model state
which is crucial in many VR applications such as telepresence, is, however, still an unsolved
problem. Thus, it remains an open question whether such NeRF-based view synthesis
approaches will eventually replace traditional reconstruction and rendering concepts, or
instead extend them and stimulate further research in these directions [Tewari et al., 2022].

In contrast to these implicit approaches, the direct recovery of explicit surfaces and their
appearance properties has already been studied extensively for several decades as one
of the fundamental problems in computer vision and computer graphics. Initial work in
this area focused on high-fidelity reconstruction of scene geometry from point cloud data
which was captured by expensive laser scanning equipment [Levoy et al., 2000]. Besides
purely geometric scene information, the estimation of an object’s appearance has also been
extensively analyzed in the scope of accurately calibrated lab-like setups [Schwartz et al.,
2013]. With the recent advances of depth sensing technology and the increasing availability of
low-cost commodity hardware such as the Microsoft Kinect and even built-in RGB-D cameras
in today’s mobile phones, the focus has shifted towards more casual acquisition scenarios
and the first classic systems which enable both real-time reconstruction and visualization
emerged [Izadi et al., 2011; Newcombe et al., 2011].

In this thesis, we developed methods which contribute towards this goal of real-time live
geometry and appearance reconstruction of real-world scenes with commodity RGB-D
camera hardware. In particular, we directed our attention onto practical methods to support
emerging trends and applications using immersive AR and VR technology.

1.1 Reconstruction Pipeline and Challenges

Significant effort has been invested in advancing the field of real-time 3D reconstruction
where many respective approaches follow a common pipeline that can be divided into
multiple stages, each describing a distinct sub-problem with several challenges. An overview
of this pipeline is shown in Figure 1.1.

Data Prefiltering. The raw input frames captured by low-cost depth sensing devices are
of much lower quality than data from more expensive, specialized hardware and exhibit a
significantly higher amount of noise. In order to facilitate the processing of the frames in
subsequent stages and furthermore increase their reliability, the data is first preprocessed
and denoised in an initial step which typically consists of applying a (Gaussian) bilateral
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Figure 1.1: Overview of the common stages of 3D reconstruction systems. New input frames captured
by the local user are first prefiltered and then used to track the current camera pose and to update
the global model in the surface reconstruction step. In addition to the surface geometry, appearance
information can be reconstructed and integrated into the 3D model as well. Finally, the captured scene
can be progressively streamed to remotely connected users to enable sharing immersive telepresence
experiences. Our contributions presented in this thesis are located in data prefiltering, 3D telepresence,
and appearance reconstruction.

tilter that smooths the samples in the L, sense. However, the characteristics of the noise
may not necessarily follow a simple Gaussian model, but can instead also include systematic
outliers introduced by limitations in the measurement process of the sensor and lead to a
distribution that is generally unknown. Furthermore, in case of directly captured point cloud
data, the samples are usually not uniformly distributed in 3D space.

Camera Tracking. Since the scene is captured from various angles, the pose of the camera
in a canonical world coordinate system should be estimated to bring the acquired data into
alignment. This requires finding correspondences between two frames which, however,
becomes challenging in scenarios where mostly feature-less regions are visible during the
acquisition, such as in the case of moving the sensor in front of a low-textured, planar wall.
Fast motions and, in particular, large changes of the camera orientation may introduce motion
blur effects in the frames and further increase the difficulty of the correspondence estimation.
In addition, the brightness of recorded color images may change rapidly over time in scenes
with strongly varying illumination conditions. Although the relative motion to the previous
frame is typically small, slight estimation errors in the position and orientation caused by
these effects may quickly accumulate and could lead to larger inconsistencies in the model.
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Surface Reconstruction. Afterwards, the surface is reconstructed by fusing the captured
and aligned frames into a suitable geometric data representation. This process shares many
of the challenges of data prefiltering which particularly includes the fact that the input frames
can still be noisy and may contain outliers or the fact that the sampling of the surface data is
often non-uniform. Furthermore, small misalignments in the camera tracking stage could
lead to artifacts and duplicate surface geometry which, however, should be merged into a
single surface instead. On the other hand, the surface of thinner objects should be preserved
at each side and, in turn, not be accidentally consolidated. Finally, incomplete and missing
data poses an additional challenge where small regions in scenes may not have been fully
scanned or were partially occluded by other objects but should still be completed.

Appearance Reconstruction. In addition to the aforementioned steps which are related
to the geometric aspects of the surface, the appearance can be estimated as well. This is a
highly under-constrained problem as the camera only captures the final color information
resulting from the complex interplay of light with the geometry and material properties,
defined by the diffuse albedo as well as specular components, of the scene. Solving this
problem requires incorporating more information about the captured scene in terms of
additional data modalities or further priors and assumptions to regularize the formulation.
However, overly restrictive constraints or too insufficient regularization can both lead to
implausible decomposition results or even introduce artifacts which makes the process of
finding a suitable granularity of priors particularly difficult and challenging.

3D Telepresence. Inthe contextof immersive AR and VR applications, further requirements
and demands on the performance of the reconstruction and rendering systems are imposed
to ensure a pleasant user experience. Providing a high degree of immersion and awareness
requires the visualization of scene content at considerably higher resolutions and framerates
than on standard displays like monitors to avoid deteriorating effects such as motion sickness.
On the other hand, the available network and computing resources at the user site are often
highly limited, making systems that run a computationally demanding live-reconstruction
of the scene in parallel to high-quality rendering infeasible in such scenarios. Furthermore,
the amount of reconstructed and updated 3D data depends on the distance of the visible
objects to the camera which may significantly vary over time during acquisition.

1.2 Contributions

In the scope of this thesis, we developed methods to address some of the aforementioned
challenges. The key contributions of our work are:

* Generalized LOP Operators for Filtering. We reveal the relation of the Li-based
Locally Optimal Projection (LOP) operator to the Mean Shift framework and introduce a
novel family of generalized kernels each representing a particular localized L, estimator.
Furthermore, we study the theoretical properties of this kernel family and apply the
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gained insights in several applications to demonstrate their effectiveness [Stotko et al.,
2022].

¢ Scalable 3D Telepresence based on Surface Reconstruction. We present a practical
telepresence system for streaming live-captured 3D models in real time to an arbitrary
number of remotely connected users which allows them to independently explore the
virtual scene. To this end, we introduce a novel bandwidth-efficient voxel data structure
for efficient streaming of the 3D data as well as fast GPU hash map and set data structures
for maintaining the individual streaming states of the connected clients [Stotko et al.,
2019a]. In addition, we propose several algorithmic improvements to the involved
reconstruction and server components to further improve the compactness of the
reconstructed model and the scalability of the live telepresence system [Stotko et al.,
2019d].

¢ Segment-wise IR-Guided Albedo Estimation for 3D Reconstruction. We propose
a novel segmentation-based approach for the estimation of spatially-varying albedo
information from RGB and IR data captured by hand-held time-of-flight cameras.
Furthermore, we improve the performance of the optimization process by incorporating
temporal information from previous frames [Stotko et al., 2019¢].

1.3 List of Publications

The main parts and contributions of this thesis appeared in the following publications:

e Patrick Stotko, Michael Weinmann, and Reinhard Klein.
“Albedo estimation for real-time 3D reconstruction using RGB-D and IR data.”
ISPRS Journal of Photogrammetry and Remote Sensing (P&RS), 2019.
por: 10.1016/j.1isprsjprs.2019.01.018

¢ Patrick Stotko, Stefan Krumpen, Matthias B. Hullin, Michael Weinmann, and Reinhard
Klein.
“SLAMCast: Large-Scale, Real-Time 3D Reconstruction and Streaming for Immersive
Multi-Client Live Telepresence.”
IEEE Transactions on Visualization and Computer Graphics (TVCG), 2019.
por: 10.1109/TVCG.2019.2899231

¢ Patrick Stotko, Stefan Krumpen, Michael Weinmann, and Reinhard Klein.
“Efficient 3D Reconstruction and Streaming for Group-Scale Multi-Client Live Telepres-
ence.”
IEEE International Symposium on Mixed and Augmented Reality (ISMAR), 2019.
por: 10.1109/ISMAR.2019.00018

¢ Patrick Stotko, Michael Weinmann, and Reinhard Klein.
“Incomplete Gamma Kernels: Generalizing Locally Optimal Projection Operators.”
arXiv:2205.01087 (under review), submitted to IEEE Transactions of Pattern Analysis and
Machine Intelligence (TPAMI), 2022.
por: 10.48550/arXiv.2205.01087
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Furthermore, the author contributed to several other publications which, however, are not
part of this thesis:
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Patrick Stotko.
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arXiv:1908.05936, 2019.
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Lukas Bode, Sebastian Merzbach, Patrick Stotko, Michael Weinmann, and Reinhard
Klein.

“Real-time Multi-material Reflectance Reconstruction for Large-scale Scenes under
Uncontrolled Illumination from RGB-D Image Sequences.”

International Conference on 3D Vision (3DV), 2019.

por: 10.1109/3DV.2019.00083

Patrick Stotko, Stefan Krumpen, Max Schwarz, Christian Lenz, Sven Behnke, Reinhard
Klein, and Michael Weinmann.
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Julian Tanke, Oh-Hun Kwon, Patrick Stotko, Radu Alexandru Rosu, Michael Wein-
mann, Hassan Errami, Sven Behnke, Maren Bennewitz, Reinhard Klein, Andreas Weber,
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The remainder of this thesis is organized as follows:
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1.4 Thesis Outline

Chapter 2. First, we provide an overview of previous developments and the state of the art
in the area of surface reconstruction, 3D telepresence systems, and appearance estimation.

Chapter 3. Furthermore, we introduce the relevant theoretical preliminaries and basic
concepts for 3D scene reconstruction which will serve as the foundation of the presented
methods.

Chapter 4. We present our publication “Incomplete Gamma Kernels: Generalizing Locally
Optimal Projection Operators” [Stotko et al., 2022] which already appeared as a preprint and
introduces a generalization of Local Optimal Projection operators for point cloud denoising.

Chapter 5. We present a summary of our peer-reviewed publication “SLAMCast: Large-
Scale, Real-Time 3D Reconstruction and Streaming for Immersive Multi-Client Live Telepres-
ence” [Stotko et al., 2019a] which introduces a practicable telepresence system for remote
collaboration and exploration of live-captured scenes.

Chapter 6. We present a summary of our peer-reviewed publication “Efficient 3D Re-
construction and Streaming for Group-Scale Multi-Client Live Telepresence” [Stotko et al.,
2019d] which proposes several algorithmic extensions to the system presented in Chapter 5
to significantly improve its overall performance and open up further applications in, e.g.,
education.

Chapter 7. We present a summary of our peer-reviewed publication “Albedo estimation
for real-time 3D reconstruction using RGB-D and IR data” [Stotko et al., 2019e] which
features a method for reconstructing both the scene geometry and appearance in terms of
the spatially-varying albedo in real time.

Chapter 8. Finally, we conclude this thesis by discussing the impact of the presented
methods and providing an outlook of potential future directions.






CHAPTER 2

Related Work

In this chapter, we provide an overview of the literature related to the techniques and systems
presented in this thesis. To this end, we first review the initial developments in the field of
surface reconstruction (see Section 2.1) as well as advances towards real-time commodity
scanning (see Section 2.2) and recent trends in learning-based approaches (see Section 2.3).
Furthermore, we discuss the recent achievements in related fields such as the application in
3D telepresence systems (see Section 2.4) or appearance reconstruction (see Section 2.5). A
timeline of selected influential and closely related publications is shown in Figure 2.1.

2.1 Classic Surface Reconstruction

Surface reconstruction has been an active research field for several decades where various
methods have been presented over time.

Local Point-based Approaches. Early works have been developed starting in the 1990s
with the seminal work of Hoppe et al. [1992]. Based on a set of registered point clouds,
normals were first computed and then oriented in a consistent manner by propagating
normal orientations over neighboring points. In the actual reconstruction step, a signed
distance function (SDF) was computed by considering the local tangent plane of the closest
point in the input data and then converted to a surface mesh using Marching Cubes [Lorensen
and Cline, 1987]. Similar to this tangent plane formulation, Moving Least Squares (MLS)
approaches [Alexa et al., 2003; Levin, 2004] defined a localized projection operator that
tirst finds the tangent plane that approximates the neighboring points of the target point
cloud. Afterwards, the (unsigned) distances of each target point to this plane are used
as weights to locally fit a polynomial which represents the MLS surface onto which the
query point is then finally projected. The MLS surface could also be defined in a different
way via a fixed-point optimization [Amenta and Kil, 2004] or even implicitly in terms of a
signed distance function by the Implicit MLS (IMLS) [Kolluri, 2005] and Robust Implicit
MLS (RIMLS) [Oztireli et al., 2009] approaches. In contrast to these L,-based projection
operators, the Locally Optimal Projection (LOP) operator [Lipman et al., 2007] considered a

11



Chapter 2 Related Work

Chapter 5

Practical multi-user
telepresence of places

Kerl et al.
Albedo estimation with IR
KinectFusion data Chapter 6
First real-time RGB-D Group-scale telepresence
reconstruction of places
Holoportation

Hoppe et al. DTt eilorie et TextureFusion
telepresence of users

Early surface reconstruction Real-time color texture
from points optimization

‘ 2007 2012 2013 2016 2017 2019 ‘ 2022
— O —O— —O O O ‘e O O O=0=—0:
1992 ‘ 2011 2014 2016 ‘2019 2020
LOP
Nief3ner et al. Chapter 7

Ly projection operator Segmentation-based

RGB-IR albedo estimation

Large-scale reconstruction

Mossel and Kroeter
Maimone and Fuchs KinectFusion-based Chapter 4
KinectFusion-based telepresence of places Generalized LOP operators
telepresence of users

Intrinsic3D

Joint appearance and
geometry optimization

Figure 2.1: Timeline of selected influential and closely related publications as well as their relation to
the contributions of this thesis which will be presented in Chapters 4 to 7. Surface reconstruction
methods are highlighted in orange, telepresence systems in blue, and appearance reconstruction
approaches in green.

Li-based formulation built upon a localized version of the geometric median which can be
computed by, e.g., the Weiszfeld algorithm [Weiszfeld, 1937]. Due to its high robustness in
the presence of strong noise and outliers, LOP can be used for point cloud consolidation to
obtain a resampled set of clean points which more closely represents the measured surface
and which can be passed as the input for other surface reconstruction techniques such
as global approaches like Poisson Surface Reconstruction [Kazhdan et al., 2006]. Several
extensions of the original LOP approach have been developed to address its limitations
including a weighted version to improve the distribution of the projected points [Huang
et al., 2009], accelerated variants that either consider subsampling based on kernel density
estimation [Liao et al., 2013] or continuous representations [Preiner et al., 2014], as well as
anisotropic edge-aware formulations [Huang et al., 2013].

In the scope of our recent work [Stotko et al., 2022] which will be discussed in Chapter 4, we
derived a generalization of the LOP operator and took advantage of the gained theoretical
insights to further improve on the weighted and continuous versions and to open up other
potential applications.
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Global Point-based Approaches. Besides the methods that operate locally either in an
explicit manner via projection or based on an implicit formulation, global optimization
has also been employed for reconstruction from point clouds. Radial basis functions (RBF)
were used to define a signed distance function as a weighted sum of the basis which is
computed by a global linear optimization of the weights [Carr et al., 2001]. This ensures that
the zero-set of the SDF interpolates the observed input points. In more recent work [Liu
et al., 2016], Hermite radial basis function (HRBF) implicits have been considered for
interpolation and, in the special case of compactly supported kernels [Wendland, 1995], a
quasi-solution for interpolating local surface regions can be derived in closed form. Poisson
Surface Reconstruction (PSR) [Kazhdan et al., 2006] computed a binary indicator function for
distinguishing interior and exterior space by casting the respective minimization objective,
consisting of the difference between the gradient of the indicator function and a vector
tield defined by the point cloud normals, to a Poisson problem. In follow-up works, the
authors further improved their method by incorporating a screening term to more closely
approximate the point set [Kazhdan and Hoppe, 2013] as well as by enforcing envelope
constraints to improve the accuracy in regions with missing data [Kazhdan et al., 2020].
Recent work even considered the application of Poisson Surface Reconstruction on unoriented
point clouds by iteratively running the method while refining the normal orientations after
each reconstruction attempt [Hou et al., 2022]. Other methods considered smooth signed
functions instead of indicator functions and constrained the smoothness in the Poisson
problem formulation by an additional regularization term based on the Hessian matrix of
the SDF [Calakli and Taubin, 2011].

Initial Depth-based Approaches. In contrast to the aforementioned methods which pri-
marily worked on raw point clouds or point clouds with additionally computed normal
information, Curless and Levoy [1996] focused on the direct reconstruction from depth image
data. While also a signed distance function is used as the underlying representation, their
least-squares-based formulation resulted in a simple online update step which particularly
allows for an incremental and order-independent processing of the depth data. This approach
has been further extended to operate on various discrete hierarchy scales managed by an
octree [Fuhrmann and Goesele, 2011] and even to continuous scales based on Gaussian radial
basis functions [Fuhrmann and Goesele, 2014].

2.2 Real-time Online Surface Reconstruction

With the more widespread availability of cheap commodity sensors in the 2010s such as
the Microsoft Kinect, capturing depth information at high framerates of typically 30 Hz
became more popular and the reconstruction of larger scenes with hand-held sensors gained
increasing interest.

Volumetric Fusion Methods. The seminal KinectFusion system [Izadi et al., 2011; New-
combe et al., 2011] marked the cornerstone of this trend as it was the first system that enabled
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the reconstruction of room-sized scenes with interactive feedback to the user by running not
only camera tracking but also dense surface reconstruction in real time. Key to their success
was a fully GPU-accelerated pipeline consisting of an efficient projection-based depth image
registration algorithm [Rusinkiewicz et al., 2002], which aligned new input data against
an on-the-fly generated depth image of the current 3D model resulting in a significantly
improved tracking accuracy, as well as the fast incremental integration of these input data
into a volumetric signed distance function representation [Curless and Levoy, 1996]. In
the following years, several extensions have been developed to address the limitations of
the KinectFusion system. Whereas initially only a fixed-sized cubic volume consisting of
typically 512 voxels per dimension was used limiting the size of the reconstructed model,
moving volume techniques [Roth and Vona, 2012; Whelan et al., 2012; Whelan et al., 2015a]
as well as hierarchical data structures [Zeng et al., 2012; Chen et al., 2013; Steinbriicker et al.,
2013], spatially-hashed data structures [Niefsner et al., 2013; Kéahler et al., 2015] or even
a combination of the latter two [Kdhler et al., 2016b] have been proposed to increase the
storage efficiency of the volumetric representation and to enable the live reconstruction of
large-scale scenes of theoretically almost unrestricted size. Besides these improvements to
the internal data representation, the camera tracking component also received significant
attention by considering loop closure techniques that build a graph of nearby camera poses
and perform a global optimization of all poses. This includes approaches that divided the
scene into individually reconstructed small overlapping submaps which were continuously
aligned by the pose graph [Kahler et al., 2016a], as well as keyframe-based approaches which
directly performed a correction of previous input data via on-the-fly de-integration and
re-integration into the 3D model [Dai et al., 2017]. Further work considered collaborative
scenarios where multiple users, each equipped with a RGB-D camera, independently scan
parts of a large scene, such as a building, to obtain a single merged 3D model [Golodetz
et al., 2018], or even scenarios where the scene is scanned in a fully autonomous manner by
multiple moving robots [Dong et al., 2019]. Finally, instead of relying on GPU-accelerated
processing of the input data which requires powerful hardware, approaches that run purely
on the CPU [Steinbriicker et al., 2014; Han and Fang, 2018] have been developed including
methods that are capable of running on mobile devices [Klingensmith et al., 2015].

Surfel Fusion Methods. Whereas KinectFusion and all related approaches that we dis-
cussed so far were based on a volumetric grid and, thereby, used an implicit surface
representation, the advantages of other data structures such as surfels [Pfister et al., 2000]
as the underlying representation were also leveraged. Stiickler and Behnke [2014] used
a hybrid representation where surfels generated from the input depth images are stored
and integrated in a hierarchical octree data structure to ensure a regular distribution of the
surfels. A flexible method inspired by the KinectFusion system has been presented by Keller
et al. [2013] who followed the same general pipeline, but applied the volumetric update
step [Curless and Levoy, 1996] directly on the explicit surfel data to incrementally build a
large surfel model that is more compact than implicit voxel data structures. Similar to the
discussed developments in overcoming the limitations of KinectFusion, several extensions
to the surfel-based fusion approach were presented which particularly included improved
camera tracking using loop closure [Whelan et al., 2015b] or direct bundle adjustment [Schéps

14



2.3 Learning-based Surface Reconstruction

et al., 2019a], as well as modeling anisotropic noise in the fusion process [Lefloch et al., 2015]
and in the tracking component [Cao et al., 2018] to improve the accuracy of the reconstructed
models. Recently, closed-form interpolation with Hermite radial basis function implicits [Liu
et al., 2016] has been applied in fast surfel-based fusion to continuously evaluate the surface
and, thereby, increase the tracking and reconstruction accuracy [Xu et al., 2022b].

2.3 Learning-based Surface Reconstruction

Due to the huge success of modern deep learning approaches in various computer vision
tasks, much work has been invested into learning-based surface reconstruction from point
cloud or depth data.

Offline Learning. Early methods constructed an atlas of learned local surface parametriza-
tions and obtained the final surface via composition of the local patches [Groueix et al.,
2018; Williams et al., 2019]. Implicit functions also became very popular as the underlying
data representation. Riegler et al. [2017] used a 3D convolutional neural network (CNN)
architecture to learn the signed distance function using an octree representation from a
set of depth images. In order to avoid the limitations of discrete voxel representations,
the seminal works of Park et al. [2019] and Mescheder et al. [2019] proposed to use fully
connected networks, i.e. multi-layer perceptrons (MLP), for learning continuous signed
distance functions or continuous occupancy fields respectively. Recent approaches followed
this trend and learned a continuous SDF from a sequence of RGB-D images [Azinovi¢ et al.,
2022] or from point clouds [Ma et al., 2021]. Some techniques also applied ideas from classic
surface reconstruction (see Section 2.1) by incorporating priors based on Implicit Moving
Least Squares [Liu et al., 2021b; Wang et al., 2021] or a differentiable formulation of Poisson
Surface Reconstruction [Peng et al., 2021].

Online Learning. Since the aforementioned offline approaches require significant comput-
ing resources as well as repeated access to the whole fully captured dataset, augmenting
classic real-time online approaches (see Section 2.2) with neural networks recently gained
increasing attention. Instead of applying the classic volumetric update step [Curless and
Levoy, 1996] which effectively results in a local average, some methods learned a non-linear
SDF update function to improve the reconstruction quality [Weder et al., 2020], or performed
data fusion in a latent space where the fused SDF can be obtained from the latent represen-
tation by an additional translation network [Riickert and Stamminger, 2021; Weder et al.,
2021]. A similar idea has been applied for online fusion of point cloud data in a latent
space [Lionar et al., 2021]. In the context of collaborate scanning, recent work demonstrated
how to learn the noise characteristics of different sensors to perform multi-sensor data
fusion [Sandstrom et al., 2022]. Finally, continual learning of the signed distance function has
also been considered for online data fusion where samples of previous network predictions
of the SDF are stored in a fixed-size buffer and replayed in future updates to maintain these
learned structures within the network [Yan et al., 2021; Ortiz et al., 2022]. Despite these
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advances in learning-based fusion, current real-time methods are either inherently limited
in terms of reconstruction resolution or achieve this performance at higher resolutions only
when considering a small subset of keyframes.

2.4 3D Telepresence Systems

Similar to its impact on the recent trends in the field of surface reconstruction, the release
of cheap RGB-D cameras like the Microsoft Kinect also opened up new possibilities for
telepresence applications.

Frame-based Data Fusion. In initial systems, multiple Kinect cameras were placed in a
room to capture the interior from various angles and a visibility-based method was proposed
to merge the overlapping depth images [Maimone and Fuchs, 2011; Maimone et al., 2012].
With the great success of the KinectFusion system [Izadi et al., 2011; Newcombe et al., 2011]
for rapid scene capturing and reconstruction, 3D telepresence systems improved significantly
in terms of visualization quality. Instead of only relying on the RGB-D images of multiple
Kinect sensors from a single time step, Maimone and Fuchs [2012] applied KinectFusion
to dynamic scenes and modified the volumetric update step to quickly replace detected
persons and other moving parts within the scene with new measurements while keeping
the static parts of the scene. Further work considered a two-stage capturing process where
initially a 3D model of the static and semi-static parts of the scene is reconstructed with a
single moving RGB-D camera and subsequently overlaid with the dynamic scene content
captured from various fixed RGB-D cameras [Dou and Fuchs, 2014]. The recent Starline
project [Lawrence et al., 2021] demonstrated a high-fidelity telepresence system which, in
addition to replacing volumetric data fusion with faster image-based fusion, also accounted
for spatialized audio using head tracking and, thereby, provided a much higher degree of
immersion than 2D teleconferencing systems.

Temporal Data Fusion. Although the limitations of handling dynamic scene content in
the KinectFusion system, which was originally designed for static scenes, have been partially
mitigated, fully consistent integration was demonstrated only later by DynamicFusion [New-
combe et al., 2015] which performed non-rigid tracking in real time by estimating a dense
volumetric warp field that represents the individual motion of each point in space. Succes-
sive methods not only focused on a more accurate tracking in general, but also considered
multiple RGB-D cameras to handle fast motions [Dou et al., 2016]. Based on these impressive
developments, the Holoportation system [Orts-Escolano et al., 2016] demonstrated to provide
an immersive telepresence experience using Augmented Reality devices such as the Microsoft
HoloLens by performing incremental reconstruction and streaming of fully dynamic 3D
models of the person and their surrounding objects to another user in real time.
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Scene-oriented Telepresence. The primary focus of the aforementioned systems lied onto
3D telepresence of users and, thereby, onto scenarios which are limited to small and controlled
room-like scenes. However, telepresence of places that directly targets the surrounding
scene environment also received increasing attention in recent years. Mossel and Kroeter
[2016] developed a system that performed large-scale scene reconstruction using an efficient
spatially-hashed extension of KinectFusion [Kéhler et al., 2015] and simultaneously streamed
the internal volumetric 3D model representation to another remotely connected user over
time. This way, the remote user was able to virtually explore the scene during acquisition
using Virtual Reality devices. In the context of Mixed Reality (MR), such systems were
extended to allow for closer collaboration [Zillner et al., 2018] where the local user captures a
reconstructed 3D model of the environment via an AR device with an integrated RGB-D
camera and sees the interactions of a remote user with the virtual model. Other approaches
captured the environment with a calibrated cluster of RGB-D cameras and streamed the
stitched 3D panorama point clouds to a VR remote user [Sasikumar et al., 2019; Bai et al.,
2020]. Similarly, the MobilePortation system [Young et al., 2020] allowed to incrementally
capture a 3D point cloud model of the scene using mobile phones with integrated RGB-D
cameras by filtering duplicate points with a simple voxel grid filter. To increase the degree of
immersion, a live 360° video was streamed in parallel and blended with the 3D model when
the remote user approached the local user’s position.

In the scope of our publications introducing SLAMCast [Stotko et al., 2019a; Stotko et al.,
2019d] which will be discussed in Chapters 5 and 6, we developed a practical telepresence
system which is not limited to single-user data streaming, but instead allows to share
live-reconstructed, large-scale 3D models of the surrounding scene environment to multiple
remotely connected users by introducing a bandwidth-efficient data structure for streaming
and managing the respective client states with fast GPU hash map data structures.

2.5 Appearance Reconstruction

Besides the reconstruction of the shape of objects in terms of surface geometry, their
appearance also plays an important role in the creation of high-quality virtual models and is
captured by the complex interplay between material properties such as the surface albedo,
the surrounding illumination conditions as well as the viewing direction. Many methods
that are built upon the volumetric update step of KinectFusion [Izadi et al., 2011; Newcombe
et al., 2011] apply a similar weighted averaging scheme to estimate surface color information
which, however, bakes all illumination-dependent effects into the reconstructed texture.

Texture Optimization. In order to improve the texture quality, highlight detection was used
to remove samples from the integration process and, thereby, from the final texture [Whelan
et al., 2016]. Since RGB-D cameras automatically adjust the exposure time of the captured
RGB images to ensure that the observed dynamic range of intensities can be well represented
by the limited capabilities of the sensor, other approaches proposed to estimate this exposure
time to obtain a consistent high-dynamic-range color texture instead of directly fusing the
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raw low-dynamic-range images [Li et al., 2016]. More sophisticated methods formulated
the problem as a large offline optimization objective to increase the overall sharpness of the
reconstructed texture and the amount of reconstructed details [Zhou and Koltun, 2014; Bi
et al., 2017; Fu et al., 2021]. Recent work also considered online texture fusion in real time by
storing texture tiles per voxel [Lee et al., 2020; Kim et al., 2022], as well as learning-based
texture optimization using adversarial formulations [Oechsle et al., 2019; Huang et al., 2020b]
or differentiable rendering [Dai et al., 2021].

Albedo Estimation. Although texture optimization improves the quality and consistency
of the object colors, the surrounding illumination is still inherently tied into the texture which
makes these approaches unsuitable in various scenarios such as relighting applications
where a reconstructed object is placed into another scene with a different illumination, e.g.
in the context of Augmented or Mixed Reality. Separating the shading to recover the surface
material in terms of the diffuse albedo has been formulated as the ill-posed intrinsic image
decomposition problem where a broader overview of various classic and learning-based
approaches can be found in related surveys [Bonneel et al., 2017; Garces et al., 2022]. Popular
choices to address the inherent scale ambiguity of the intrinsics image decomposition problem
include smoothness priors for the albedo and shading images based on L; regularization of
the gradients [Kerl et al., 2014] or L, regularization respectively [Meka et al., 2016]. Several
approaches used depth data to define more expressive priors for guiding the optimization
process [Barron and Malik, 2013; Chen and Koltun, 2013; Hachama et al., 2015]. Since
the scene is actively illuminated with infrared (IR) light by time-of-flight cameras in the
depth measurement process, Kerl et al. [2014] estimated the respective IR albedo from this
controlled illumination setup and applied it in an image-wide coupling term to resolve the
ambiguity. Recent work also considered natural infrared illumination [Cheng et al., 2019b] or
even hyperspectral images [Zhang et al., 2022a] to regularize the gradients of the decomposed
shading images. Furthermore, additional constraints to enforce piecewise constant albedo
or shading values within clusters were introduced based on image segmentation [Shi et al.,
2015] or from user inputs in interactive scene editing applications [Meka et al., 2017]. The
latter approach has been recently extended in a global-illumination-based formulation by
decomposing the shading image into a linear combination of indirect illumination layers that
model inter-reflections with respect to estimated base color clusters [Meka et al., 2021].

In the scope of our publication [Stotko et al., 2019e] which will be discussed in Chapter 7,
we demonstrated accelerated albedo estimation from RGB-D and IR data within common
real-time surface reconstruction systems and introduced a segmentation-based approach to
improve the coupling between the RGB and IR albedo images.

BRDF Estimation. Since the diffuse albedo only partially captures the material properties
and the appearance of objects, some methods considered the estimation of Bidirectional
Reflection Distribution Functions (BRDF) as a more sophisticated model to also faithfully
handle specular effects. Wu and Zhou [2015] proposed a multi-stage capturing process
where the geometry is first estimated by the KinectFusion system and subsequently used
to estimate the diffuse surface albedo as well as the specular component in terms of the
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Ward model [Ward, 1992]. Similar multi-stage approaches were developed in the context of
Mixed Reality for relighting applications [Richter-Trummer et al., 2016]. Due to the higher
resolution and lower amount of noise in RGB images in comparison to depth data, joint
appearance estimation and surface geometry refinement was explored to obtain higher
quality reconstruction results [Wu et al., 2016; Maier et al., 2017a]. Recent learning-based
approaches allowed to estimate material properties as well as the environment illumination
of a scene based on differentiable path tracing [Azinovi¢ et al., 2019] or even in image space
from a single image [Li et al., 2020b].
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CHAPTER 3

Background

In this chapter, we will introduce the basic concepts and tools for 3D scene reconstruction.
After introducing the theoretical foundations of energy optimization (see Section 3.1),
we will discuss the data acquisition process (see Section 3.2) as well as the initial data
prefiltering (see Section 3.3) and camera tracking stages (see Section 3.4). Furthermore, we
will review common geometric data representations (see Section 3.5) and describe the steps
in volumetric surface reconstruction (see Section 3.6) in more detail. Finally, we will also
discuss the preliminaries of image-based appearance reconstruction in terms of intrinsic
image decomposition (see Section 3.7).

3.1 Energy Optimization

A common tool to obtain suitable solutions for various problems in the field of computer
graphics and computer vision is the optimization of an energy function. In its most general
form
0" = argmin E(0) (3.1)
OeR™
we are interested in finding the optimal parameters 0* € R™ which minimize an arbitrary
energy function E(0).

3.1.1 Linear Least Squares Optimization

A very popular choice for the energy function is the Least Squares regression model. Given a
set of n measurements, each of them is associated with a residual function r;: R — R and
the contributions of each residual are consolidated into a sum which leads to the following
formulation of the energy function:

n

E(0) = > ri(0) = [|r(0)I13 (32)

i=1
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Here, the energy can be rewritten in a simpler form by introducing a vector-valued function
r: R"™ — R" that includes the individual residual terms component-wise. Whereas the
residual terms r; can be non-linear in general, linear functions are often employed as a simple
model where the energy function reduces to a linear system of equations E(0) = ||A0 - b ||§
and the solution 0* = (AT A)"!AT b can be efficiently obtained by the well-known normal
equations.

For example, the weighted distance r;(y) = yw; ||y — xi||, is chosen in various problem
formulations to define the energy function

E(y) = ) willy - xill3 (33)
i=1

where the objective is to find a vector y € RY which best approximates a set of potentially
noisy samples x; € R? associated with accompanying weights w; € R in the least squares

y p panying weig q
sense. The solution of this problem is the well-known weighted mean

y =i (3.4)

which is one of several possible formulations to quantify the central tendency of the samples.

3.1.2 Geometric Median

Another possibility to define the central tendency is the geometric median which can be
considered as a special case of the more general Least Absolute Deviation regression model
that is defined by the energy function

E(0) = ) |ri(0)] = Ir(6)ll; (35)
i=1

and consolidates the individual residual terms in an L sense. Similar to the aforementioned
example, by choosing the residual function 7;(y) = w; ||y — xi|,, the geometric median of
a set of samples x; € RY with associated weights w; € R.( defines the point in space that
minimizes the weighted absolute distances to the samples:

E(y) = ) willy - xill, (3.6)
i=1

Since no analytic closed-form solution to this problem exists, the value can only be computed
numerically via iterative methods such as the Weiszfeld algorithm [Weiszfeld, 1937] which
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can be derived by considering the partial derivative

d « Yy — X
0=—E = w; ———— 3.7
7" = Ly 7

of the energy. After rearranging the terms, the resulting equation reveals a recursive
dependency of the optimal solution y* with itself and, at the same time, defines the
corresponding fixed-point iteration step

wi
ly —xill,

y(k+1) _ er‘lzl %i(y(k)) Xi
Y wiy®)

of the Weiszfeld algorithm. This iterative process can in fact be viewed as repeatably
computing the weighted mean with dynamically changing weights with respect to the
current estimate y*) and, thereby, also be reformulated in terms of the following Iteratively
Reweighted Least Squares (IRLS) problem

wi(y) = (3.8)

E(y) = > willy - xill,
i=1
wi 2
= - —X;
ZHy—leZ ||y 1”2
~ > @iy ™) lly - x5 (3.9)
i=1

with the same weights w;(y®).

3.1.3 Total Variation Regularization

Whereas the aforementioned formulations effectively describe data terms which are designed
for finding parameters 0 € R" that best approximate a set of given samples, Total Variation
(TV) regularization instead imposes additional smoothness constraints on the parameter
coordinates. In particular, we now consider the more general case of finding a function
f: Q — R™ parameterized over a I-dimensional domain Q C R! instead of a single vector 0.
The set of functions f forms a vector space and can be associated with the (canonical) inner
product and a p-norm that are defined in a similar way as for finite-dimensional vectors by

1/p
iy = [wigenar, il = | [irorax 3.10)

where |f(x)| denotes the euclidean length, i.e. |f(x)| := || f(x)]|,. Since the domain Q is
a non-finite set in general, we require the functions to be square-integrable to ensure a
well-defined inner product and, in addition, p-times integrable for the p-norm. Furthermore,
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the functions should be at least once continuously differentiable in order to compute gradients
Vf: Q— R™

Based on this definition, a regularized energy function taking a function f as argument can
then be defined as

E(f) = Eaual(f) + / V()] dx
Q
— Equa(F) + VA1 (3.11)

and consists of a data term Egata, Wwhich can be formulated, e.g., in the L, sense by a linear
least squares term or by other means, as well as the Total Variation regularization term,
which penalizes local deviations of f within the domain Q in the L; sense. In order to
control the influence of the regularization, an additional balancing parameter A € R can be
introduced within the data term E 4,1, as a trade-off between the smoothness of the function
f and its fidelity. Several algorithms for solving the above regularized optimization problem
have been proposed including the popular primal-dual approach by Chambolle and Pock
[2011] where the original minimization task is reformulated to the saddle point problem

E(f,G) = Eqata(f) + (VfIG) = 61(G) (3.12)

in which the primal variable f is minimized and the respective dual variable G is maximized.
Here, the Dirac delta function

51(G) = 0 if |G|l £1 (3.13)
+oo  otherwise '

restricts the solution space of the dual variable to functions with bounded maximum norm.
Furthermore, the primal and dual variables are connected through the gradient operator V
and its adjoint version VT = — div which allows to map between the two function spaces.

Given an initialization of the primal and dual variables f © and G© along with the auxiliary
variable f 0 = f 0) as well as the step sizes 0, 7 € Ry and 0 € [0, 1], the primal-dual solver
iteratively applies the following steps:

1. Gradient ascent step: G**1 = prox 61(G(k) +0 Vf®)
2. Gradient descent step: f**1) = prox_ Eu (f ©) — ¢ VT G+D))
3. Extrapolation step: fk*1) = fk+1) 4 g (F(k+D) — £(0))

The involved proximal operator

If - gli3
2T

prox. Eclata( f) = argmin + Edata(g) (3.14)
8

can be interpreted as a damped minimizer of the considered function, which is Egat, in this
case, where the solution is additionally constrained to lie close to the specified value. In case
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of the dual variable, the proximal operator reduces to a projection to the solution space:

G(x)

max(1, |G(x)]|) (3.15)

[proxo 61(G)] (x) =

We will built upon this formulation and the respective primal-dual solver in our albedo
estimation approach which will be described in Chapter 7.

3.2 Data Acquisition

Since the focus of this thesis lies on the reconstruction of indoor scenes, we will primarily
consider approaches that operate on RGB-D image frames and are explicitly designed to
take advantage of this structured data format (see Figure 3.1). However, we also studied
more general approaches that only require unstructured data in terms of 3D point clouds
(see Chapter 4). In the following, we will thus also consider point-based sensing devices in
addition to purely imaged-based ones.

3.2.1 Depth Sensing

Several types of cameras have been developed for measuring depth information which can
be divided into two major categories: passive capturing which includes stereo cameras and
active capturing which is employed by structured light and time-of-flight cameras.

Stereo Cameras. In contrast to active capturing devices which emit a signal into the scene
and capture the reflected response, stereo cameras are passive sensors consisting of a pair of
RGB cameras that record the scene from slightly different angles. By finding correspondences
between the two captured images, the depth of the observed 3D point can be estimated using
triangulation and the known fixed baseline between the cameras. While stereo cameras
can be used both in indoor and outdoor scenes, the accuracy of the depth image heavily
depends on the reliability of the estimated correspondences which becomes challenging for
low-textured objects.

Structured Light Cameras. Structured light cameras also rely on correspondence estima-
tion, but consider a more controlled setup where measurements are taken in the infrared
(IR) spectrum instead of the visible spectrum. In particular, an IR emitter projects a known
structured pattern, e.g. a speckle pattern in case of the Microsoft Kinect v1, into the scene
which is then observed by an IR camera. Depth estimation follows the same principle as
in the case of stereo cameras by performing triangulation on the matched correspondences
which, however, is a significantly easier detection task in this scenario due to the known
emitter pattern. Therefore, structured light cameras are well-suited for capturing near
objects in indoor scenes within a range of up to five meters but become less reliable in
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Depth [m]

Figure 3.1: Exemplary RGB-D frame from the heating_room dataset [Stotko et al., 2019a]. A colored 3D
point cloud can be computed via back-projection of the depth image.

outdoor scenarios where the emitted signal may not be distinguished from the surrounding
environment illumination, e.g. direct sunlight, anymore.

Time-of-Flight Cameras. Another increasingly popular depth sensing technique is based
on time-of-flight imaging which can be categorized into pulsed and continuous wave
modulation approaches [Horaud et al., 2016]. Indoor scanning devices such as the Microsoft
Kinect v2 usually emit modulated infrared light with a fixed known frequency and measure
the phase shift of the reflected signal per pixel. Since the speed of light is a known constant,
the overall traveled distances of the light can be computed from the pixel-wise measured
phase shifts and then converted to respective depth values by taking half of the distances.
Similarly, pulsed time-of-flight cameras emit short pulses of infrared light into the scene and
directly measure the time until the pulse is reflected back to the device. While the underlying
assumption of a single direct reflection back to the sensor usually holds for most parts of the
scene, the emitted light can be reflected more than once around corners or concave edges
which results in multiple measurements and can lead to systematically overestimated depth
values.

LiDAR Sensors. A subclass of the general set of time-of-flight devices are light detection
and ranging (LiDAR) sensors which utilize laser beams to emit light into the scene. Since
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these sensors are usually equipped with a single or a very low number of laser beams and
each of them can only contribute to a single depth measurement, a rotating mirror is used to
vary the directions of the laser beams and, thereby, to progressively scan the scene within
a frame. Therefore, the measured output provided by LiDAR devices typically consists of
3D point clouds whereas time-of-flight cameras like the Microsoft Kinect v2 capture 2D
depth images which can then be projected back to 3D space using the pinhole camera model.
Furthermore, LiDAR sensors are often employed in outdoor scenes where measuring larger
distances with high accuracy is crucial which includes various scenarios such as autonomous
driving [Li and Ibanez-Guzman, 2020].

3.2.2 Pinhole Camera Model

While the captured RGB and depth information is provided in 2D image space, the following
processing steps operate on scene information that is given in 3D space. This, in turn, requires
the capability to convert between the depth values p, measured at 2D pixel coordinates
u = (uy,u,)" € R? and the corresponding 3D points p = (px, py, pz)" € R* which can be
defined in terms of perspective projection and back-projection functions. To this end, the
pinhole camera model is employed which is a simple model that assumes lens-free projection
along a ray to a single point and can be described by the camera calibration matrix

fr 0 ¢y
K=[0 £ ¢ (3.16)
0O 0 1

consisting of the focal lengths (fy, f, )T € R? of the camera and the principal point (cy, cy)T e R?
which depicts the center of projection in image space. These device-specific properties of the
camera can be estimated in a calibration process where a series of images of a known target
object, e.g. a checkerboard pattern or another suitable reference object, are taken [Zhang,
2000]. Since the pinhole model does not explicitly handle lens distortions which usually
cannot be neglected for actual real-world cameras, the respective distortion parameters
are estimated as well during the initial calibration and used in the prefiltering step (see
Section 3.3) to compute an undistorted image from the raw sensor data. Based on this camera
matrix K, the perspective projection mk of a 3D point to an undistorted 2D pixel is defined in
vector notation by (u,1)" = K - p/p.. Ignoring the fixed last coordinate, we can also write
this expression more compactly as:

ni: R3S — R?

Px Py T
p - fxp—z+cx fxﬁ"‘cy (3.17)

Similarly, the inverse of the projection 7!, i.e. the back-projection of a 2D pixel with a
given depth value p, = z(u) into 3D space, is defined as p = K™ - (u,1)" - p, and can also be
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rewritten in a more compact form as:

g i R”ZXR — R?

_ T
Uy — Cx Uy —Cy

(u,pz) — R 7, Pz P2 (3.18)

3.3 Data Prefiltering

Before the captured data is further processed, a set of prefiltering steps is applied first. In
addition to the aforementioned undistortion step, this primarily includes noise reduction
which is usually performed by applying a bilateral filter [Tomasi and Manduchi, 1998] to the
2D depth image to obtain a smoothed version

Zu,- Krange(“Z(ui) - Z(”)“z) Kspatial(”ui - u”Z) Z(u)

Y Krange(llz(2:) = 2(w)|l2) Kopatiar (|2 — 1l,) (3.19)

Zfiltered (u ) =

where Kspatial denotes a filter kernel in the spatial pixel domain and Krange @ kernel in the

domain of the depth image values. A zero-mean Gaussian kernel K(x) = e™**/(20%) where the
normalization constant can be omitted, is commonly applied for both kernels. Alternatively,
Cao et al. [2018] used a temporal median filter where first a batch of consecutive depth
images is registered (see Section 3.4) to determine pixel correspondences between the images
and then the pixel-wise median over the batch is computed. In the context of unstructured
point cloud data, such an initial denoising or consolidation step can be realized by, e.g., the
LOP operator [Lipman et al., 2007] which performs Li-based spatial denoising in 3D space
and which we will study in more detail in Chapter 4.

Afterwards, a vertex map p(uy, uy) is commonly computed via back-projection with the
pinhole camera model and subsequently used to derive further geometric information such
as an estimate of the surface normals

(p(ux +1,uy) —p(uy -1, My)) X (p(ux, uy +1) = p(uy, uy — 1))
”(p(”x +1, uy) —p(uy -1, uy)) X (p(uy, Uy + 1) — p(uy, Uy — 1))”2

n(uy, uy) = (3.20)

in terms of finite differences, e.g. central differences as shown above.

3.4 Camera Tracking

Since the individual frames only capture certain parts of the scene from different angles, a
crucial step in 3D reconstruction pipelines is the camera tracking stage where the data are
brought into alignment by transforming each frame into a canonical world coordinate system.
This transformation effectively determines the pose of the moving camera at a time step ¢
and consists of a 3D rotation, which represents its orientation and can be defined in terms
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of a rotation matrix R®) € SO(3) with SO(3) = {R e R¥3|RTR =1I,det(R) = 1}, as well as a
3D translation #*) € R3, which denotes the position of the camera. A point pcamera € R3 from
the local camera coordinate system can then be transformed into global world coordinates

Pglobal = RY Pcamera + tt) (3.21)

by applying the rotation and translation. By writing the point in homogeneous coordinates
(Pcamera, 1)T € R4, the transformation can be defined in matrix form as

0 40
T<f>:(RO t1 ) € R4x4 (3.22)

which allows for convenient inversion and concatenation of the transformations, e.g. to map
between two local coordinate systems at time steps t; and f».

The estimation of these transformations from RGB-D frames as well as from other types of
data such as pure monocular RGB images or additional inertial information has been an
active field of research. Local tracking approaches optimize the relative pose AT between
two frames at time steps t and ¢ + 1 based on the energy formulation

E (AT) =E geometric(AT) + Aphotometric Ephotome’rric (AT) (3 23)

consisting of a geometric term that is often accompanied with an additional photometric
term and balanced by a weight Aphotometric € R>0- The geometric term only relies on the
depth image and is usually defined in terms of point-to-plane distances in 3D space [Izadi
et al., 2011; Newcombe et al., 2011; Niefsner et al., 2013]

Egeometric(AT) = Z<ATP(H1)(”) - p(t)(ureprojected) | n(t)(ureprojected»z (3.24)
u

where Ureprojected = 70 k([T TED p(t+D(31)) denotes the pixel u reprojected to the frame
at time step t. On the other hand, the photometric term

Ephotometric(AT) = Z ”I(Hl)(u) - I(t)(T(K(ATp(Hl)(u)))“% (325)

considers the intensity images I') and 11, which are computed from the input RGB data,
and penalizes differences between the reprojected and the observed intensity [Steinbriicker
et al., 2011; Whelan et al., 2013]. This non-linear optimization problem is solved iteratively
by linearizing the transformation AT and obtaining the solution of the resulting linear
least squares approximation. The final transformation at time step ¢ + 1 is then given by
T+ = T . AT. Whereas in frame-to-frame tracking two subsequent input frames are used
to estimate the relative pose, in frame-to-model tracking the reference frame at time step ¢ is
generated from the current state of the reconstructed model which significantly reduces the
amount of accumulated drift over time caused by slight estimation errors.

In order to ensure global consistency, various methods also considered the joint optimiza-
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tion of all transformations E(T™, T®), ..., T) via loop closure detection and pose graph
optimization techniques. For a more comprehensive overview, we refer to related surveys
and state-of-the-art reports [Stotko, 2016b; Taketomi et al., 2017; Macario Barros et al., 2022].
In the scope of the methods developed in this thesis, we relied on the computationally faster
frame-to-model methods.

3.5 Geometric Data Representations

After estimating the pose of the camera, the input frames can be merged into a 3D model.
However, a naive composition into a single point cloud would lead to unpleasant, low-quality
results since the individual frames do not only overlap and, hence, introduce significant
redundancy, but are also corrupted by sensor noise and outliers. In order to obtain a
smooth, compact, and high-quality estimate of the surface, we want to employ more
sophisticated fusion approaches which require the notion of a suitable respective geometric
data representation.

In the following, we briefly discuss common explicit representations such as points, surfels,
and polygon meshes as well as implicit representations in terms of signed distance functions.
A visual comparison of these representations is shown in Figure 3.2.

Points. One of the simplest surface representations is the point cloud model which consists
of a set of unordered 3D points in space belonging to the surface:

S :={p; e R%} (3.26)

A point cloud can effectively be considered as a discrete set of samples of the continuous
surface and therefore captures a sparse subset of the whole geometry. As a consequence of
this minimal representation, other properties including tangent planes, normals, or curvature
information are not explicitly provided and must typically be estimated separately from the
distribution of the points within a local neighborhood.

Surfels. Incomparison to the point cloud model, surface elements (surfels) are primitives that
are additionally equipped with further attributes of the surface which, in particular, includes
first-order surface geometry information [Pfister et al., 2000]. To this end, surfel-based
reconstruction approaches [Keller et al., 2013] typically maintain their data as an unordered
list

S = {(pi, ni,ri) € R¥x R> x Ry} (3.27)
where each surfel is modeled as an oriented disk and specified by the center position p;, the
orientation described by the normal vector n;, as well as the radius r; of the disk. Furthermore,

a color value or other auxiliary information that are relevant for the purpose of data fusion
can be associated as well to a surfel.
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Points Surfels n;

Surface

6521 Points 6521 Surfels (r; = const)
Polygon Meshes Signed Dis Dlstance Functions

1
fw)
0

Discrete SDF f (u)
with 232 Voxels (sliced)

1127 Vertices, 2250 Triangles

Figure 3.2: Overview of common data model representations for surface reconstruction at the example
of the Bunny model [Stanford Computer Graphics Laboratory, 1994]. Low model resolutions were
chosen to visualize the individual structure of each explicit and implicit data representation.

Polygon Meshes. As points and surfels cover a small local part of the surface geometry in
a flexible but also uncorrelated and unstructured way, the surface itself is not necessarily
closed and may exhibit small holes in-between when it is rendered to an image. On the other
hand, polygon meshes were utilized for several decades in graphics pipelines and offer a
simple way to model closed surfaces as a graph

S:=(V,F) with V:i={p;eR}}, FCVYXVx---xV (3.28)

k times

where V denotes the set of vertices, i.e. the sampled points on the surface, and ¥ the
connectivity of the graph in terms of a set of faces. The most common choice are triangle
meshes where k = 3 and the surface between the three vertices is represented by the respective
triangle in a piecewise linear manner. In contrast to the other representations discussed in
this section, polygon meshes are often only constructed in a post-processing step, e.g. via
Marching Cubes [Lorensen and Cline, 1987] in the case of voxels (see Section 3.6.2). Some
recent 3D reconstruction approaches also directly integrated an incremental meshing step
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into the data fusion stage to progressively update the reconstructed polygon mesh over
time [Dong et al., 2018; Schops et al., 2019b].

Signed Distance Functions. An alternative to the discussed explicit data models are
implicit representations where, in particular, the level set method [Dervieux and Thomasset,
1979; Osher and Sethian, 1988] became very popular as an elegant framework to define and
analyze surfaces. In its general form, the level set of a d-dimensional function f: RY — R is
defined as the set of all points p € R¥ that are mapped to a constant value cjeve; € R by f. For
the purpose of 3D reconstruction where d = 3, we are interested in the zero level set

S:={p eR’|f(p) =0} (3.29)

as a means to implicitly define the surface S in a continuous way. While in theory any
function that fulfills the above requirement can be applied in this context, an intuitive choice
for f is the Signed Distance Function (SDF) which returns the closest distance of a query
point p to S. Here, the sign of the distance indicates the location of the point relative to the
surface. Points that are located within the object, i.e. lying behind the surface, have negative
values f(p) < 0 whereas they have positive values f(p) > 0 if they lie outside the object and,
thereby, in front of the surface. As we are only interested in the zero level set of the SDF, the
other possible convention with flipped signs to determine the inner and outer space could
be equally used instead. Nevertheless, we will use the former convention throughout this
thesis since it has been adopted by the KinectFusion system [Izadi et al., 2011; Newcombe
et al.,, 2011] and related techniques. Furthermore, we store the SDF discretely in volume
elements (voxels). In fact, voxels can be considered as the generalization of 2D pixels to the
three-dimensional domain where the 3D space is subdivided into axis-aligned cells that are
associated with a scalar-valued or vector-valued property.

3.6 Volumetric Surface Reconstruction

After this brief overview of common geometric data representations, we will now discuss
the surface reconstruction stage in more detail with a focus on volumetric methods based
on signed distance functions which will serve as the basis for the techniques and systems
developed in Chapters 5 to 7.

3.6.1 Projective Data Fusion

Given a set of n depth images which capture the surface from various angles, Curless and
Levoy [1996] formulated the objective of fusing the given overlapping depth information
into a single consistent signed distance function that best approximates the observations as
an optimization problem. To this end, the respective energy function has been defined as a

32



3.6 Volumetric Surface Reconstruction

weighted linear least squares problem
n
ES) =) /Q o Sl (x, S dx (3.30)
t=1

where for each depth image captured at time step ¢ the signed distances dg;ht of the measured
3D points to the surface along the line of sight of the sensor are minimized. Here, the
integration domain Q) is specified with respect to the line of sight and depends on the
time step t as well as on the corresponding sensor pose estimated in the tracking stage (see
Section 3.4). By reparametrizing the energy to a canonical domain, the global SDF that

minimizes the above energy can be computed as the weighted average

_ i 0 (p)dVp)
Z?:l w(t)(P)

D*(p) (331)

of signed distances d*) for every point p € R3. This solution can be further reformulated to
an incremental update step

W (p) DV (p) + w(p)d(p)

W®(p) +wt)(p)
W(t+1)(p) — W(t)(p) + w(t)(p) (3.33)

D"V (p) =

(3.32)

which avoids the cost of storing all observations and allows to process the data in an online
fashion. In practice, the signed distances d*) are computed in a projective way as the
differences between the depth of the points p and the corresponding depth measurements
at the projected image positions of p. Furthermore, the values are truncated and specified
relative to a small band ctruncation € R>0 since only the close proximity around the surface is
required to accurately represent and store it. Therefore, a Truncated Signed Distance Function
(TSDF) is effectively computed. Further information such as colors provided by the RGB
camera of the sensor or albedo information (see Section 3.7.2) can be fused as well using the
same incremental update step.

3.6.2 Surface Extraction via Marching Cubes

Although many operations for signed distance functions including data fusion can be
performed very efficiently and elegantly, directly rendering an image of the implicitly defined
surface is, however, a more complex operation and requires to traverse the volume along
a set of cast rays and to repeatably sample the SDF. In contrast to this, the visualization of
explicit representations such as polygon meshes usually only requires a rasterization step
which is a standard operation for rendering and implemented in a highly optimized manner
on the GPU. To this end, Marching Cubes [Lorensen and Cline, 1987] has been developed
as an approach to extract the isosurface at a given value f(p) = ciso in terms of a triangle
mesh. This algorithm will be a key component of our proposed telepresence system which
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2D Slice of SDF Inside/Outside Labels Extracted 2D Isosurface
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Figure 3.3: Visualization of the Marching Cubes algorithm [Lorensen and Cline, 1987] at the example
of the Bunny model [Stanford Computer Graphics Laboratory, 1994] for a single 2D slice of the voxel
grid, inspired by Anderson [2004].

we will discuss in Chapters 5 and 6. A visual overview of the algorithm for a 2D slice of a
volumetrically stored SDF is shown in Figure 3.3.

Starting from an arbitrary voxel with discrete coordinates u € Z3, the stored SDF values
do, ..., d7 of the voxel and its seven neighboring voxels at the positions

Nuc(u) = {(uy + Auy, uy + Auy, uz + Auz)' € Z° | Au € {0,1}3°} (3.34)

are fetched and compared against the specified isovalue cjs, € R to determine whether the
isovalue is crossed in-between the discrete voxels. This results in a binary code of eight
bits that can be written as an index imc € [0, 255] € Ny encoding the detected configuration
of the local surface structure. Based on this configuration, vertices are placed at the edges
between the voxels crossing the isovalue and connected to a set of triangles. In practice, this
is efficiently implemented in terms of a precomputed lookup table which can be indexed
by imc and returns the involved edges as well as the triangulation pattern for any possible
configuration. Since the concrete values of the SDF are available, the positions along the
edges can be linearly interpolated to obtain a smoother mesh that more closely approximates
the isosurface.

3.6.3 Spatial Voxel Block Hashing

Although the KinectFusion system [Izadi et al., 2011; Newcombe et al., 2011] allows to run
the aforementioned stages of the 3D reconstruction pipeline in real time, one of its major
limitations was the runtime and storage complexity which restricts the system to room-scale
scenes. Due to its reliance on managing a dense voxel grid, doubling the size of the scene
or the resolution of the grid would result in eight times higher memory requirements and,
hence, a cubic scaling. In order to address this problem, Niefsner et al. [2013] proposed an
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extension where only a small band around the surface was actively stored which reduced
the requirements to almost quadratic complexity and was close to the theoretically optimal
asymptotic scaling. In particular, a two-level voxel grid hierarchy is employed where the
finer level stores the actual voxel data similar to KinectFusion and the coarser level provides
a lightweight mechanism to handle sets of 8 = 512 voxels by composing them into blocks.
These blocks are managed by a GPU hash table and can be retrieved by evaluating the spatial
hash function [Teschner et al., 2003]

Hblock: Z° — Np
u (Uy -p1®uy -p2®u;-p3) modn (3.35)

where the coordinates of the discrete 3D block position u are first multiplied by the large
prime numbers p; = 73856093, p2 = 19349669, p3 = 83492791, then merged into a single value
using the XOR operator @, and finally mapped to one of the n hash table buckets. Applying
this sparse volumetric grid representation to the reconstruction pipeline requires several
further changes and additional steps which will be described in the following.

Block Allocation. Since only a tight band around the reconstructed surface should be ex-
plicitly stored and maintained, the set of voxel blocks, that lie within this region and should be
subsequently updated, has to be computed first. To this end, the pixel-wise range of the band
is determined from the depth image values z as the interval [z — Cruncation, Z + Ctruncation] and
the corresponding line segments are constructed via back-projection of the interval bounds
(see Section 3.2.2). Afterwards, the Digital Differential Analyzer (DDA) algorithm [Ama-
natides and Woo, 1987] is applied to find all blocks that intersect with these segments and
each block is allocated and inserted into the GPU hash table.

Block Garbage Collection. Some depth samples are potentially unreliable due to noise and
may unnecessarily increase the size of the truncation band. Such voxel blocks are typically
located at the border of the band and will receive significantly less updates than blocks that
are close to the surface. Therefore, the maximum weight as well as the minimum absolute
SDF value within a block are computed and compared against some thresholds. Blocks that
are detected in this way are removed from the hash table and deallocated.

Block Streaming. In addition to the more compact storage of the surface, the unordered
structure of the sparse voxel grid in terms of spatially-hashed blocks enables further
possibilities to improve the scalability of the overall system by streaming currently inactive
blocks from the smaller GPU memory to the larger CPU memory. This is determined by
testing whether the considered block is still visible to the moving (virtual) camera. Once
a streamed-out voxel block becomes visible again and its voxel data will be updated with
new sensor information, the block is streamed back into GPU memory. Niefiner et al. [2013]
managed the blocks on the CPU in larger groups of chunks using a separate linked list,
which effectively corresponds to a three-level hierarchy, whereas Kahler et al. [2015] reused
the GPU hash table and instead tracked the state of the block explicitly by a flag.
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3.7 Image-based Appearance Reconstruction

Although the surface geometry provides clues about the shape of the reconstructed objects
and scenes, it lacks information about the perceived appearance which is another crucial
ingredient to reconstruct realistic 3D models. Before we discuss the preliminaries of image-
based appearance reconstruction in terms of intrinsic image decomposition, which will be
the focus of our work discussed in Chapter 7, we first introduce the fundamental concepts of
light transport.

3.7.1 Light Transport

Understanding how the final color values in an RGB image are determined from the captured
environment requires knowledge about the interaction of light with the scene and, thereby,
about light transport through the scene. A general formulation of this physical process
has been introduced by Kajiya [1986] in terms of the Rendering Equation. Considering only
non-translucent, opaque objects in the scene, the radiance L,, that is emitted or reflected at a
surface point p € § into the direction w, € H(n) of the hemisphere H(n), can be formulated
as

Lo(p/ (Uo) = Le(P, (1)0) + ”_ fBRDF(p/ wi, wo) Li(p/ wi) <n|(‘)i> dw; (336)

H(n

and consists of an emission term and a reflection term. Here, the former term specifies
the directly emitted radiance L, from the surface, which is non-zero for light sources,
whereas the latter term denotes the total amount of reflected light and, hence, captures
all contributions of reflected light over the hemisphere H(n). Each of these individual
contributions is determined by the total amount of incoming radiance L; received from the
direction w; € H(n), the Bidirectional Reflection Distribution Function (BRDF) fgrpr, as well as
an additional attenuation term based on the angle of the incident light to the surface. The
BRDF fgror(p, @i, ,) is a property of the material and describes the fraction of light that is
reflected from a direction w; to a direction w,.

Since radiance remains constant during light transport through vacuum, the incoming
radiance L;(p, w;) at the point p is equal to the outgoing radiance L,(p’, —w;) at the point p’
which denotes the closest intersection point of the ray I(7) = p + 7 w; with the scene. This
assumption can also be applied in many real-world scenarios that do not include fog or other
complex participating media. As a result, the rendering equation can be expressed as a
recursive integral equation which, in the general case, has no analytic closed-form solution.

3.7.2 Intrinsic Image Decomposition

Whereas the rendering equation formally defines the interaction of known scene geometry,
material properties and surrounding illumination which is primarily used to generate photo-
realistic images, inverse rendering describes the process of recovering these components from
the final images. A simple, yet effective formulation of this process in image space is intrinsic
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image decomposition introduced by Barrow and Tenenbaum [1978] which separates a captured
image into an element-wise product of reflectance and shading images and can be derived
from the rendering equation under the consideration of additional assumptions [Bonneel
etal., 2017; Garces et al., 2022]. To this end, the reflection behavior of a material and, thereby,
its BRDF can be analyzed by splitting it into a diffuse and a specular term

fBROE(P, Wi, wo) = k4(p) fa(p, wi, o) + xs(p) fs(p, wi, w,) (3.37)

where x4 € [0, 1]? and s € [0, 1]* denote the respective albedo components of the material
and fgq and f; the diffuse and specular lobes of the BRDF [Guarnera et al., 2016]. In the
context of intrinsic image decomposition, the materials are assumed to be Lambertian and
only reflect light in a perfectly diffuse manner without further specular terms. This results in
the Lambert BRDF fgrpr(p, wi, w,) = k4(p)/m [Lambert, 1760] which distributes radiance
uniformly into all directions and does not depend on the incoming or outgoing directions w;
and w,. If we further assume that the captured scene is not additionally emitting light, i.e.
no light sources are directly visible in the final image, the rendering equation reduces to

Lotp,w) =wap)- [ Ly, ) (nleo) de .39

and reveals the separation of the diffuse albedo from the remaining shading terms for
each surface point p. In image space, this relation denotes the classic intrinsic image
decomposition formula

L(u) = kq(u) s(u) (3.39)

where the diffuse albedo x4 is typically referred to as the reflectance term and s, representing
the integral term, is called the shading term. Here, it is important to note that during the
image formation process the linear radiance values are converted to gamma space and finally
mapped to pixel values via quantization. Therefore, the decomposition is formally defined in
gamma space which more closely resembles the human vision system and allows to interpret
differences in color on a perceptional basis.

Computing the actual decomposition remains a challenging and ill-posed problem due to the
inherent pixel-wise scaling ambiguity which implies that there exists an infinite number of
solutions (K4 - Crandom, S/ Crandom) that perfectly explain the final image L after re-composition.
Several priors have been employed to constrain the problem and to resolve this ambiguity
where popular choices are based on the Retinex Theory [Land and McCann, 1971] or the
assumption of white light to restrict the shading term to a one-dimensional scalar value.
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CHAPTER 4

Incomplete Gamma Kernels:
Generalizing Locally Optimal
Projection Operators

In this chapter, we discuss the contributions and results developed in the following publication
which already appeared as a preprint and is currently under review:

Patrick Stotko, Michael Weinmann, and Reinhard Klein.

“Incomplete Gamma Kernels: Generalizing Locally Optimal Projection Operators.”
arXiv:2205.01087 (under review), submitted to IEEE Transactions of Pattern Analysis and
Machine Intelligence (TPAMI), 2022.

por: 10.48550/arXiv.2205.01087

J

In the following, we include a verbatim copy of the content of this work subject to some
minor editorial changes.

Author Contributions of the Publication In this work, I developed the theoretical deriva-
tion of the kernel family, its properties, as well as the applications. Furthermore, I performed
the experiments and evaluations of the proposed extensions.

4.1 Abstract

We present incomplete gamma kernels, a generalization of Locally Optimal Projection (LOP)
operators. In particular, we reveal the relation of the classical localized L; estimator, used in
the LOP operator for surface reconstruction from noisy point clouds, to the common Mean
Shift framework via a novel kernel. Furthermore, we generalize this result to a whole family
of kernels that are built upon the incomplete gamma function and each represents a localized
L, estimator. By deriving various properties of the kernel family concerning distributional,
Mean Shift induced, and other aspects such as strict positive definiteness, we obtain a deeper
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Figure 4.1: Relation between LOP and Mean Shift at the example of the 2D Fish model. Minimizing
the localized L1 attraction energy with the Gaussian kernel Kgaussian (left) results in the same trajectory
g as applying Mean Shift on a global kernel density estimate with the kernel Ky op (right).

understanding of the operator’s projection behavior. From these theoretical insights, we
illustrate several applications ranging from an improved Weighted LOP (WLOP) density
weighting scheme and a more accurate Continuous LOP (CLOP) kernel approximation to
the definition of a novel set of robust loss functions. These incomplete gamma losses include
the Gaussian and LOP loss as special cases and can be applied for reconstruction tasks such
as normal filtering. We demonstrate the effects of each application in a range of quantitative
and qualitative experiments that highlight the benefits induced by our modifications.

4.2 Introduction

Digital 3D scene models have become a crucial prerequisite for numerous applications
in entertainment, advertisement, design, architecture, autonomous systems, and cultural
heritage. In this context, the accurate digitization of real-world objects and scenes is of great
relevance and offers new opportunities regarding a variety of tasks including AR/VR-based
inspection and collecting realistic training data for tasks in robotics, autonomous driving,
aerial or satellite surveys. Aside from professional scanning campaigns with expensive
laser scanning equipment, there has also been an increasing trend towards more practical
scene capture with consumer-grade hardware such as passive purely image-based scene
scanning using Structure-from-Motion and Multi-view Stereo approaches, or with respective
cheaper active time-of-flight depth sensors that have meanwhile even been integrated into
numerous mobile devices. However, the use of passive scene scanning or active scanning
based on cheap hardware with low sensor quality and low sensor resolution induces noise
in both the capture process and the 3D reconstruction procedure, and thereby results in
noisy point clouds and a low number of points that might not preserve finer geometric
details in the reconstruction respectively, which, in turn, may lead to registration artifacts.
Furthermore, the limited accessibility of capture conditions as well as occlusions induce
holes in the reconstructed models. These challenges result in an increasing interest in robust
surface reconstruction techniques capable of handling noise, outliers, registration artifacts
and missing data.
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Among others, the Locally Optimal Projection (LOP) operator [Lipman et al., 2007] has
gained a lot of attention in recent years due to its benefit of not relying on a well-defined
surface parametrization or a piecewise planar approximation and, meanwhile, there has
been a whole series of further extensions of this approach [Huang et al., 2009; Huang
et al.,, 2013; Liao et al., 2013; Preiner et al., 2014]. Furthermore, many learning-based
approaches also aim at projecting the noisy data onto a (latent) denoised manifold [Zhang
et al., 2020; Xu et al., 2022a]. Therefore, investigations towards the unification of traditional
approaches with their respective regularization techniques might be of great relevance
for future learning-based approaches as well. Even further, traditional techniques such as
Mean Shift clustering [Fukunaga and Hostetler, 1975; Cheng, 1995; Comaniciu and Meer,
2002] become more and more relevant in modern deep learning methods. Besides their
application to structure the latent space representation of the data within encoder-decoder
approaches [Madaan et al., 2019], there is even a direct relation between the Mean Shift
approach and denoising autoencoders [Bigdeli and Zwicker, 2018]. In particular, as the
output of an optimal denoising autoencoder corresponds to the local mean of the true data
density [Alain and Bengio, 2014], the autoencoder loss can be interpreted as a Mean Shift
vector [Bigdeli and Zwicker, 2018]. However, to the best of our knowledge, this observation
has not yet been explored in the context of surface reconstruction and denoising. Hence,
relating traditional concepts to modern deep learning methods might not only lead to a more
explainable behavior of the latter but also allow increasing the resulting performance. In
turn, this relies on the better understanding of the relationship between previous (traditional)
techniques.

In this paper, we investigate the theoretical relationship of projection-based surface recon-
struction approaches with their respective properties and show that these are unified within
the common Mean Shift framework. In particular, the key contributions of our work are:

o We reveal the relation of the classical localized L; estimator used in LOP to the Mean
Shift framework via a novel kernel Kiop and introduce the family of incomplete gamma
kernels Kr as a generalization of this result where each kernel represents a localized L,
estimator (see Section 4.4).

* We derive various properties of the kernel family concerning distributional, Mean
Shift induced, and other aspects such as strict positive definiteness to obtain a deeper
understanding of the operator’s projection behavior (see Section 4.5).

* We demonstrate that leveraging the derived theoretical insights enables several appli-
cations including an improved Weighted LOP (WLOP) density weighting scheme, a
more accurate Continuous LOP (CLOP) kernel approximation as well as the derivation
of incomplete gamma losses, a set of novel robust loss functions (see Section 4.6).

In our evaluation, we demonstrate the benefits induced by our modifications in a range
of quantitative and qualitative experiments. Furthermore, the theoretical insights of our
investigations with their proven effect may be of great relevance also for future learning-based
approaches.
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4.3 Related Work

In the following, we provide a review of geometric and learning-based denoising approaches.
Furthermore, we also review seminal work regarding the theory and application of the Mean
Shift framework due to its relationship to LOP approaches that we will demonstrate later.

4.3.1 Geometric Denoising Approaches

Following early approaches such as the local fitting of tangent planes [Hoppe et al., 1992] or
using radial basis functions [Carr et al., 2001], respective developments particularly focused
on projection-based methods, sparsity-based methods and non-local methods.

Projection-based Methods. These approaches rely on the assumption of an underlying
smooth surface and the projection of noisy data points onto the estimated local surface. For
this purpose, respective approaches apply moving least squares (MLS) based methods [Alexa
et al., 2003; Amenta and Kil, 2004; Fleishman et al., 2005; Oztireli et al., 2009], robust principal
component analysis (RPCA) [Narvaez and Narvéez, 2006] and moving robust principal
component analysis (MRPCA) [Mattei and Castrodad, 2017], or locally optimal projection
based operators where the LOP operator [Lipman et al., 2007] has been extended in terms
of Weighted LOP (WLOP) [Huang et al., 2009], Feature LOP (FLOP) [Liao et al., 2013],
Continuous LOP (CLOP) [Preiner et al., 2014], Edge-Aware Resampling (EAR) [Huang et al.,
2013] and a Gaussian mixture model inspired projection operator [Lu et al., 2017]. The latter
has been demonstrated to be capable of resampling point clouds while preserving features
due to the additional guidance of filtered normals.

Sparsity-based Methods. This class of approaches relies on the assumption that objects
can be represented in terms of piecewise smooth surfaces with sparse features. Respective
denoising techniques include Lo-norm [Sun et al., 2015; Cheng et al., 2019a] and Li-norm
minimization [Avron et al., 2010; Mattei and Castrodad, 2017; Leal et al., 2020], sparse
dictionary learning [Digne et al., 2017] as well as patch-based or feature-based graph
Laplacian regularization [Zeng et al., 2019; Dinesh et al., 2020; Hu et al., 2020], graph-based
point cloud denoising based on jointly leveraging geometry and color information [Irfan and
Magli, 2021], guided filtering based on normal information followed by a Li-medial skeleton
extraction to get the sharp structure of the surface [Zheng et al., 2017] as well as leveraging
gravitational feature functions [Shi et al., 2022]. In the context of denoising dynamic point
clouds, Hu et al. [2021] explored the temporal coherence of spatio-temporal graphs with
respect to the underlying surface, where a respective manifold-to-manifold distance has
been introduced. Furthermore, data-driven exemplar priors have been used for surface
reconstruction [Remil et al., 2017], where the sparsity of local shapes from a collection of 3D
objects has been explored.
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Non-local Methods. In contrast to the previous classes, these approaches rely on the
assumption that geometric statistics are (approximately) shared by certain surface patches
of a 3D model, i.e. local surface denoising is conducted based on collected neighborhoods
with similar geometry [Rosman et al., 2013; Chen et al., 2019; Lu et al., 2020; Zhu et al., 2022].
However, the definition of a suitable metric as well as the regular representation of local
surface structures remain challenging. Furthermore, density-based point cloud denoising
has been approached by first applying particle-swarm based optimization for kernel density
estimation followed by a Mean Shift clustering-based outlier removal and a final bilateral
mesh filtering [Zaman et al., 2017].

4.3.2 Learning-based Denoising Approaches

Recent works more and more leverage deep learning for surface reconstruction from point
clouds as well as point cloud denoising. Examples include approaches for point cloud
consolidation and resampling such as PointNet [Qi et al., 2017a], PointNet++ [Qi et al.,
2017b], patch-based progressive point cloud upsampling [Yifan et al., 2019b] as well as the
unification of the considerations of densifying, denoising and completing point clouds [Choe
et al., 2022]. Other approaches followed the principles of initially projecting the points
onto coarse-level local reference planes and applying a subsequent refinement [Duan et
al., 2019] or the initial removal of outliers before conducting the denoising [Rakotosaona
et al., 2020]. Further approaches include edge-aware point cloud consolidation [Yu et
al., 2018], adversarial defense [Zhou et al., 2019], graph-convolutional methods [Pistilli
et al., 2020], unsupervised approaches such as Total Denoising [Hermosilla et al., 2019],
gradient field based denoising [Chen et al., 2021a; Luo and Hu, 2021; Zhao et al., 2022],
differentiable approaches [Roveri et al., 2018; Yifan et al., 2019a; Luo and Hu, 2020] as well
as manifold learning based on encoder-decoder architectures [Zhang et al., 2020; Xu et al.,
2022a]. Non-local self-similarities have also been considered to define neural self-priors that
capture geometric repetitions [Hanocka et al., 2020], capture semantically related non-local
features [Huang et al., 2020a], or apply self-correction by allowing the model to capture
structural and contextual information from initially disorganized parts [Chen et al., 2021b].
Furthermore, normalizing flows have been applied to the learn the distribution of noisy
points and disentangle noise from the latent space [Mao et al., 2022]. In addition, the feature-
aware recurrent point cloud denoising network (RePCD-Net) [Chen et al., 2022a] combines a
recurrent network architecture for noise removal with multi-scale feature aggregation and
propagation and a feature-aware Chamfer distance loss.

4.3.3 Mean Shift Approaches

The Mean Shift approach [Fukunaga and Hostetler, 1975] is a well-studied local mode-seeking
method with diverse applications including data clustering [Cheng, 1995; Comaniciu and
Meer, 2002; Grillenzoni, 2016; Beck et al., 2019], image filtering [Comaniciu and Meer, 2002],
segmentation [Comaniciu and Meer, 2002; Jang and Jiang, 2021], denoising [Bigdeli et al.,
2017; Bigdeli and Zwicker, 2018], and object tracking [Jang and Jiang, 2021]. Tremendous
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effort has been spent to study its convergence behavior [Cheng, 1995; Comaniciu and Meer,
2002; Li et al., 2007; Chen, 2015; Ghassabeh, 2015; Huang et al., 2018] which culminated
in a rigorous set of properties proven by Yamasaki and Tanaka [Yamasaki and Tanaka,
2019]. Recently, Mean Shift clustering has also been applied in the latent space of neural
encoder-decoder approaches to achieve a better structured data representation [Madaan
et al., 2019]. Furthermore, the connection between the Mean Shift approach and denoising
autoencoders [Vincent et al., 2008] has been revealed by Bigdeli and Zwicker [2018], who
leveraged the observation that the output of an optimal denoising autoencoder (DAE) is a
local mean of the true data density [Alain and Bengio, 2014] to show that that the autoencoder
loss is a Mean Shift vector and to use the respective magnitude to define a prior for image
restoration.

4.4 Background

Before deriving our proposed kernel family as a generalization of LOP in the context of Mean
Shift, we first provide a brief introduction into the concepts of both approaches.

4.4.1 Mean Shift

The basic objective of Mean Shift [Fukunaga and Hostetler, 1975] is to find the modes of a
density function f which has been observed by a (sparse) set of points P = {p; € R’} and is
modeled by a kernel density estimate function:

frx(q) = |5D|1hd ZK(pih_q) (4.1)

Here, I denotes the kernel window size and K a kernel that is non-negative (K(x) > 0),
normalized ( /Rd K(x)dx = 1), and radially symmetric (K(x) = cx k(||x||2)) The function k
defined in the symmetry constraint along with the normalization constant ck is called the
kernel profile of K and plays an important role in the analysis of Mean Shift [Yamasaki and
Tanaka, 2019]. Furthermore, the gradient of the kernel density estimate

Vip(q) =

|go|hd+zc Z (pl q)(i’z q) 4.2)

can be derived using the kernel G(x) = c¢ g(||x||2) and its corresponding profile g(x) =
—d%k(x). Based on these two functions, Mean Shift finds the modes by iteratively applying
the Mean Shift vector

12 g Vfpx(g) _ % G(EA) (pi - q)
2k fpo(q) XiG(EL)

me c(q) = (4.3)
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which describes the gradient vector normalized with respect to the kernel G and is the
main component in the algorithm. In particular, it directly defines the update step of the
corresponding fixed-point iteration g**? = g) + mp c(g")) which performs gradient ascent
on the kernel density estimate function fp k.

4.4.2 Locally Optimal Projection

The central tendency of a set of data points, often measured in terms of the geometric
mean, is a crucial and desirable property used in many applications, but its definition and
computation has been a challenging research question for decades. Although the geometric
mean can be easily evaluated, it is highly sensitive to outliers. In contrast, the L1 median
— also called geometric median — is a more robust quantity and can be computed by the
iterative Weiszfeld algorithm [Weiszfeld, 1937]. In addition to many other contexts, it has
been applied to 3D surface reconstruction to define a robust projection operator [Lipman
etal., 2007]. Given a set of noisy target points P = {p; € R?} sampled from a surface S where
d = 3 is usually considered, the task consists in projecting an additional set of projection
points Q = {g; € R?} onto S based on the observations . This can be expressed in terms of
an energy formulation

E@) = ), E1op(4)) + Erep(q)) (44)
J
based on an attraction and a repulsion term
Eror(a)) = ) 0(lpi = a1 Ipi — gl (45)
Erep(q) = A; ), 0(la” =4} D n(llay” - g1l (4.6)
iizj

where 0(x) = e™*"/(/%? denotes a compact localization kernel and 1 a decreasing regulariza-
tion function penalizing small distances between projection points. Common choices of 1
include the originally proposed function niop(x) = 1/(3x%) [Lipman et al., 2007] as well as
the less rapidly decreasing function nwrop(x) = —x [Huang et al., 2009]. Both energy terms
are balanced by weights A; which are chosen such that they only depend on a single, global
parameter u € [0,1/2). Based on the Weiszfeld algorithm, the solution to this optimization
problem can be obtained by the fixed-point iteration

O
oo Ziolpi =gy

P Ziadlpi- 4l

Siie Bllg” ~ a ) a) - ")
y

i it ﬁ(”q?) - q;t)ll)

(4.7)

+

with kernels a(x) = 6(x)/x and B(x) = 6(x)/x |%17(x)|.

47



Chapter 4 Incomplete Gamma Kernels: Generalizing Locally Optimal Projection Operators

Kiop Kr(z|p,0?) Kgaussian

\ \ \ \

p=1 p=125 p=15 p=175 p=2

Figure 4.2: Interpolation between 2D incomplete gamma kernels Kr with varying p € [1,2] and fixed
0% = 1/32. Bach kernel corresponds to a localized attraction energy minimization with the respective
p-norm.

4.4.3 Generalization via Incomplete Gamma Kernels

Although Mean Shift and Locally Optimal Projection were developed to solve different
problems, we can link both concepts by rewriting the update step:

t+1 t t t
g™ =4+ mp o) — mQ;n,Grep(q; ) (4.8)

This reveals that the LOP operator is a combination of standard Mean Shift with respect
to the target set # and reverse Blurring Mean Shift with respect to the moving source set

Q;t) =QW\ {q;t) }. Therefore, we can interpret the localized L1 attraction energy minimization

with a Gaussian kernel as a global density maximization with respect to a different kernel
Kropr. An example of this relation is shown in Figure 4.1.

To derive this corresponding kernel, we consider the profile of the involved kernel which
follows a gamma distribution fr(x|a,b) oc x*~1 e /b with support x € (0, ) and parameters
a>0,b>0. The profile of the actual kernel then follows the distribution Fr(x|a,b) o
I'(a, x/b) which is the complementary CDF of fr and based on the upper incomplete gamma
function I'(a, x) = /x * -1 =t d¢t. Since we want to define a d-dimensional kernel Kr, we also
need to compute the respective normalization constant. For this, we switch the integration
domain to d-dimensional spherical coordinates and substitute s = r2/b:

L:/ r(a,@)dx:// T(a, 2) r*1dr dQ
CKr Rd QJo

: /QdQ [/Omf(a,s)s%_lds]

b2

T2
Due to radial symmetry, both integrals can be solved independently. The former one
describes the surface area of the d-dimensional unit sphere and has the closed form
fQ dQ =2n/2/T(d/2). Using the relation /Ooo I'(a,x)x"Ydx =T(a + b)/b [Bateman, 1953],
we get an expression for the latter one in terms of the ordinary gamma function. We can
also apply the recursive relation of the gamma function I'(a + 1) = a I'(a) and conclude that
1/ck, = (nb)*2T(d/2 +a)/T(d/2 +1). Finally, we change the parametrization by setting

(4.9)
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Table 4.1: Properties of Incomplete Gamma Kernels Kr(x | p, 02) in R? for p>0

c Mean 0
'f-';) Covariance % 021
& isti i d+p ds2 _ Pllw]?
7 Characteristic function F(=-, 5%, - 7 )
. . 2
A Moment-generating function 1&(#, %, %)
Differentiable profile " exceptforx =0ifp € (0,2)
L;: Strictly decreasing profile
= Convex profile v for p € (0, 2]
é) Analytic vV
Bounded Vv
g Completely monotonic profile v for p € (0,2]
o) Strictly positive definite ' for p € (0, 2]

a =p/2,b =20 to obtain the final kernel:

(42
Kr(xlp, %) = —— (d—ip)r(g, )
(2m6?)2 T(=H)

! (4.10)

These incomplete gamma kernels span a family of Mean Shift kernels corresponding to L,
estimators of the attraction energy localized by a Gaussian kernel. An important special case
of this family is the LOP kernel for which we choose p = 1, 6% = 1/32 and apply the identity

[(1/2,x) = Vr erfc(v/x) to get

d+2
47 T(5=
7 T(41)

Krop(x) = erfe(4 |x|]) (4.11)

TC 2

where erfc denotes the complementary error function. Another special case is the corresponding
Gaussian kernel Kgaussian Obtained by setting p = 2 which is a common choice in Mean Shift
and has been extensively analyzed as the localized L, estimator of the geometric mean.
Figure 4.2 shows an interpolation between these kernels by varying the p-norm.

4.5 Kernel Properties

In the following, we derive several theoretical properties of the family of incomplete gamma
kernels which are summarized in Table 4.1.

49



Chapter 4 Incomplete Gamma Kernels: Generalizing Locally Optimal Projection Operators

4.5.1 Characteristic Function and Fourier Transform

In order to gain a deeper understanding of the proposed kernel family Kr, we are interested
in its characteristic function @r which can also be interpreted as the Fourier transform ¥ .
First, we can apply the relation between the d-dimensional Fourier transform of a radially
symmetric function f(x) in terms of the Hankel transform of order d/2 — 1 of the function
||x||d/ 21 f(x) [Stein and Weiss, 1971] to reduce the dimensionality of the integral to the radial
component

pr(w) = F [Kr(x|p, 0%)] (@) = /Rd Kr(x|p, %) e“ dx

eu)E [, g
= ck ; I3, 552) Jaq(ll@llr) r2 dr

r i
lwll

4.12)

where ], (x) denotes the Bessel function of the first kind of order q. This integral has the
closed-form solution (see the Appendix for a more detailed derivation):

(2m)2 e ) .
“Kr -1 I, 507) ]%—1(”(0” r)r2dr
|w]|27" 70
d+p
1) g 2w (4.13)
(5%
d 2 2
=1Fi(5E, 42, -2 ||2w|| )

Therefore, the characteristic function of the incomplete gamma kernel can be written in terms
of the confluent hypergeometric function of the first kind 1F,. Figure 4.3 shows a comparison
between the Gaussian kernel (p = 2) and the LOP kernel (p = 1) both in spatial and in
frequency domain.

If we consider the special case 1F1(a, 4, x) = e¥, we can observe that this result is consistent
with the Fourier transform of the Gaussian kernel. Furthermore as d — oo, the entire family
of localized L, kernel estimators converges to the L, estimator since distances become
increasingly similar in higher dimensions due to the curse of dimensionality.

4.5.2 Moment-generating Function

Another closely related and useful quantity to consider is the moment-generating function
Mr of the kernel Kr which can be used to compute the mean ur and covariance matrix Xr.
Although there is a direct connection to the characteristic function in terms of

Mr(w) = pr(-iw) = 1Fy (52, 452, 7ol (4.14)
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Figure 4.3: Comparison of LOP and Gaussian kernels in spatial and frequency domain. Filtering with
the LOP kernel K op better preserves higher frequency information.

it does not necessarily exist in general, so we have to prove this property for all w € R¥. For
this purpose, we repeatedly apply the comparison theorem of calculus to derive a finite upper
bound of the integral. After switching to spherical coordinates, we bound cos(Z(w, x)) < 1
to decouple the radial component from the angular one:

Mr(@) = [ Kilxlp, ot el@l® dx
R
= Ckp / / F(E,z%i)rd'le”“’”’“"s(‘(“"x))drdﬂ (4.15)
QJ0

<c1 / r(%, %) ri=tellelr gy
0
For brevity, we put finite terms into constants c;. Next, we combine the two individual upper
bounds

I(a,x) < x”j e:x, a€[l,0),x €la, o) [Nat.alifli and Palumbo, 2000] (4.16)
x"e™, ae(0,1],x €(0, o) (partial int.)
and apply them after splitting the integral at ro = max(1, p/2). Furthermore, we simplify the
expression by completing the square in the exponential term:

[o¢]
2\ 4o
c1/ F(E,zr?)rd Lell@lr g
0

o 2
2P 4 —I% 4
<c C2+C1/ 10 (552)2 Le a2 pi-lel@lr gp (4.17)
ro
_r=a?jjw])?

oo
=cicp+cic3 / pPra=3e™ 202 dr
ro

Since r € [1, ), the remaining polynomial can be bound by a higher order k = max(0, [p +
d —3]) € Ny. Therefore, this integral describes the (incomplete) k-th raw moment of a
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1D normal distribution and is finite for any k € Ny which, in turn, proves that Mr(w) < oo
exists.

4.5.2.1 Mean

We can now use the moment-generating function Mr to directly compute all raw moments
of the kernel Kr by evaluating the respective derivative at @ = 0. For the mean, we consider
the first-order derivative

aiM () = 5 02 1By (D52, 4 Sl (4.18)

and get yr = %MF(O) = 0 as the expected result for a radially symmetric kernel.

4.5.2.2 Covariance

Similarly, we compute the second-order derivative

9 dp+2 dia Pllwl?
Jw ow TMF((‘)) d+2 G 1F1( 2 7 %/ 2 )I (4 19)
d4p+2 d 2|2 '
+ ;ZZ 2 By ( +P+ /%, o ||2w|| )wa]

and obtain the covariance matrix of the kernel Kr using the first-order and second-order raw

moments as Xy = -~ 3wTMr(0) ‘ury} =(d+p)/(d+2)0L

4.5.3 Mean Shift Properties

In addition to the distribution-specific properties above, we can get further insights into
the kernel family by exploiting the comprehensive theory that has been developed for the
Mean Shift algorithm [Yamasaki and Tanaka, 2019]. This requires proving several additional
properties including that the kernel Kr is bounded and analytic and that its profile kr is
differentiable, strictly decreasing, and convex.

4.5.3.1 Differentiability, Monotonicity and Convexity

In order to show that the profile is strictly decreasing, we consider its first-order derivative

e, ) = (L) b2 (4.20)

d
akr(xlpla ) d_ 252

which is defined for all x € (0, ) as well as for x =0 if p € [2,00). Since the involved

polynomial and exponential terms are always positive, it follows that the derivative must be
negative, that is %kr(x |p, 02) < 0, and the profile strictly decreasing.
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Similarly, we see that the second-order derivative is given by

2

d 2y _ d 2 g_l_i

where, in order to ensure that C{‘—;kr(x |p,0%) > 0, the latter term must be non-positive
which is equivalent to the condition x > (p —2) 2. Since this should hold for all x € (0, ),
convexity is only guaranteed for kernels with p € (0,2] which, in particular, includes the
Gaussian kernel (p = 2) as well as the LOP kernel (p = 1).

4.5.3.2 Boundedness and Analyticity

Instead of showing both properties for the kernel Kr itself, it is sufficient to show them for its
profile kr. Since kr is non-negative and monotonically decreasing, we only have to consider
the case x = 0. For this value, I'(a, x) reduces to the gamma function I'(a) which is finite for
a > 0. Furthermore, analyticity directly follows from the fact that I'(a, x) is holomorphic in
x € (0, o) for any fixed a > 0.

4.5.3.3 Consequences for the LOP operator

The aforementioned properties have several direct implications [Yamasaki and Tanaka, 2019]
on the behavior of the LOP operator (with zero repulsion) as well as to Mean Shift applied
with the incomplete gamma kernel Ky for p € (0, 2]. With the exception of the finite set of

target points # where singularities are introduced in the kernel Gr, the following properties
hold:

Non-zero Gradient. The gradient of the kernel density estimate V fp,KLOP is non-zero
outside the convex hull of the target point set . This implies that all solutions must lie
within the convex hull.

Plateau-free Density. In addition to non-zero gradients, the kernel density estimate
function on the set R3\ % has no plateaus. Since the set of target points ¥ is finite, we can
extend this property to the full space R3.

Non-decreasing Density Estimate. Another interesting subset to consider is the improve-
ment ball 1 (qﬁ.t)) which denotes a d-dimensional sphere centered at the point qﬁ.t) +

mgo,GLOP(q;t)) with radius ||mp,GLOP(q§t))||. In case of the LOP operator, it follows that
all points x within the improvement ball have non-decreasing kernel density estimates

fpxi0r(®) 2 frk100(a):
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Convergence of Density Estimate Sequence. As a consequence of the above property,
the sequence of kernel density estimates { fp k,,(q""))} obtained via the fixed-point iter-
ation gV = g + mp g, .(q") is non-decreasing. Furthermore, this sequence always
converges.

Convergence of Mode Estimate Sequence. Finally, we can conclude that the mode estimate
sequence {g'Y)} converges to a single point. Depending on the window size & and the
distribution of the target points ¥, this solution could be either a point p €  due to the
singularity (for very small window sizes) or a different point p € R3\ % in the corresponding
convex hull (for larger window sizes).

4.5.4 Further Properties

Besides the theoretical results of our proposed kernel family concerning basic distribution-
related aspects as well as insights in the behavior and structure of the Mean Shift algorithm,
we want to derive further properties that opens up a broader set of applications such as
solving linear equation systems.

4.5.4.1 Complete Monotonicity

For this purpose, we show that the kernel profile kr is completely monotonic, that is
(=" %kr(x |p,0%) >0 for all n € Ny and x € (0, ). From the derivation of the Mean
Shift properties, we already know that kr(x|p, 02) > 0 and C?—xkr(x |p,62) < 0 holds for all
x € (0, 00). Since x* with a < 0 as well as e™ are both completely monotonic and the product
of two completely monotonic functions retains that property [Schilling et al., 2012], we can
conclude that this also holds for kr(x |p, 0%) with p € (0,2].

4.5.4.2 Strict Positive Definiteness

A direct consequence of the complete monotonicity of its profile is that the kernel Kr must
be a strictly positive definite function [Schoenberg, 1938]. Therefore, for any set of points £,
the matrix

C = (Kr(pi = pjlp, %)), € RPH7I (4.22)

is symmetric and positive definite for p € (0, 2], so any linear system with respect to C has
a unique solution which can be computed by, e.g., conjugate gradient solvers. This also
directly extends to any truncated version of Kr where the matrix C becomes sparse and
more efficient to solve as vanishing derivatives of the truncated profile do not affect complete
monotonicity.
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Figure 4.4: Exemplary point cloud denoising of the Elephant model (302458 points) with 30
WLOP [Huang et al.,, 2009] iterations (h =6, u = 0.4) for different incomplete gamma kernels
Kr using varying p € (0,2] and fixed 02 =1/32. The model has been corrupted with onpise = 0.3
(80 % points) and ooutier = 1.5 Gaussian noise (20 % points) respectively to account for both typical
sensor noise and heavy outliers. Higher p-norms result in more regular but oversmoothed point
distributions whereas lower values better preserve features. Unit of 1, Onoise, Toutlier: [7% BB diagonal].

4.6 Applications

Besides the application of other localized L, estimators for point cloud denoising via
the incomplete gamma kernels Kr, as shown in Figure 4.4, we illustrate several further
applications to demonstrate the benefits of the theoretical results derived for the kernel
family.

4.6.1 WLOP Density Weights

Although the repulsion term mitigates the clustering effect of the attraction term, the
projection is still highly dependent on the distribution of the target points #. This has been
addressed in WLOP [Huang et al., 2009] by computing weights v; for each target point p;
and 0" for each projection point q;t) based on the reciprocal and ordinary density value
respectively with the (unnormalized) localization kernel 6. However, our derived theoretical
properties reveal two major limitations of this particular choice: 1) Although the Gaussian
localization kernel 0 could be considered a reasonable approximation of the actual kernel
Kiop (see Figure 4.3), high-frequency information in the density estimate is not properly
handled and smoothed out; 2) taking the reciprocal to invert the density of p; ignores the
dependencies between the weights which corresponds to the assumption of constant density
in a window of size h. In order to achieve a more accurate normalization, we propose two
novel weighting schemes.

Simple Scheme. A simple extension to the WLOP weights keeps the assumption of the
latter limitation and addresses only the former one by applying the actual kernel Kiop, that
is estimating the weights

1 ® _ 7 (t)
vi=——, 0= fou ko (@) (4.23)
f P,Krop (P i) / ert
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Table 4.2: Parameter Sets of Kernel Approximation Kiop

CLOP [Preiner et al., 2014] Ours Ours (Consistent)
k Wk 6y Wi Ok Wi Ok
1 97.761 0.01010 61.509 0.02102 46.409 0.03118
2 29.886 0.03287 11.932 0.07289 9.635 0.10582
3 11.453 0.11772 5.069 0.15700 2.674 4/1/32

via the density of the point clouds # and Q") respectively. This scheme can be easily
integrated into existing applications of WLOP as it only involves a different kernel function
in the overall weight computation.

Full Scheme. To address both limitations, we consider the kernel density estimate function
fe kop With weights v; applied to each term. We want to enforce constant density at the
points p; which can be formulated as a linear optimization problem in matrix form:

L
P h

(KLOP(p — )ij v=1 (4.24)

This corresponds to radial basis function (RBF) interpolation and we can obtain a unique
solution since Kiop is strictly positive definite. Furthermore, we truncate the kernel at //2
to drastically reduce the memory requirements of the matrix and use a sparse conjugate

gradient solver. In case of the projection points qj.t), we consider the inverse of the matrix
which leads to the same weights as in the simple scheme.

4.6.2 CLOP Kernel Approximation

Both LOP and Mean Shift operate on a discrete set of points and are formulated as discrete
sums over the point cloud which may have a significant runtime cost on large datasets. To
allow for a more compact modeling of the input data, CLOP [Preiner et al., 2014] replaces
the point set # by a smaller set of normal distributions Py = {(w;, pi, L;)} with weights
w;, means Y;, and local covariance matrices X; and extends the attraction energy to the
continuous space. However, since the integral in the respective update step cannot be directly
solved, the kernel a(||x||) is approximated by a radially symmetric Gaussian mixture model
a(x)=1/h Zi:l Wi Ck N(x/h |0, 6]% I) consisting of three components with fitted parameters
{(@x, 6¢)} and dimension-dependent constants ¢x = |27 6,% I|'/2. In the context of Mean Shift,
this implies that the kernel Gy op is in fact approximated which directly allows us to derive

3 A9 A A -
R _ Dot ai Wi ¢k N(x|0, U%I)
KLOP(x) - 3 "D A oA
k=19 Wk Ck

(4.25)
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Figure 4.5: Comparison of LOP and Gaussian M-estimators for 62 = 1. Due to the close relation to
Mean Shift, the robust loss functions p do not only share the shape of the corresponding kernels K
but also have similar properties.

as an approximation of the kernel Kiop with the same set of fitted parameters {(@x, 6x)}-

Kernel Fit. However, finding the optimal parameter set is highly challenging due to the
singularity of Grop at x = 0 and, thereby, the unbounded ratio between the smallest and
largest sampling value in the half-open fitting interval (0,1] for & = 1. In contrast, we
directly optimize on the kernel Kiop which does not suffer from these limitations. We fix the
parameter w3 = 1 to constrain the remaining degree of freedom and obtain the solution from
107 uniformly sampled points in the interval [0, 1] via the Levenberg-Marquardt algorithm
(see Table 4.2). Although the LOP operator is scale-invariant in terms of the kernel «, we
nevertheless estimate a global scaling factor for the weights @ via Levenberg-Marquardt
optimization in the interval (0.01, 1] for a better comparability with CLOP.

Consistent Fit. We can also see from the definition of the kernel approximation Kiop that
its variance consists of a convex combination of the individual variances 6%:
3~ ~dd
~2 _ Z:kzl Wi O-k+
OLOP = T3 o ~di2 (4.26)
2= Wi G

In the limit d — oo, this combination degenerates to 6%013 — maxj 6% which is similar
to the maximum norm L. being the limit of the L, norms. Therefore, we can enforce
an additional consistency constraint in the parameter optimization process by fixing the
parameter 63 = 4/1/32 to match the expected standard deviation.

4.6.3 Robust Loss Functions

In the context of point cloud reconstruction, LOP formulates the projection onto the
underlying surface via the localized L1 median in a robust way. Similarly, mesh denoising
applications aim to improve the quality of meshes in a two-stage approach where the
face normals are initially filtered and subsequently used in the second stage to estimate
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the original vertex positions. Obtaining a reliable estimate of a surface normal n can be
performed by M-estimators in the field of robust statistics which is also related to the concept
of anisotropic diffusion [Black et al., 1998]. Here, the objective function

L(n) = Z p(llni = n])) (4.27)

defined with a robust loss function p is considered and a solution can be found based
on the corresponding influence function W(x) = & p(x) and anisotropic weight function
3(x) = W(x)/x [Yadav et al., 2021]:

2D = i &(lni —n®)) n®
12 2(llni = nO]) n®)
This result is closely related to the derivation of Mean Shift and shares many properties with

it [Comaniciu and Meer, 2002]. Thus, we can define the family of incomplete gamma losses
along with the respective influence and anisotropic weight functions:

(4.28)

1
pr(x|p,o?) = o y(5, %) (4.29)
X2
Wr(x|p,0%) = ——— |x[ e 22 x (4.30)
(202)7 T()
YZ
gr(x|p,o?) |x|P 2 e 22 (4.31)

o)t

Here, the losses pr are built upon the lower incomplete gamma function y(a, x) = /Ox ti~le-tdt
which is connected to the upper incomplete gamma function via the relation y(a, x)+I'(a, x) =
['(a). By choosing p = 1 and applying the identity y(1/2, x) = Vi erf(vx), we get the LOP
loss

prov(x|0%) = erf(-25) (432)

where erf denotes the error function and is related to its complementary counterpart via
erfc(x) = 1 —erf(x). Considering 02 = 1/32, the relation grop(x|1/32) « gLop(x2) further
highlights the close similarity to Mean Shift. Figure 4.5 shows a comparison between the
Gaussian M-estimator (p = 2) and the LOP M-estimator (p = 1).

4.7 Experimental Results

In the following, we demonstrate the effectiveness of our proposed extensions that are
derived from the theoretical properties of the kernel family.
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1 WLOP
[ Ours (Simple)
[ Ours

Target P No Weights

Probability

Figure 4.6: Kernel density estimate f for & = 3 of a planar target surface patch ? (74 000 points) that is
sampled inversely proportional to the intensity of the Bird image. The regularity oq of any projected
point set Q onto this target directly depends on the uniformity of f. Whereas WLOP [Huang et al.,
2009] and our simple weighting scheme cannot fully remove high-frequency variations, our full
weighting scheme leads to a significantly better normalization and more uniform density. Unit of h:
[% BB diagonal].

No Weights

115 é 215
Figure 4.7: Regularity oq of the input subset Q (3 700 points) projected on a planar target surface patch
P (74000 points) that is sampled inversely proportional to the intensity of the Bird image. Due to the

better density normalization, our weighting schemes further improve the regularity across various
combinations of the window size /1 and the repulsion weight p. Unit of & and oq: [% BB diagonal].
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4.7.1 Evaluation of WLOP Density Weights

In order to evaluate the performance of our density weighting schemes, we measured the
regularity of the point cloud Q after projection onto a highly irregular target # [Huang et al.,
2009]. For this purpose, we sampled 74 000 target points from a 3D surface patch inversely
proportional to the intensity of the mapped Bird image and took a random subset of 3700
points for projection. Then, we applied 100 iterations of the LOP operator as well as its
weighted versions and computed the regularity

|Q| Z(d(qz/a\{qz}) m) ] (4.33)

oQ =

which is defined as the standard deviation of the nearest neighbor distances d(x, Y) =
min; ||x -y ]|| within the point cloud Q. Figure 4.7 shows the quantitative results for 60x50
combinations of & and u. Throughout 76.7 % of all combinations, our simple weighting
scheme performs better than WLOP with a slightly lower value of oq on average. Our full
scheme outperforms WLOP in 99.3 % and the simple scheme in 98.7 % of all combinations,
especially in configurations with low repulsion weights p € [0,0.2].

These improvements in point cloud regularity directly correspond to a more evenly distributed
density along the surface. Figure 4.6 depicts a comparison of 1000x1 000 evenly sampled
density values on the respective 3D surface patch. Both WLOP and our simple scheme
normalize the lower frequency components of the density, but still retain high-frequency
variations due to the independent computation of each weight. On the other hand, our full
scheme does not suffer from these artifacts and only leads to underestimated densities at the
boundary and in sparsely sampled regions where the window size & is not sufficiently large
to bridge these gaps.

Since Mean Shift and, thereby, LOP and its variants are scale-invariant with respect to a global

normalization constant, we computed the mean density f for each weighting scheme and
used this value to normalize each density distribution for a fair comparison. Whereas this
value is close to one for both of our schemes due to the correct handling of the normalization
constants, we can derive a theoretical estimate of this value for WLOP

_ L (1=3) (=)

£ LOP ~0

fwiop ® PIE 0 = =2.396 (4.34)
‘Lor o

which consists of three terms: 1) the normalization constant of the kernel density estimate
function; 2) the missing normalization constant of the kernel 0; and 3) a dimension-dependent
correction factor. The last term models the different domains from which the density is
accumulated as we consider a surface patch that corresponds to a 2D subspace embedded
in the 3D space. Therefore, the integration domain of the density differs by one dimension
which can be accounted for by the ratio of the normalization constants of both the actual
density kernel Kiop as well as the chosen kernel 0 for density weight computation.
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Figure 4.8: Analysis of bias in the width of the kernel approximations Kiop to the original kernel K op.
A correction by scaling the parameters 6y with a global factor 1/bpt lowers the error for CLOP [Preiner
et al., 2014]. Nevertheless, our approximation still better follows K op with a significantly lower error
and is almost unbiased in the 1-dimensional case.

Table 4.3: Ratio of Standard Deviations 61.op/orop Between the Kernel Approximations Kiop and the
Original Kernel K;op in R4

d=1 d=2 d=3 d=4 d—>

CLOP [Preiner et al., 2014] 0.7931 0.7632 0.7430 0.7291 0.6659
Ours 0.9917 0.9834 0.9737 0.9640 0.8881
Ours (Consistent) 1.0137 1.0252 1.0362 1.0440 1

4.7.2 Evaluation of CLOP Kernel Approximation

We evaluated the approximation error of our fitted parameter set against the original one
proposed by CLOP [Preiner et al., 2014]. First, we quantified systematic errors of the kernel
approximation Kiop by analyzing its standard deviation 61 op. We can see in Table 4.3
that both CLOP and our approximation underestimate the actual value o1 op and that the
bias increases in higher dimensions. Although these errors are significantly lower for our
approximation throughout all dimensions, they may still be significant. Our consistent
approximation always overestimates the actual standard deviation and has a slightly higher
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dsurface =0.23 dsurface =0.03

Figure 4.9: Bias of the kernel approximations Kiop when applying WLOP [Huang et al., 2009] to
smooth the Block model (25000 points) with the window size i = 25. Whereas the CLOP [Preiner
et al., 2014] approximation introduces systematic errors at the edges due to the bias in the width, our
variant closely resembles the behavior of the original kernel Kyop. Unit: [% BB diagonal].

error than the unconstrained variant in low dimensions up to d = 5. However, it becomes
unbiased in the limit d — co and should be preferred in higher dimensions. We also
considered minimizing the L; distance to the actual kernel Kiop by scaling the values 6y
with correction factors 1/bopt to obtain an improved set of parameters which is shown in
Figure 4.8. Here, the error of our approximation is significantly lower than for CLOP both
before and after optimal correction. Furthermore, the optimal scaling factors are similar to
the ratios of the standard deviation for d = 1.

In addition to the theoretical analysis of the kernel approximations, we also measured the
reconstruction error when replacing the actual kernel Ky op with the respective approximation.
For this purpose, we chose the Block model and uniformly sampled 50 000 target points  and
25000 projection points Q respectively. We applied 100 iterations of WLOP as a smoothing
operator with a large window size of i = 25 percent of the bounding box diagonal of # and a
repulsion weight u = 0.4. Then, we measured the distance of each point to the (triangulated)
surface of the reference point cloud as well as the mean point-surface distance

1
duurace(X, Y) = 1 D mind(xi, () (4.35)

where t(y;) denotes the j-th triangle of Y. Figure 4.9 shows the results of this point cloud
smoothing operation. Whereas the CLOP approximation introduces higher errors at the
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Figure 4.10: Mesh denoising of the Gargoyle model (86311 vertices, 172610 faces) corrupted with

0.251, uniform noise. Although the mean angular distance dangle is slightly higher for the LOP loss
prop, features and finer details are better preserved. Unit: [°].

PGaussian

dangte = 21.83 dangte = 2116 dangte = 20.22 dangte = 18.38 dangte = 17.17

Figure 4.11: Mesh denoising of the Box model (70134 vertices, 140 259 faces) corrupted with 0.251,
uniform noise. Filtering with the LOP loss prop results in the lowest mean angular distance dangle
and reconstructs fine details best. Unit: [°].

edges of the sampled model due to the significantly underestimated standard deviation of
the kernel, our approximation does not suffer from these artifacts.

4.7.3 Evaluation of Robust Loss Functions

We tested the LOP M-estimator against other popular choices for normal filtering. For this,
we used the Gargoyle (86 311 vertices, 172 610 faces) and Box (70 134 vertices, 140259 faces)
models and corrupted the vertices in random directions by 0.25 1, uniform noise where I,
denotes the average face edge length. Then, we applied 50 iterations of normal filtering with
o = 0.3 for each face normal n within its geometric neighborhood of size r = 1.5 1,, that is
all normals whose face centers are traversable along the surface within a ball of size r. To
avoid the singularity of the L; and LOP losses at x = 0, we only considered the neighboring
face normals in the initial iteration and used all normals subsequently. For the second stage
of the mesh denoising framework, we used the vertex update by Zhang et al. [2018] with
their default parameters of 20 iterations and w = 0.001 which avoids the triangle flipping
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problem. We evaluated the reconstruction error by the mean angular distance
1 360
dangle(X, Y) = X Z[g arccos((n(x;)|n(y:))) (4.36)

to the face normals of the ground truth mesh. Figures 4.10 and 4.11 show comparisons
between the L,, L1, Gaussian, and LOP loss. Whereas the L, loss leads to a very smooth
surface, its L1 counterpart is less sensitive to large normal variations within the local
neighborhood and better preserves features. However, sharp edges cannot be reconstructed
since all collected normals are considered in a global fashion. The Gaussian and LOP loss
functions can be viewed as localized versions of the former losses and do not suffer from this
limitation. Finer details being at a similar scale as the applied noise are hard to reconstruct
and mostly smoothed out by all variants, but can be partially recovered by the LOP loss.

4.8 Conclusions

We presented incomplete gamma kernels, a novel family of kernels generalizing LOP
operators. By revisiting the classical localized L, estimator used in LOP, we revealed its
relation to the Mean Shift framework via a novel kernel K;op and generalized this result to
arbitrary localized L, estimators. We derived several theoretical properties of the kernel
family Kr concerning distributional, Mean Shift induced, and other aspects such as strict
positive definiteness to obtain a deeper understanding of the operator’s projection behavior.
Furthermore, we illustrated several applications including an improved WLOP density
weighting scheme, a more accurate kernel approximation for CLOP, as well as introducing
incomplete gamma losses pr as a novel set of robust loss functions and confirmed their
effectiveness in a variety of quantitative and qualitative experiments. We expect that building
upon the insights provided by our work will be beneficial for future developments on surface
reconstruction from noisy point clouds.
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CHAPTER 5

SLAMCast: Large-Scale,
Real-Time 3D Reconstruction and
Streaming for Immersive
Multi-Client Live Telepresence

In this chapter, we discuss the contributions and results developed in the following peer-
reviewed publication:

Patrick Stotko, Stefan Krumpen, Matthias B. Hullin, Michael Weinmann, and Reinhard
Klein.

“SLAMCast: Large-Scale, Real-Time 3D Reconstruction and Streaming for Immersive
Multi-Client Live Telepresence.”

IEEE Transactions on Visualization and Computer Graphics (TVCG), 2019.

por: 10.1109/TVCG.2019.2899231

5.1 Summary of the Publication

This work addresses the problem of efficiently reconstructing and streaming a 3D scene
between remotely connected clients for immersive rendering in Virtual Reality using head-
mounted displays (HMDs). For this purpose, a scalable multi-client telepresence system
has been developed where a single user captures their environment using a low-cost RGB-D
camera which can then be independently explored as a 3D model by an arbitrary number of
further users. Thus, instead of directly visualizing the recorded raw video data or 360° images
which are restricted to the position of the capturing device and require fast and immediate
streaming to ensure low latencies, we use reconstruction-based approaches to decouple
these requirements. In particular, our key insight is that a high degree of immersion with
low latencies can be achieved by real-time rendering of the captured 3D model whereas the
incremental streaming of that model can only be performed at lower interactive framerates.
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The system itself consists of three major components: 1) the reconstruction client, 2) the
central server, and 3) an arbitrary number of exploration clients. On the capturing side,
we leveraged established methods for volumetric 3D reconstruction [Niefsner et al., 2013;
Kéhler et al., 2015] to build a large-scale 3D model incrementally from a sequence of RGB-D
images using spatially-hashed voxel data structures. Here, we used the fact that visible voxel
blocks that leave the view current frustum of the camera will no longer receive updates until
they become visible again. Consequently, we added those blocks to a stream set, which
is implemented as a GPU hash set data structure similar to its hash map counterpart, to
allow controlling the amount of streamed data per frame. We also proposed a pre-fetching
functionality to stream the currently visible scene parts, e.g. when the user stops moving
the camera and points to a certain location, as well as a partial reset functionality to quickly
update the currently visible scene parts and handle dynamics in quasi-static scenes. In
particular, pre-fetching is only performed if the size of the stream set after filtering by an
exponential moving average over a time period of T = 5 seconds is below a threshold. On the
server side, we managed the streamed voxel block data using both the original voxel data
structure, which is primarily designed for data fusion, and a bandwidth-optimized version
for efficient streaming to the exploration clients. Surface information, i.e. the truncated signed
distance function (TSDF) value (4 bytes) and its associated weight (4 bytes), are converted
to a Marching Cubes [Lorensen and Cline, 1987] index (1 byte) which directly encodes the
relevant triangulation information of a voxel to its neighbors but discards interpolation
information leading to a lossy compression. Based on this index, color values at voxels,
where no surface geometry will be generated, are cut off to improve the data compression.
Similar to the handling of updates in the reconstruction client, the server maintained a
stream set for each exploration client which allows each client to independently provide
an advanced streaming strategy and, in turn, enables recovery from network outages. On
the exploration side, this flexibility is used to request scene updates either in the order of
reconstruction, the currently visible blocks based on the HMD's field of view and pose in
world space, or in a random order. After receiving new data from the server, the mesh
as well as the additional three coarser levels of detail, which are computed to accelerate
the rendering of distant scene parts, are updated. In order to improve the collaboration
experience in VR, the pose information of the reconstruction client and each connected
exploration client is broadcast via the server such that all users can observe their movement
in the virtual scene. Furthermore, the exploration client can request the current RGB image
from the reconstruction client to display finer structures such as text that may be below the
reconstruction resolution.

Besides the efficient storage of the 3D data, the fast and reliable management of this data
is a crucial component of our telepresence system. In contrast to previous hash map data
structures [Niefsner et al., 2013; Kahler et al., 2015] which handle insertion or removal failures
by considering subsequent input frames and, hence, relying on the high sensor framerate,
our GPU data structures provided stronger guarantees to avoid data loss and to maintain a
consistent state of the system. For this purpose, all concurrent operations maintained the
hash entry positions and all links to colliding elements as an invariant.

We analyzed the performance of our system in terms of bandwidth requirements and visual
scene quality. Throughout several real-world datasets, our Marching Cubes index-based
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data structure reduced the amount of required bandwidth by over 90 % in comparison to
the TSDF-based voxel data structure. We also generally observed a similar visual quality
of the compressed 3D scene model due to the good reconstruction accuracy at 5 mm voxel
resolution. Small artifacts may be introduced in regions with highly textured objects or
sharp edges which, however, could be compensated by requesting the current RGB image
from the reconstruction client.

In summary, we introduced a scalable live telepresence systems that streams 3D scene
information using a bandwidth-efficient voxel data structure and manages the stream states
with a fast and reliable GPU hash map and hash set data structure.

5.2 Author Contributions of the Publication

In this work, I developed the design of the hash map and hash set data structure as well as the
logic of the reconstruction client and the server components. The novel bandwidth-efficient
voxel data structure for streaming data between the server and the exploration client has
been proposed by both Stefan Krumpen and me. Furthermore, Stefan Krumpen developed
and implemented the exploration client component. Finally, I performed the evaluation and
experiments of the bandwidth and scalability of the system as well as of the performance
and reliability of the hash data structures.
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CHAPTER 6

Efficient 3D Reconstruction and
Streaming for Group-Scale
Multi-Client Live Telepresence

In this chapter, we discuss the contributions and results developed in the following peer-
reviewed publication:

Patrick Stotko, Stefan Krumpen, Michael Weinmann, and Reinhard Klein.

“Efficient 3D Reconstruction and Streaming for Group-Scale Multi-Client Live Telep-
resence.”

IEEE International Symposium on Mixed and Augmented Reality (ISMAR), 2019.

por: 10.1109/ISMAR.2019.00018

6.1 Summary of the Publication

While we proposed a live telepresence system [Stotko et al., 2019a] in the previous chapter
that focused on providing immersive exploration experiences to an arbitrary number of
users in a reconstructed quasi-static 3D virtual model, the focus of this work lies on the
optimization of the reconstruction component to overcome the limitations of such systems in
terms of client scalability and streaming latency.

Our optimizations targeted several stages of the volumetric 3D reconstruction pipeline: 1)
the image preprocessing stage, 2) the data fusion stage, and 3) the model visualization stage.
Furthermore, the third optimization can also be applied to the server component of the
telepresence system to provide the same consistent model for both the local user at the
capturing side as well as the remote users. At the preprocessing stage, we improved the
robustness of the captured RGB-D image data by filtering out unreliable depth measurements.
For this purpose, we detected samples at depth discontinuities in a small window similar to
previous work [Whelan et al., 2015a] and, in addition, also detected samples in regions with
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a low relative number of valid samples which indicates that data acquisition is potentially
unreliable in these regions and could result in significantly distorted samples caused by
stronger noise or even systematic bias. During the data fusion stage, we directed our attention
onto the allocation of the voxel blocks which is performed to only explicitly manage data
within a small band around the surface [Niefsner et al., 2013; Kahler et al., 2015]. Since noisy
samples can unnecessarily increase this allocated region and might not always be filtered out
by the previous optimization, we applied an implicit downsampling filter on the depth image
to only consider a subset of the samples when determining the set of voxel blocks that should
be allocated. In contrast to an additional garbage collection step, this further reduced the cost
of the actual update step within the data fusion stage. Finally at the visualization stage of
the standalone volumetric 3D reconstruction pipeline, we classified voxels with a low weight
as unstable similar to previous work [Keller et al., 2013], but, instead of deleting these voxels,
we only ignored them in the raycasting process as well as in the Marching Cubes [Lorensen
and Cline, 1987] algorithm. This effectively filtered out noisy regions in the 3D model that
may still become stable in the future when more captured data from the camera is fused.
A similar optimization has been incorporated in the server component of the telepresence
system. During the integration of the updated scene parts from the reconstruction client into
the global model, we only allocated and updated the bandwidth-efficient voxel block data,
consisting of a Marching Cubes index (1 byte) as well as a color value (3 bytes) per voxel,
which actually contained stable surface information. Therefore, all voxel blocks that would
not contribute to the visualization in VR are discarded and not queued to the stream sets of
the connected exploration clients.

We evaluated the performance of each proposed optimization under the aspects of scalability
and streaming latency of the telepresence system as well as visual quality of the reconstructed
3D model. For the analysis of the system scalability, we measured the maximum number of
exploration clients that the server could handle in real time without introducing an increase
in the overall delay. Whereas the base system [Stotko et al., 2019a] could only handle up to
about five clients simultaneously, each optimization contributed towards a higher overall
performance upon this baseline allowing the full system to handle groups of more than 24
clients. Furthermore, we observed a significantly lower streaming latency between the server
and the exploration clients since the representation of the 3D model in terms of the set of
spatially-hashed voxel blocks was more compact. These efficiency improvements can also be
seen in standalone 3D reconstruction applications where we compared the visual quality
against the baseline system. In addition to reduced memory requirements and runtime by
up to 40 % and 60 % respectively, our proposed optimizations also reduced the amount of
artifacts introduced by noisy input data which resulted in an overall higher visual quality.
Although the completeness of the 3D model slightly decreased at the same time, this could
provide an additional implicit guidance to the user for putting more attention in capturing
these affected regions as they require more reliable data to obtain a smooth and consistent
reconstruction.

In summary, we introduced several optimizations to improve the overall performance of

our live telepresence system which opens up several new applications in education or
collaboration scenarios that involve larger groups of people. We also demonstrated that
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these contributions are not limited to telepresence applications and could also be beneficial
for standalone volumetric 3D reconstruction approaches in general.

6.2 Author Contributions of the Publication

In this work, I developed the proposed optimizations to the volumetric 3D reconstruction
algorithm as well as to the streaming components of the telepresence system. Furthermore,
I performed the quantitative and qualitative experiments and evaluations concerning
scalability, latency, and visual quality.
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CHAPTER 7

Albedo estimation

for real-time 3D reconstruction
using RGB-D and IR data

In this chapter, we discuss the contributions and results developed in the following peer-
reviewed publication:

Patrick Stotko, Michael Weinmann, and Reinhard Klein.

“Albedo estimation for real-time 3D reconstruction using RGB-D and IR data.”
ISPRS Journal of Photogrammetry and Remote Sensing (P&RS), 2019.

por: 10.1016/j.isprsjprs.2019.01.018

7.1 Summary of the Publication

In the scope of this work, we considered the problem of jointly reconstructing geometry
and appearance information of static scenes from RGB-D image data in real time. Whereas
most RGB-D image-based reconstruction approaches solely concentrated on the fusion of the
scene geometry and the captured RGB data, we estimated the surface appearance in terms of
the spatially-varying albedo by exploiting the infrared (IR) data that current time-of-flight
sensors such as the Microsoft Kinect v2 record to compute depth information.

Our system is built upon established volumetric 3D reconstruction approaches [Niefiner
et al., 2013; Kahler et al., 2015] for depth data fusion into a single model. Considering
the IR images, we first leveraged the controlled illumination setup of the sensor to model
the perceived radiance in the infrared domain by a direct illumination term, where the
incoming light direction is approximated by the view direction, as well as a constant ambient
term, which approximates the indirect illumination components [Or-El et al., 2016]. We
iteratively optimized for both the ambient term and the pixel-wise IR albedo in terms of
an energy formulation with Total Variation regularization where the Li-based smoothness
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term is weighted by the magnitude of the normal image gradient Vi which served as a
curvature-related metric and ensured sharp edges in the IR albedo image at object boundaries.
Afterwards, we used the estimated IR albedo to guide the optimization of the RGB albedo from
the ambiguous intrinsic image decomposition formulation by adding a coupling term [Kerl
et al., 2014]. However, since the reflectance properties between different wavelengths could
significantly vary between materials which, in particular, includes the visible spectrum
as well as infrared light, a constant image-wide coupling term is not sufficient to model
this behavior. In order to address this issue, we employed image segmentation to identify
regions with similar reflectance properties and considered several approaches using either
color-based or geometry-based clustering. The resulting probability images were used to
formulate a segment-wise coupling term for the albedo image optimization. We further
replaced the smoothness term of the involved shading image by a temporal dampening term
to reduce the cost of the optimization process and to improve its convergence. In order to
compute the solutions of the Total Variation-based energy formulations, we developed an
approximate primal-dual solver where we modified the evaluation of the partial derivative of
the data term to allow for an efficient computation in parallel on the GPU. Furthermore, we
accelerated this process by projecting the solution from the previous frame into the current
one using the estimated camera pose from the geometry reconstruction pipeline which then
served as an initialization and, thereby, enabled distributing the computational cost across
multiple input images of the sensor. During the data fusion stage, we further accounted for
this acceleration by incorporating confidence weights based on the total number of TV solver
iterations spent per pixel across various time steps.

We evaluated the performance of our joint geometry and albedo reconstruction approach
in terms of runtime performance and convergence of the albedo image estimation as well
as visual quality of the final reconstructed 3D model between the considered segmentation
approaches. Our localized temporally-coherent shading term formulation resulted in a
higher convergence rate, especially during the initial iterations, while at the same time the
required total runtime of the estimation process was up to 20 % lower than the baseline
Total Variation approach. Similarly, the improved initialization of the TV solver and the
significantly reduced number of iterations per frame further reduced the runtime cost, but
introduced artifacts in those parts of the albedo image which were not yet converged. The
additional confidence-based weighting in the data fusion step eliminated these artifacts
resulting in a similar quality of the final reconstructed surface albedo as the considerably
slower baseline approach. We also analyzed the effect of different segmentation approaches
to the quality of the estimated albedo images. A major challenge of the geometry-based
and color-based hard clustering approaches was occurring over- and under-segmentation
which resulted in wrongly classified object boundaries and, thereby, inconsistent albedo
values within a single material. In contrast to this, the probability images of the color-based
soft clustering were smooth across the materials and improved the overall accuracy of the
reconstructed albedo.

In summary, we introduced a novel approach for reconstructing both geometry and appear-

ance information in terms of the spatially-varying albedo by modeling the relation of the
albedo across different wavelengths in a segment-wise manner and exploiting temporal

74



7.2 Author Contributions of the Publication

coherence between input frames to accelerate the optimization of the Total Variation-based
energy formulations in real time.

7.2 Author Contributions of the Publication

In this work, I developed the real-time albedo estimation and fusion algorithm and performed
the experimental evaluation of the approach. Parts of this work have been already published
in my master’s thesis [Stotko, 2016a] which, in particular, covers the Total Variation-based
optimization of the albedo inspired by Kerl et al. [2014] as well as the involved approximate
Total Variation solver. In contrast to these components, I introduced several further novel
contributions and extensions in the scope of this publication which go beyond the state of
the master’s thesis. This includes 1) the introduction of image segmentation based on the
color and geometry information to improve the coupling between the RGB and IR images,
2) the localized shading estimation with temporal dampening replacing the costly Total
Variation-based optimization of the shading term, 3) the acceleration of the TV solver using
temporal information from the previous frame, and 4) the extension of the albedo fusion
step using confidence weights from the TV solver.
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CHAPTER 8

Conclusion

In this chapter, we provide a summary of the contributions of this thesis (see Section 8.1).
Furthermore, we discuss the limitations of our work as well as potential future research
directions (see Section 8.2).

8.1 Summary of Contributions and Impact

In the scope of this thesis, we presented three key contributions which, in particular, include
a family of generalized LOP operators for data prefiltering, a scalable 3D telepresence system
based on large-scale surface reconstruction, as well as a segment-wise albedo estimation
method from RGB-D and IR data.

Generalized LOP Operators for Filtering. In the context of data prefiltering, we directed
our attention onto the LOP operator which does not require structured input data in terms
of 2D images like in the case of bilateral filters, but instead allows to filter unstructured
3D point clouds. In Chapter 4, we studied the operator in more detail and revealed that
the involved attraction and repulsion terms are both closely related to the Mean Shift
framework. Furthermore, we derived the corresponding kernel in the context of Mean
Shift and generalized this result from the initial scenario of Li-based estimators to arbitrary
localized L, estimators which culminated in the definition of a novel family of kernels. In
order to obtain more insights on the general structure and behavior of the LOP operator,
we also derived various theoretical properties of the kernel family and illustrated their
application in a variety of related scenarios. We demonstrated that our proposed density
weighting scheme as well as our estimate of the kernel approximation required for the closed-
form Continuous LOP (CLOP) operator consistently outperforms previous established results.
Finally, we introduced a set of robust loss functions, which correspond to the respective
kernels, and showed that their application in the closely related field of mesh denoising for
filtering surface normals in a local manner leads to more detailed results in comparison to
the corresponding global variants.

79



Chapter 8 Conclusion

Scalable 3D Telepresence based on Surface Reconstruction. We further investigated
techniques to incorporate real-time surface reconstruction techniques into 3D telepresence
systems to improve their practicality and to extend their scope to further application scenarios.
To this end, we presented a multi-client telepresence system in Chapter 5 for sharing live-
reconstructed 3D scene models in real time to an arbitrary number of remote users who
can independently explore and interact with the model in VR. We proposed an efficient
volumetric data structure based on Marching Cubes indices for streaming data between the
server component and the exploration clients and showed that the bandwidth requirements
of the system can be drastically reduced with only slight reductions in the reconstruction
accuracy. Furthermore, we developed a reliable GPU hash map and set data structure which
is employed at the reconstruction client as well as on the server to efficiently manage the
individual states of the streamed scene data of all connected clients. This allowed the system
to recover from network outages of individual clients and further increased its practicality in
real-world scenarios.

In Chapter 6, we proposed several algorithmic improvements for the reconstruction client as
well as for the server component to further increase the compactness of the streamed 3D
model. We extended the image preprocessing step of the reconstruction client by detecting
unreliable depth samples in the captured frames. In addition to approaches from previous
work which determine whether a sample lies at a depth discontinuity, we further marked
depth values as unreliable if their local neighborhood only contains a low number of other
valid samples which provides an indication that data acquisition in such regions can be
more challenging. Furthermore, we reduced the likelihood of unnecessary enlargements
of the allocated band of voxel blocks by considering only a subset of the depth samples
in the allocation step which corresponds to an implicit downsampling filter applied to
the depth image. Finally, we restricted the computation of our bandwidth-efficient voxel
data structure to stable fusion results and demonstrated that with the incorporation of all
developed extensions the scalability of our 3D telepresence system improved significantly.

Our work also received significant attention from the open-source community and from
industry. We released the implementation of our GPU hash map and set data structures along
with a thorough documentation [Stotko, 2019b] which has been recently integrated into the
popular Open3D library [Zhou et al., 2018]. Furthermore, the software of our telepresence
system has been licensed by the company DoubleMe [University of Bonn, 2021].

Segment-wise IR-Guided Albedo Estimation for 3D Reconstruction. In the context of
appearance reconstruction, we integrated albedo estimation into common real-time 3D
reconstruction systems and analyzed the effect of captured infrared data from current
time-of-flight cameras as an additional guidance in more detail. To this end, we developed
several contributions in the scope of this thesis which have been presented in Chapter 7 and
go beyond our previous work [Stotko, 2016a]. In particular, we studied image segmentation
approaches which either take color or geometry information into consideration to identify
clusters of objects with similar reflectance properties between the visible and the infrared
spectrum. Furthermore, we proposed a temporally-damped local shading prior term as
well as an improved initialization of the involved Total Variation solver using temporal
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information. In conjunction with an additional confidence-based weighting scheme applied
in the albedo fusion step, we showed that our contributions improved the performance and
robustness of the IR-guided intrinsic image decomposition process.

8.2 Limitations and Future Work

While some challenges in real-time 3D reconstruction have been addressed by the methods
developed in this thesis, more work is required to address the remaining limitations. To this
end, we provide an outlook of potential future research directions as well as further open
challenges in this context.

8.2.1 Data Prefiltering

Surface Projection for Registration. Recently, the projection of points onto a continuous
surface defined by Hermite radial basis function implicits has been used as a replacement of
the surface evaluation step of real-time surfel-based reconstruction systems which is typically
implemented in terms of standard surfel splatting [Xu et al., 2022b]. In combination with
further curvature and confidence-based weighting schemes, the robustness of the registration
process in the camera tracking stage to noisy input data has been improved. A potential
future direction could include investigations towards enhancing real-time registration with
other projection-based operators such as the LOP operator, which was specifically designed
for the presence of strong noise, or our generalization in terms of L, estimators, which has
been proposed in Chapter 4. In this context, a tighter integration of the operator into the
optimization process could be analyzed.

Deblurring of Color Images. The Gaussian loss function, which is also often referred to
as the Welsch loss, has been recently studied for image deblurring to improve the robustness
in the scenarios with outliers and saturated regions [Xu et al., 2022c]. Further investigations
in this direction could explore the benefits of applying our family of robust loss function
that correspond to the generalized LOP operators. Therefore, incorporating such deblurring
methods in the reconstruction process could not only lead to sharper and more detailed
color textures in the final reconstructed model, but may also contribute towards enhancing
the accuracy of the color-based components in camera tracking [Liu et al., 2021a].

Priors for Learning-based Surface Reconstruction. Ideas from classical surface reconstruc-
tion techniques were recently incorporated as an additional guidance for learning signed
distance functions in a fully supervised [Liu et al., 2021b] or self-supervised way [Wang
et al.,, 2021]. In a more general scenario which is not necessarily limited to implicit data
representations, the density-based projection behavior of LOP operators could be employed
as a prior to steer the learning process in a more controlled way and, in turn, potentially
improve the convergence rate.
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8.2.2 3D Telepresence

Reconstruction of Articulated Objects. Although quasi-static scenes can in principle also
be reconstructed and streamed in our telepresence system which has been introduced in
Chapters 5 and 6, non-static scene parts and objects were handled in an oversimplified
manner by erasing the corresponding parts from the global 3D model based on the current
view frustum. Afterwards, the object was recaptured again to obtain an updated version
of the quasi-static scene. In future work, approaches for detecting articulated objects as
well as their kinematics in terms of the involved joint parameters [Li et al., 2020a] could
be investigated to obtain a more complete virtual 3D model. This way, the initially hidden
interior of furniture such as cabinets could be reconstructed and remote users would be able
to virtually manipulate the semantically enriched scene which enables further collaborative
interaction scenarios.

Streaming and Visualizing Globally Consistent Models. In addition to the sparse nature
of the voxel block data structure, the reconstruction client of our telepresence system further
relied on a frame-to-model-based camera tracking approach to only update the 3D scene
model in a local manner and, in turn, to reduce the amount of updated data for streaming.
Since camera drift cannot be corrected in this way during reconstruction, globally consistent
tracking methods should be employed instead. In this context, we considered continuous
reintegration of the input data [Dai et al., 2017] with the updated camera poses which,
however, drastically increased the bandwidth requirements as the virtual model was globally
deformed. Alternative approaches maintain a set of static submaps and only update their
poses, but postpone the final fusion into a single model after the end of the capturing session
or use simple depth-based foreground rendering for overlapping parts which may lead to
artifacts [Kahler et al., 2016a; Golodetz et al., 2018]. Therefore, further exploring globally
consistent 3D reconstruction in the context of practical VR applications to meet the higher
demands in terms of visualization quality and streaming efficiency would be an interesting
line of future research.

Streaming Neural Scene Representations. Recent learning-based methods focused on
continuous surface representations with neural networks to avoid the inherent limitation of
discretized data structures. While respective online approaches are still limited in terms
of reconstruction resolution when processing a small set of keyframes in real time [Yan
etal., 2021; Ortiz et al., 2022], an interesting future direction would be their incorporation
into reconstruction-based telepresence systems. In particular, exploring ways how such
progressively updated neural representations can be efficiently streamed to other remote
users in a space and runtime-efficient manner would not only be beneficial in the field of
telepresence systems research, but could also contribute towards a deeper understanding of
the evolution of such neural data models over time.

Guidance in Teleoperation Applications. Based on our 3D telepresence system, we also
explored its application to teleoperation scenarios [Stotko et al., 2019¢] in subsequent
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work. We showed that employing live-captured 3D scene models and allowing users to
independently explore the scene in VR resulted in a higher situation awareness over video-
based solutions and allowed the users to remotely navigate a ground robot [Schwarz et al.,
2019] more precisely through a challenging environment with many obstacles. In a similar
scenario, Zhang et al. [2021] recently considered scene capturing with an unmanned aerial
vehicle (UAV) which is remotely controlled by a user in VR from the first-person perspective
of the drone. Further investigations in this direction could include the scanning of large
environments with possibly multiple autonomous robots by only providing sparse guidance
and hints from VR remote operators in captured regions which require closer attention.

8.2.3 Appearance Reconstruction

Segment-wise Temporal Acceleration. The techniques for accelerating the reconstruction
of albedo data using forward-projected temporal information of estimates from previous time
frames, which have been presented in Chapter 7, enabled the overall reconstruction system
to run in real time. However, convergence artifacts may occur in regions where no depth data
is available to properly compute the corresponding pixel coordinates for forward projection
or where strong variations in the shading image from high-frequency illumination lead to
suboptimal initializations. In future work, more sophisticated propagation strategies could be
investigated which may for instance reuse the already computed segmentation information
for the current image to identify similar regions and perform boundary-preserving hole-filling
and correction of the data.

IR-Guided Neural Reflectance Estimation. Similar to the recent developments in learning-
based geometry reconstruction, methods based on neural networks were also used to infer a
representation of scene colors or even scene appearance information in terms of diffuse albedo
and specular model parameters [Bi et al., 2020]. Although these approaches are still limited
to small object-scale scenes and are optimized in an offline manner using full supervision, an
interesting future direction could include investigations towards incorporating the IR data
from RGB-D cameras as an additional source of information. This, in turn, could provide
further guidance in large room-scale scenarios where objects are typically reconstructed
from a set of less uniformly distributed camera angles.
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SLAMCast: Large-Scale, Real-Time 3D Reconstruction and
Streaming for Immersive Multi-Client Live Telepresence

Patrick Stotko, Stefan Krumpen, Matthias B. Hullin, Michael Weinmann, and Reinhard Klein
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Fig. 1. lllustration of our novel multi-client live telepresence framework for remote collaboration: RGB-D data captured with consumer-
grade cameras represent the input to our real-time large-scale reconstruction technique that is based on a novel thread-safe GPU hash
map data structure. Efficient data streaming is achieved by transmitting a novel compact representation of the reconstructed model in
terms of Marching Cubes indices. Multi-client live telepresence is achieved by the server’s independent handling of client requests.

Abstract— Real-time 3D scene reconstruction from RGB-D sensor data, as well as the exploration of such data in VR/AR settings,
has seen tremendous progress in recent years. The combination of both these components into telepresence systems, however,
comes with significant technical challenges. All approaches proposed so far are extremely demanding on input and output devices,
compute resources and transmission bandwidth, and they do not reach the level of immediacy required for applications such as
remote collaboration. Here, we introduce what we believe is the first practical client-server system for real-time capture and many-user
exploration of static 3D scenes. Our system is based on the observation that interactive frame rates are sufficient for capturing and
reconstruction, and real-time performance is only required on the client site to achieve lag-free view updates when rendering the 3D
model. Starting from this insight, we extend previous voxel block hashing frameworks by introducing a novel thread-safe GPU hash
map data structure that is robust under massively concurrent retrieval, insertion and removal of entries on a thread level. We further
propose a novel transmission scheme for volume data that is specifically targeted to Marching Cubes geometry reconstruction and
enables a 90% reduction in bandwidth between server and exploration clients. The resulting system poses very moderate requirements
on network bandwidth, latency and client-side computation, which enables it to rely entirely on consumer-grade hardware, including
mobile devices. We demonstrate that our technique achieves state-of-the-art representation accuracy while providing, for any number

of clients, an immersive and fluid lag-free viewing experience even during network outages.

Index Terms—Remote collaboration, live telepresence, real-time reconstruction, voxel hashing, RGB-D, real-time streaming.

1 INTRODUCTION

One of the main motivations behind virtual reality research has always
been to allow users to immersively and subjectively explore remote
places or environments. An experience of telepresence could benefit
applications as diverse as remote collaboration, entertainment, adver-
tisement, teaching, hazard site exploration, or rehabilitation. Thanks to
advances in display technology and the emergence of high-resolution
head-mounted devices, we have seen a recent surge in virtual reality
solutions. However, it has long been known that traditional display pa-
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rameters like resolution, frame rate and contrast are not the only factors
contributing to an immersive viewing experience. The presentation of
the data, its consistency, low-latency control to avoid motion sickness,
the degree of awareness and the suitability of controller devices are just
as important [11, 16,52]. For applications such as remote exploration,
remote collaboration or teleconferencing, these conditions are not easily
met, as the scene is not pre-built but needs to be reconstructed on-the-
fly from 3D input data captured by a person or robotic device. At the
same time, the data flow in a well-designed system should give multiple
remote users the freedom to individually explore, for instance using
head-mounted displays (HMD), the current state of reconstruction in
the most responsive way possible.

A particular challenge, therefore, is to find a suitable coupling be-
tween the acquisition and viewing stages that respects the practical
limitations imposed by available network bandwidth and client-side
compute hardware while still guaranteeing an immersive exploration
experience. For this purpose, teleconferencing systems for transmit-
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ting dynamic 3D models of their users typically rely on massive well-
calibrated acquisition setups with several statically mounted cameras
around the region of interest [9,40,49]. Instead, we direct our attention
to the remote exploration of places using portable, consumer-grade
acquisition devices, for instance in scenarios of remote inspection or
consulting. On the acquisition site, a user digitizes their physical envi-
ronment using consumer-grade 3D capture hardware. Remote clients
can perform immersive and interactive live inspection of that envi-
ronment using off-the-shelf VR devices even while it is acquired and
progressively refined. In this scenario, additional challenges arise as the
incoming amount of captured data may be high and may also signifi-
cantly vary over time depending on the size of the scene that is currently
imaged. The latter particularly happens for strongly varying object dis-
tances within the captured data, whereas the amount of data over time
remains in the same order of magnitude if the objects are within the
same distance to the capturing camera (as met for teleconferencing
scenarios). A first attempt towards interactive virtual live inspection
of real scenes [35] built upon real-time voxel block hashing based
3D reconstruction [22] using implicit truncated signed distance fields
(TSDFs) that has become a well-established method for high-quality
reconstructions [8,19,22,37-39,50]. Voxel blocks that are completely
processed, i.e. those that are no longer visible, are immediately sent to
the remote client and locally converted into a mesh representation using
Marching Cubes [30] to perform the actual rendering. Besides the fact
that the system is restricted to one remote user, other limitations are the
rather high bandwidth requirement of up to 175MBit/s and the missing
handling of network failures where the remote client has to reconnect.
In particular for multi-client scenarios, handling both the bandwidth
problem and the reconnection problem is of utmost importance to allow
a satisfactory interaction between the involved users.

To overcome these problems, we propose a novel efficient low-cost
multi-client remote collaboration system for the exploration of quasi-
static scenes that is designed as a scalable client-server system which
handles an arbitrary number of exploration clients under real-world
network conditions (including the recovery from full outages) and using
consumer-grade hardware. The system consists of a voxel block hash-
ing based reconstruction client, a server managing the reconstructed
model and the streaming states of the connected clients as well as
the exploration clients themselves (see Fig. 1). The realization of the
system relies on the following two key innovations:

* A novel scene representation and transmission protocol based on
Marching Cubes (MC) indices enables the system to operate in low-
bandwidth remote connection scenarios. Rather than reconstructing
geometry on the server site or even performing server-side rendering,
our system encodes the scene as a compressed sequence of voxel
block indices and values, leaving the final geometry reconstruction to
the exploration client. This results in significantly reduced bandwidth
requirements compared to previous voxel based approaches [35].

* For the scalable, reliable and efficient management of the stream-
ing states of the individual exploration clients, we propose a novel
thread-leveled GPU hash set and map datastructure that guarantees
successful concurrent retrieval, insertion and removal of millions of
entries on the fly while preserving key uniqueness without any prior
knowledge about the data.

From a system point of view, the extension of the system towards
multiple reconstruction clients [15] is also envisioned but beyond the
scope of this paper. In order to overcome the inherently limited resolu-
tion of voxel-based scene representations, we also include a lightweight
projective texture mapping approach that enables the visualization of
texture details at the full resolution of the depth camera on demand.
Users collaboratively exploring the continuously captured scene experi-
ence a strong telepresence effect and are directly able to start conversa-
tion about the distant environment. We motivate the need of a client
server system, provide a discussion of the respective challenges and
design choices, and evaluate the proposed system regarding latency,
visual quality and accuracy. Furthermore, we demonstrate its practical-
ity in a multi-client remote servicing and inspection role-play scenario
with non-expert users (see supplemental video).

2 RELATED WORK

In this section, we provide an overview of previous efforts related to our
novel large-scale, real-time 3D reconstruction and streaming framework
for immersive multi-client telepresence categorized according to the
developments regarding telepresence, 3D reconstruction and hashing.

2.1 Telepresence

Real-time 3D reconstruction is a central prerequisite for many im-
mersive telepresence applications. Early multi-camera telepresence
systems did not allow the acquisition and transmission of high-quality
3D models in real-time to remote users due to limitations regarding the
hardware at the time [12,24,27,36,46,47] or the applied techniques
such as the lacking reconstruction accuracy of shape-from-silhouette
approaches for concave surface regions [29,41]. Then the spreading
access to affordable commodity depth sensors such as the Microsoft
Kinect led to the development of several 3D reconstruction approaches
at room scale [13,19,20,31,32,34]. However, the high sensor noise
as well as temporal inconsistency in the reconstruction limited the
quality of the reconstructions. Furthermore, Photoportals [26] have
been proposed to provide immersive access to pre-captured 3D virtual
environments while also supporting remote collaborative exploration.
However, including live-captured contents comes at the cost of a signif-
icant lag as well as a reduced resolution. In contrast, the Holoportation
system [40] is built on top of the accurate real-time 3D reconstruction
pipeline Fusion4D [8] and involves real-time data transmission as well
as AR and VR technology to achieve an end-to-end immersive telecon-
ferencing experience. However, massive hardware requirements, i.e.
several high-end GPUs running on multiple desktop computers, were
needed to achieve real-time performance, where most of the expensive
hardware components need to be located at the local user’s side. In
the context of static scene telepresence, Mossel and Kroter [35] devel-
oped an interactive single-exploration-client VR application based on
current voxel block hashing techniques [22]. Although the system is
restricted to only one exploration client, the bandwidth requirements of
this approach have been reported to be up to 175MBit/s in a standard
scenario. A further issue resulting from the direct transmission of the
captured data to the rendering client occurs in case of network interrup-
tions where the exploration client has to reconnect to the reconstruction
client. Since the system does not keep track of the transmitted data,
parts of the scene that are reconstructed during network outage will
be lost. While previous approaches are only designed for single client
telepresence or do not support interactive collaboration, our approach
overcomes these limitations and enables a variety of new applications.

2.2 3D Reconstruction

The key to success of the recently emerging high-quality real-time
reconstruction frameworks is the underlying data representation that is
used to fuse the incoming sensor measurements. Especially the mod-
eling of surfaces in terms of implicit truncated signed distance fields
(TSDFs) has become well-established for high-quality reconstructions.
Earlier of these volumetric reconstruction frameworks such as Kinect-
Fusion [19,37] rely on the use of a uniform grid so that the memory
requirement linearly scales with the overall grid size and not with the
significantly smaller subset of surface areas. As this is impractical for
handling large-scale scenes, follow-up work focused on the develop-
ment of efficient data structures for real-time volumetric data fusion
by exploiting sparsity in the TSDF. This has been achieved based on
using moving volume techniques [43,51], representing scenes in terms
of blocks of volumes that follow dominant planes [17] or height maps
that are parameterized over planes [44], or using dense volumes only
in the vicinity of the actual surface areas to store the TSDF [4,22,39].
The allocated blocks that need to be indexed may be addressed based
on tree structures or hash maps. Tree structures model the spatial hi-
erarchy at the cost of a complex parallelization and a time-consuming
tree traversal which can be avoided with the use of hash functions that,
however, discard the hierarchy. NieBner et al. [39] proposed real-time
3D reconstruction based on a spatial voxel block hashing framework
that has been later optimized [22]. Drift that may lead to the accumula-
tion of errors in the reconstructed model [39] can be counteracted by



Fig. 2. Possible design choices regarding the architecture of an end-to-end VR collaboration system. Although both the reconstruction client (RC)
and the exploration client (EC) can be realized at the remote expert’s side or inside the cloud (top row) to rely on standard video streaming techniques
(red arrows), such systems either impose an extremely high computational burden to the client’s machine (top left) or fail to provide an immersive VR
experience due to Internet latencies. Our system (bottom) overcomes these limitations by streaming the reconstructed 3D model to the individual
exploration clients using a novel compact and bandwidth-optimized representation (green arrows). Note, that the use of multiple reconstruction clients
can be naturally realized in this setting by transmitting the original representation (blue arrows) between reconstruction client (RC) and server (S).

implementing loop closure [7,21]. Due to its efficiency, we built our
remote collaboration system on top of the voxel block hashing approach
and adapt the latter to the requirements discussed before. Very recently,
Golodetz et al. [15] presented a system for multi-client collaborative
acquisition and reconstruction of static scenes with smartphones. For
each connected camera, a submap representing the client-specific scene
part is reconstructed and managed by a server. After capturing has
finished, all submaps are merged into a final globally consistent 3D
model to avoid artifacts arising from non-perfectly matching submap
borders [21]. In contrast we focus on the development of a practical
collaboration system for on-the-fly scene inspection and interaction by
an arbitrary number of exploration clients. In this scenario, issues such
as the submap jittering caused by progressive relocalization during the
capturing process have to be handled carefully in order to preserve an
acceptable VR experience. As the respective adequate adjustment of
the submaps has to be evaluated in the scope of comprehensive user
studies, we consider this challenge to be beyond the scope of this paper.

2.3 Hashing

Lossless packing of sparse data into a dense map can be achieved via
hashing. However, developing such data structures on the GPU offering
the reliability of their CPU-side counterparts is highly challenging. Cur-
rent voxel block hashing techniques [7,22,39] including hierarchical
voxel block hashing [23] rely on the high camera frame rate to clean
up block allocation failures in subsequent frames and, thus, guarantee
consistent but not necessarily successful insertion and removal. Only
the guarantee regarding key uniqueness is strictly enforced to avoid that
duplicate blocks are allocated and integrated during fusion. Although
data integration for some voxel blocks (and re-integration [7]) might,
hence, be staggered to a few subsequent frames, model consistency
is still ensured by the high frame rate fusion. To achieve a more reli-
able GPU hashing, perfect hashing approaches [3,28,48] have been
proposed that aim at collision-free hashing, but are hardly applicable
for online reconstruction. In the context of collision handling, mini-

mizing the maximum age of the hash map, i.e. the maximum number
of required lookups during retrieval, by reordering key-value pairs
similar to Cuckoo Hashing improves the robustness of the hash map
construction [14]. Similar to Alcantara et al. [1], who analyzed different
collision resolving strategies, the entry size is restricted to 64-bit due to
the limited support size of atomic exchange operations. However, these
approaches do not support entry removal and insertion is allowed to fail
in case the defined upper bound on the maximum age is not achieved.
Stadium Hashing [25] supports concurrent insertion and retrieval, but
lacks removal, by avoiding entry reordering that would otherwise lead
to synchronization issues. Recently, Ashkinani et al. [2] presented a
fully dynamic hash map supporting concurrent insertion, retrieval, and
also removal based chaining to resolve collisions. However, their data
structure cannot enforce key uniqueness, which is an essential property
required by voxel block hashing frameworks to preserve model con-
sistency. In contrast, our hash map data structure overcomes all of the
aforementioned limitations and is specifically suited for continuously
updated reconstruction and telepresence scenarios.

3 DESIGN CHOICES

In a practical remote communication and collaboration system, users
should be able to directly start a conversation about the — possibly
very large — environment/scene and experience an immersive live ex-
perience without the need for time-consuming prerecording similar to
a telephone call. Such systems rely on efficient data representation
and processing (see Table 1), immediate transmission as well as fast
and compact data structures to allow reconstructing and providing a
virtual 3D model in real time to remote users. In order to meet the
requirements regarding usability, latency, and stability, several crucial
design choices have to be taken into account. In particular, we thus
focus on the discussion of a system design that benefits a variety of ap-
plications, while allowing the distribution of the computational burden
according to the hardware availability respectively, i.e. to the cloud or
to the remote expert’s equipment, and scaling to many remote clients.



Table 1. Advantages and disadvantages of different scene representations for remote collaboration systems.

Data Representation Flexibility Individual Exploration Re-Connection Data Management Compactness
RGB-D Data - - - easy good
Voxel Block Model v v v easy bad
Mesh v v v hard good
MC index based Model v v v easy very good

Naive Input Video Streaming  An obvious strategy for the interac-
tive exploration of a live-captured scene by the user is the transmission
of the RGB-D input sequence and the reconstruction of the scene model
at the exploration client’s site (see Fig. 2 top left). Whereas the current
state of the art in image and video compression techniques as well as
real-time reconstruction would certainly be sufficient for the develop-
ment of such systems, this approach has several limitations. First, such
a setup imposes an extremely high computational burden to the remote
expert’s machine, where both the reconstruction and the rendering have
to be performed, such that a smooth VR experience at 90Hz may not be
guaranteed. Furthermore, in case of network outages, parts of the scene
that are acquired while the exploration client is disconnected cannot be
recovered automatically and the local user performing the capturing of
the scene is forced to move back and acquire the missing parts again.
In the worst case where the exploration client completely looses the
currently reconstructed model, e.g. when the user accidentally closes
the client, the whole capturing session must be restarted. In contrast,
this problem can be avoided by instead streaming parts of the fused 3D
model where the streaming order is not limited to the acquisition order
and can, thus, be controlled for each exploration client independently
according to their particular interests.

Full Cloud Video Streaming  Alternatively, the full reconstruction
including triangulation could be performed on a central cloud server and
only RGB-D video streams are transmitted from/to the users (see Fig. 2
top right). While re-connections do not require further handling and
data loss is no longer an issue, however, Internet latency becomes an
apparent problem and prohibits an immersive VR experience. Lags in
transmitting the video data directly affect the user experience. Standard
approaches trying to compensate this issue rely on the view-adapted
transmission of 360 degree video data (e.g. [6, 10, 18]). This allows
inspecting the scene based on head rotations, however, translations
through the scene are not supported. Furthermore, this not only requires
that the users do not perform any fast movements, but also results in
drastically increased bandwidth requirements due to the transmission
of 360 degree video data which can easily result in the range of around
100MBit/s for SD video at 30Hz or more than 1GBit/s for 4K resolution
at 120Hz respectively [33] which is higher than streaming the 3D model.
The additional use of techniques for view specification based on e.g.
fixation prediction [10] result in additional delays of around 40ms
which represents a noticeable perceivable lag in remote collaboration
scenarios and reduces the interactive experience. In addition, when the
reconstruction is finished or paused and the 3D model does not change
for a certain time, the video stream of the renderings still requires a
constantly high amount of bandwidth whereas the bandwidth required
for streaming the 3D model would immediately drop to zero.

Mesh Data Streaming When deciding for the aforementioned
server architecture, there remains still the question which data should
be transferred from the server to the exploration clients. Similar to full
cloud-based video streaming, mesh updates could be streamed to the
exploration clients and directly rendered at their machines using stan-
dard graphics APIs. Whereas the mesh representation is more compact
in comparison to the voxel block model that is used for reconstruction,
the number of triangles in each updated block largely differs depending
on the amount of surface inside resulting in significantly more compli-
cated and less efficient data management, updating and transmission.
Furthermore, the vertex positions, which are given in the global coor-
dinate system, are much harder to compress due to their irregular and
arbitrary bit pattern. Instead, we propose a novel bandwidth-optimized
representation based on Marching Cubes indices (see Sect. 4.2) that is

even more compact after compression due to its more regular nature.

Centralized Data Processing We focus on the development of a
system that is particularly designed for collaboration tasks where users
can explore and interact with the captured scene while at the same time
being able to observe the other client’s interactions. For this purpose, a
central server is placed between the individual clients to simplify the
communication between clients and move shared computational work
away from the clients. Using a server avoids complicated and error-
prone dense mesh networks between all the exploration clients. Further-
more, it naturally facilitates the integration of multiple reconstruction
clients and it allows lower hardware requirements at the exploration
clients. This, in turn, makes the system suitable for a much broader
variety of users. Powerful hardware, required for the scalability to a
large number of clients, can be provided as practical cloud services or
similar services (see Fig. 2 bottom).

Hash Data Structure Efficient data structures are crucial for effi-
ciently and reliably managing the set of updated blocks for each con-
nected exploration client as well as the scene model and therefore have
to be adequately taken into account during the design phase. For data
management, fast and efficient retrieval of subsets as well as guaranteed
modification through duplicate-free insertion and deletion, which both
implicitly perform retrieval to ensure uniqueness, are strictly required
to avoid data loss during transmission or redundant streaming of data.
In particular, the streaming states of each connected client, i.e. the set
of updated data that needs to be transmitted, must be maintained in
real-time to avoid delays during live exploration. Since the support
for re-connections is a major feature of our telepresence system, these
states will contain the list of blocks updated in the time while the con-
nection was down or all blocks in case the client was closed accidentally
by the user. Selecting a subset (which involves retrieval and deletion)
as well as filling the state (which should be duplicate-free to avoid
redundant transmissions) should, hence, be performed as fast as pos-
sible in parallel on the GPU for which hash data structures are highly
suitable and have been well-established (e.g. [22,39]). While recently
developed hashing approaches work well with high-frame-rate online
3D reconstruction techniques, their lack of strong guarantees regarding
hash operations make them hardly applicable to use cases with high
reliability requirements such as telepresence systems. Dispensing with
the uniqueness guarantee would lead to redundantly transmitted data
and, hence, wasted bandwidth whereas artifacts such as holes will occur
when insertion, removal, and retrieval cannot be guaranteed and these
blocks get lost during streaming from the reconstruction client until the
exploration client. With a novel hash map data structure that supports
concurrent insertion, removal, and retrieval including key uniqueness
preservation while running on a thread level, we directly address these
requirements. A detailed evaluation regarding run time and further
relevant design choices are provided in the supplemental material.

4 PROPOSED REMOTE COLLABORATION SYSTEM

The overall server-client architecture of our novel framework for effi-
cient large-scale 3D reconstruction and streaming for immersive remote
collaboration based on consumer hardware is illustrated in Fig. 3 and
the tasks of the involved components are shown in Fig. 4. RGB-D data
acquired with commodity 3D depth sensors as present in a growing
number of smartphones or the Kinect device are sent to the reconstruc-
tion client, where the 3D model of the scene is updated in real time
and transmitted to the server. The server manages a copy of the recon-
structed model, a corresponding, novel, bandwidth-optimized voxel
block representation, and the further communication with connected
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Fig. 3. Our novel 3D reconstruction and streaming framework for multi-client remote collaboration. RGB-D images acquired by consumer cameras,
e.g. smartphones or the Kinect device, are streamed to the reconstruction client (red arrows) which updates the virtual model and transfers it to the
server (blue arrows). The server converts the received data to a novel bandwidth-optimized representation based on Marching Cubes (MC) indices
and manages a set of updated blocks that are queued for streaming for each connected exploration client. By design, our system supports an
arbitrary number of exploration clients that can independently request the currently relevant updated parts of the model (green arrows) and integrate
them into their locally generated mesh from which images are rendered in real-time and displayed on devices such as VR headsets or screens. For
an immersive lag-free experience, the computational load during streaming is distributed using our novel hash map and set data structures. Red
arrows are used to represent the image streaming, while blue and green arrows are used to represent the streaming of TSDF and MC voxel blocks.

exploration clients. Finally, at the exploration client, the transmitted
scene parts are triangulated to update the locally generated mesh which
can be immersively explored i.e. with VR devices. Clients can connect
at any time before or after the capturing process has started. In the fol-
lowing sections, we provide more detailed descriptions of the individual
components of our framework, i.e. the reconstruction client, the server,
and the exploration client, which is followed by an in-depth discussion
of the novel data structure (see Sect. 5). Additional implementation
details for each component are provided in the supplemental material.

4.1 Reconstruction Client

The reconstruction client receives a stream of RGB-D images acquired
by a user and is responsible for the reconstruction and streaming of the
virtual model. We use voxel block hashing [22, 39] to reconstruct a
virtual 3D model from the image data. Since the bandwidth is limited,
the as-efficient-as-possible data handling during reconstruction is of
great importance. For this purpose, we consider only voxel blocks
that have already been fully reconstructed and for which no further
immediate updates have to be considered, i.e. blocks that are not visi-
ble in the current sensor’s view anymore and have been streamed out
to CPU memory [35]. In contrast, transmitting blocks that are being
still actively reconstructed and, thus, will change over time which re-
sults in an undesirable visualization experience for exploration clients.
Furthermore, continuously transmitting these individual blocks during
the reconstruction process results in extremely increasing bandwidth
requirements which make this approach infeasible to real-world scenar-
ios. In contrast to Mossel and Kréter [35], we concurrently insert the
streamed-out voxel blocks into a hash set which allows us to control the
amount of blocks per package that are streamed and avoids lags by dis-
tributing the work across multiple frames similar to the transfer buffer
approach of the InfiniTAM system [22]. To mitigate the delay caused
by transmitting only fully reconstructed parts of the scene, we add the

currently visible blocks at the very end of the acquisition process as
well as when the user stops moving during capturing or the hardware
including the network connection are powerful enough to stream the
complete amount of queued entries. In particular, we check whether
the exponential moving average (EMA) of the stream set size over a
period of T =5 seconds [53] is below a given threshold and the last such
prefetching operation is at least 5 seconds ago. The EMA is updated as
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This ensures that the delayed but complete model is available to the
server and the exploration clients at all times. After fetching a subset
of stream set (via concurrent removal) and the respective voxel data
from the model, we compress them using lossless compression [5] and
send them to the server. In addition to the pure voxel data, the recon-
struction client and the exploration clients send their camera intrinsics
and current camera pose to the server where they are forwarded to
each connected exploration client to enable interactive collaboration.
Furthermore, requests for high-resolution textures on the model by the
exploration clients, required e.g. for reading text or measurement in-
struments, are handled by transmitting the sensor’s current RGB image
to the reconstruction client where it is forwarded to the server and the
exploration clients. To make our framework also capable of handling
quasi-static scenes, where the scene is allowed to change between two
discrete timestamps, as e.g. occurring when an instrument cabinet has
to be opened before being able to read the instruments, our framework
also comprises a reset function that allows the exploration client to
request scene updates for selected regions. This can be achieved by
deleting the reconstructed parts of the virtual model that are currently
visible and propagating the list of these blocks to the server.
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Fig. 4. Components of our framework and their respective tasks. Images are partially provided by PresenterMedia [42].

4.2 Server

The server component is responsible for managing the global voxel
block model and the list of queued blocks for each connected explo-
ration client. Furthermore, it converts incoming TSDF voxel blocks
into our novel MC voxel block representation. Finally, it forwards
messages between clients and distributes camera and client pose data
for an improved immersion and client interaction.

In order to reduce the computational burden and infrastructural
requirements regarding network bandwidth, the streamed data should
be as compact as possible while being efficiently to process. Instead of
streaming the model in the original TSDF voxel block representation
of the voxel block hashing technique [35] to the exploration clients, we
compute and transmit a bandwidth-optimized representation based on
Marching Cubes [30]. Thus, a TSDF voxel (12 bytes), composed of a
truncated signed distance field (TSDF) value (4 bytes), a fusion weight
(4 bytes), and a color (3 bytes + 1 byte alignment), is reduced to a MC
voxel, i.e. a Marching Cubes index (1 byte), and a color value (3 bytes).
Furthermore, we cut off those voxel indices i and colors ¢ where no
triangles will be created, i.e. for

¢ ={(ie) |i=0Vi=255}, 3)

by setting the values i and ¢ to zero. While omitting the interpolation
weights, resulting in lossy compression, might seem drastic in terms of
reconstruction quality, we show that the achieved improvement regard-
ing compression ratio and network bandwidth requirement outweigh
the slight loss of accuracy in the reconstruction (see Sect. 6). Compared
to a binary representation of the geometry that would lead to the same
quality and a similar compression ratio, our MC index structure directly
encodes the triangle data and enables the independent and parallel
processing at the remote site by removing neighborhood dependencies.
Incoming data sent by the reconstruction client are first concurrently
integrated into the TSDF voxel block model and then used to update the
corresponding blocks and their seven neighbors in negative direction in
the MC voxel block representation. Updating the neighbors is crucial to
avoid cuts in the mesh due to outdated and inconsistent MC indices. To
avoid branch divergence and inefficient handling of special cases, we
recompute the whole blocks instead of solely recomputing the changed
parts. The list of updated MC voxel blocks is then concurrently inserted
to each exploration client’s stream hash set. Maintaining such a set for
each connected client not only enables advanced streaming strategies
required for a lag-free viewing experience (see Sect. 4.3). It also allows
them to reconnect at any point in time, e.g. after network outages, and
still explore the entire model since their stream sets are initially filled
with the complete list of voxel blocks via concurrent insertion. After
selecting all relevant blocks, a random subset of at most the request size
limit is extracted via concurrent removal and the corresponding voxel
data are retrieved, compressed [5] and sent to the exploration client.

4.3 Exploration Client

The exploration client’s tasks comprise generating surface geometry
from the transmitted compact representation in terms of MC indices,

updating the current version of the reconstructed model at the remote
site, and the respective rendering of the model in real-time. There-
fore, exploration clients are allowed to request reconstructed voxel
blocks according to the order of their generation during reconstruc-
tion, depending on whether they are visible in the current view of the
client, or in a random order which is particularly useful in the case
when the currently visible parts of the model are already complete, and
thus, other parts of the scene can be prefetched. Since the exploration
client controls the request rate and size, a lag-free viewing experience
is achieved by adapting these parameters depending on the client’s
hardware resources.

The received MC voxel blocks are decompressed in a dedicated
thread, and the block data is passed to a set of reconstruction threads
which generate the scene geometry from the MC indices and colors of
the voxels. We reduce the number of draw calls to the graphics API
by merging 15° voxel blocks into a mesh block instead of rendering
each voxel block separately [35]. To reduce the number of primitives
rendered each frame, we compute three level of details (LoDs) from the
triangle mesh, where one voxel, eight voxels or 64 voxels respectively
are represented by a point and the point colors are averaged over the
voxels. During the rendering pass, all visible mesh blocks are rendered,
while their LoD is chosen according to the distance from the camera.
We refer to the supplemental material for more details.

To allow a better interaction between the involved clients, each ex-
ploration client additionally sends its own pose to the server, which
distributes it to other exploration clients, so that each user can observe
the poses and movements of other exploration clients within the scene.
Analogously, the current pose of the reconstruction client is visualized
in terms of the respectively positioned and oriented camera frustum.
Furthermore, users can interactively explore the reconstructed envi-
ronment beyond pure navigation by measuring 3D distances between
interactively selected scene points. For the purpose of depicting struc-
tures below the resolution of the voxel hashing pipeline as e.g. required
for reading measurement instruments or texts, the exploration client
can send requests to the server upon which the RGB image currently
captured by the sensor is directly projected onto the respective scene
part and additionally visualized on a virtual measurement display.

5 HASH MAP AND SET DATA STRUCTURES

For the purpose of large-scale 3D reconstruction and streaming to an
arbitrary number of remote exploration clients, we developed a thread-
safe GPU hash data structure allowing fast and simple management
including dynamic concurrent insertion, removal and retrieval of mil-
lions of entries with strong success guarantees. In comparison to pure
3D reconstruction, maintaining consistency in multi-client telepresence
is much more challenging since streaming data between clients requires
that updates are not lost e.g. due to synchronization failures. Whereas
previous approaches either allow failures [14,22,39] or do not ensure
key uniqueness [2,25], our robust hash data structure is not limited
in this regard and represents the key to realize our real-time remote
collaboration system. A detailed evaluation in terms of design choices
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Fig. 5. lllustration of thread-safe hash map/set modifications on the
GPU by maintaining the proposed invariant. The importance of thread
safety has its origin in the guarantees for successful concurrent retrieval,
insertion and removal while preserving key uniqueness. This figure
depicts one possible order for the operations to resolve the requested
task when processing four operations in parallel. In the resulting structure,
dead links and empty buckets might occur which, however, are not
problematic and automatically cleaned up during further operations.

and runtime performance can be found in the supplemental material.

General Design  Our streaming pipeline is built upon two different
hash data structures. The server and the individual client components
use an internal map structure, that stores unique keys and maps a value
to each of them, whereas the server-client streaming protocol relies on a
set structure, which only considers the keys. Thus, the major difference
lies in the kind of stored data whereas the proposed algorithm for
retrieval, insertion and removal is shared among them. We built upon
the single-entry data structure by Kihler et al. [22] which stores the
values, i.e. key-value pairs for the map structure (voxel block hashing
and server model) and keys for the set (streaming states, see Fig. 3) into
a linear array. Collisions are resolved through linked lists using per-
entry offsets to the next elements and a stack structure that maintains
the set of available linked list entries. Voxel block hashing based
reconstruction approaches rely on the high camera frame rate to clean
up block allocation failures in subsequent frames [7,22,23,39] and,
therefore, reduce synchronization to a minimum. In contrast, failures
in our telepresence system result in data loss during data transmission
which cannot be recovered. Thus, we need additional indicators to
determine whether an entry is occupied and locks for synchronization
to handle cases where several threads attempt to modify the same entry
simultaneously. Furthermore, we maintain a strong invariant which is
required to achieve correct concurrency on the thread-level: At any time,
the entry positions and the links to colliding values are preserved. Fig. 5
demonstrates mixed insertion and removal operations on our thread-
safe hash data structure. Detailed descriptions and implementation
details of the hash and stack data structures as well as further design
remarks are provided in the supplemental material.

Retrieval Since our proposed invariant ensures that entry positions
are not allowed to change, finding an element in the hash map or set
can be safely implemented as a read-only operation. First, the bucket b
of a given key value is computed according to the underlying hashing
function. In case of spatial hashing, this function could be defined as

b=(x-p1®y -prPz-p3) modn 4)

where (x,y,z) are the voxel block coordinates, p; = 73856093, p, =
19349669, p3 = 83492791 represent prime numbers, and n denotes the
number of buckets [22,39]. We check whether the entry is occupied
and its key matches the query. If both conditions are met, we found the
key and return the current position. Otherwise, we traverse the linked
list through the offsets and check each entry in a similar manner.

Insertion For successful concurrent insertion, the modification
of an entry by several threads needs to be handled while avoiding
deadlocks. We handle the latter problem by by looping over a non-
blocking insertion function, which is allowed to fail, until the value is
found in the data structure. In the non-blocking version, we first check
if the value is already inserted (by performing retrieval). If the entry is
not found, there are two possible scenarios: The value can be inserted
at the bucket (if this entry is not occupied) or at the end of the bucket’s
linked list. In both cases, other threads might attempt to also modify
the entry at the same time. This not only requires locking (which might
fail to prevent deadlocks), but also a second occupancy check. If both
the lock is successfully acquired and the entry is still free, the value is
stored and the entry is marked as occupied and unlocked. In case the
bucket was initially occupied (second scenario), we first find the end of
the linked list by traversing the offsets and lock that entry. Afterwards,
we extract a new linked list position from the stack, store the value
there, set the occupancy flag and reset its offset to zero. Note that the
offset is intentionally not reset in the removal operation to avoid a race
condition (see the section below for details). Finally, the offset to the
new linked list entry is stored and the acquired lock is released.

Removal Removing elements as required when selecting voxel
blocks for client-server streaming, is similar to insertion and also in-
volves double checking during lock acquisition as well as looping over
a non-blocking version. Again, there are two possible scenarios: The
entry may be located at the bucket or inside the linked list. In the former
case, we try to acquire the lock and then reset the value and mark the
entry as unoccupied. In contrast to the approach by NieBner et al. [39],
the first linked list entry is not moved to the bucket to preserve our
invariant. Threads that try to erase this value might, otherwise, fail
to find it. We evaluated the impact of this change and observed that
runtime performance was not affected. If the value is inside the linked
list (second scenario), we first find the previous entry and lock both en-
tries. Afterwards, the current entry is reset and marked as unoccupied,
the offset of the previous entry is updated, and both locks are finally
released. As mentioned earlier, the offset is kept to avoid a race con-
dition where other threads concurrently performing direct or indirect
retrieval (inside insertion and removal) might not be able to access the
remainder of the linked list which would lead to failures in all three
operations. Thus, we avoid the need for additional synchronization in
the retrieval operation by delaying this step to the insertion operation.

6 EVALUATION

After providing implementation details, we perform an analysis regard-
ing bandwidth requirements and the visual quality of our compact scene
representation. This is accompanied by the description of the usage
of our framework in a live remote collaboration scenario as well as a
discussion of the respective limitations.

6.1 Implementation

We implemented our framework using up to four desktop computers
taking the roles of one reconstruction client, one server, and two explo-
ration clients. Each of the computers has been equipped with an Intel
Core i7-4930K CPU and 32GB RAM. Furthermore, three of them have
been equipped with a NVIDIA GTX 1080 GPU with 8GB VRAM,
whereas the fourth computer made use of a NVIDIA GTX TITAN
X GPU with 12GB VRAM. For acquisition, we tested two different
RGB-D sensors by using the Microsoft Kinect v2, which delivered data
with a resolution of 512 x 424 pixels at 30Hz, and by using an ASUS
Zenfone AR, which captured RGB-D data with a resolution of 224 x
172 pixels at 10Hz. Although the ASUS device is, in principle, capable
of performing measurements at frame rates of 5-15Hz, we used 10Hz
as a compromise between data completeness and speed. Each of the



Table 2. Bandwidth measurements of our system for various scenes. We compared mean (and maximum) bandwidths of our optimized MC voxel
structure with 128-1024 blocks/request and 100Hz request rate to the standard TSDF representation with 512 blocks/request and unlimited rate.
Across all scenes, our optimized representation saved more than 90% of the bandwidth and scales linearly with the package size.

Dataset Voxel Size [mm] Bandwidth [MBit/s] Model Size [# Voxel Blocks]
MC 128 MC 256 MC 512 MC 1024 TSDF 512
heating_room 5 4.5 (8.0) 8.8 (12.3) 17.5 (30.9) 32.7(71.3) 561.5(938.3) 897 x103
pool 5 4.6 (7.1) 9.0 (14.0) 17.8 (29.7) 29.3 (54.5) 489.3 (937.0) 637 x10°
frl/desk2 5 8.1(11.6) 16.2 (23.8) 32.6 (46.8) 61.0 (95.0) 764.0 (938.6) 134 x10°
frl/room 5 12.3 (23.6) 16.4 (23.6) 32.1 (42.2) 57.6 (87.9) 739.7 (938.0) 467 x10°
heating _room 10 5.1(7.6) 9.2 (14.4) 14.6 (27.8) 20.2 (63.7) 216.8 (937.1) 147 x103
pool 10 5.6 (8.5) 9.9 (16.0) 13.6 (27.2) 16.9 (52.3) 176.3 (937.0) 104 x103
fri/desk2 10 8.7(11.2) 14.3 (21.8) 19.6 (39.2) 24.4(71.3) 170.1 (436.4) 23 x10°
fri/room 10 9.2 (12.5) 15.7 (23.5) 22.9 (46.1) 28.5 (88.8) 207.8 (936.6) 86 x10°

Table 3. Time measurements of our system for various scenes. We compared the time to stream the whole model represented by our optimized MC
voxel structure with 128-1024 blocks/request and 100Hz request rate to the standard TSDF representation with 512 blocks/request and unlimited
rate. The reconstruction speed is given by TSDF 512 and serves as a lower bound. For a voxel resolution of 5mm, a package size of 512 voxel
blocks results in the best trade-off between required bandwidth and total streaming time. Increasing the size leads to slightly better results with less
latency, but substantially higher bandwidths. For a resolution of 10mm, the optimal streaming time is reached with even smaller package sizes.

Dataset Voxel Size [mm] Time [min] Model Size [# Voxel Blocks]
MC 128 MC 256 MC 512 MC 1024 TSDF 512
heating _room 5 4:06 3:08 2:40 2:32 2:31 897 x 103
pool 5 2:14 1:32 1:12 1:09 1:08 637 x103
[fri/desk2 5 0:39 0:31 0:27 0:24 0:22 134 x103
frl/room 5 1:46 1:14 1:01 0:57 0:56 467 x103
heating _room 10 1:49 1:44 1:44 1:44 1:44 147 x10°
pool 10 0:54 0:50 0:50 0:50 0:50 104 x103
fri/desk2 10 0:21 0:19 0:19 0:19 0:18 23 x103
frl/room 10 0:46 0:42 0:41 0:41 0:41 86 x 103
2 600 | Compared to the exploration client, the benchmark client is started
X 500 ‘ simultaneously to the reconstruction client, requests voxel blocks with a
£ 00 7 RC;” | fixed predefined frame rate of 100Hz, and directly discards the received
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g. 6. Streaming progress over time for the pool dataset. Larger

package sizes reduce the total transmission time of the virtual model to
the exploration client (EC). To save bandwidth, only fully reconstructed
blocks are streamed from the reconstruction client (RC) to the server (S)
causing a noticeable delay, which becomes smaller when our prefetching
queues the currently visible scene parts to the RC’s stream set (RC SS).

exploration client users was equipped with an HTC Vive HMD with
a native resolution of 1080 x 1200 pixels per eye whereas the recom-
mended rendering resolution (reported by the VR driver) is 1512 x
1680 pixels per eye, leading to a total resolution of 3024 x 1680 pixels.
Please note that the higher recommended resolution (in comparison to
the display resolution) originates from the lens distortion applied by
the VR system. All computers were connected via a local network.

6.2 Bandwidth and Latency Analysis

In the following, we provide a detailed quantitative evaluation of the
bandwidth requirements of our novel collaboration system. For the
purpose of comparison, we recorded two datasets heating_room and
pool (see supplemental material) with the Kinect v2, and also used
two further publicly available standard datasets that were captured with
the Kinect v1 [45]. Throughout the experiment, we loaded a dataset
and performed the reconstruction on the computer equipped with the
NVIDIA GTX TITAN X. The model is then streamed to the server
(second computer) and further to a benchmark client (third computer).

matching the respective active GPU and passive CPU voxel block pool
sizes of 219 and 220 blocks. The server and reconstruction client used
the passive parameter set for their hash maps and sets. The results of
our experiment are shown in Table 2 and Table 3. A further evaluation
regarding the server scalability is provided in the supplemental material.

Across all scenes and voxel sizes, the measured mean and maximum
bandwidths for our novel MC voxel structure scale linearly with the
package size and are over one order of magnitude smaller compared
to the standard TSDF voxel representation. We measured higher band-
widths at 10mm voxel size than at Smm for package sizes of 128 and
256 blocks. Our stream hash set automatically avoids duplicates, which
saves bandwidth in case the system works at its limits and can be con-
sidered as an adaptive streaming. At 10mm this triggers substantially
less and thus, more updates are sent to the server and exploration clients.
We also observed by a factor of two larger bandwidths for the datasets
captured with the Kinect v1 in comparison to the ones recorded by us
with the Kinect v2. This is mainly caused by the lower reliability of the
RGB-D data which contains more sensor noise as well as holes, which,
in turn, results in a larger number of allocated voxel blocks that need
to be streamed. Furthermore, the faster motion induces an increased
motion blur within the images, and thus leads to larger misalignments
in the reconstructed model as well as even more block allocations.
However, this problem is solely related to the reconstruction pipeline
and does not affect the scalability of our collaboration system.

The overall system latency is determined by the duration until newly
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(b) Bandwidth requirements between server (S) and exploration client (EC) with
package sizes of 256, 512, and 1024 blocks/request.

Fig. 7. Bandwidth measurements of our system over time for the pool dataset.

seen parts of the scene are queued for transmission, i.e. until they are
streamed out to CPU memory, the latency of the network, and the
package size of the exploration client’s requests. Since the whole sys-
tem runs in real-time, i.e. data are processed in the order of tens of
milliseconds, the runtime latency within the individual components has
a negligible impact on the total latency of the system. In order to evalu-
ate the bandwidth requirements and the overall latency, we performed
further measurements as depicted in Fig. 7 and Fig. 6. Whereas the
bandwidth for transmitting the TSDF voxel block representation has a
high variance and ranges up to our network’s limit of 1Gbit/s, our band-
width optimized representation has not only lower requirements, i.e. a
reduction by more than 90%, but also a significantly lower variance.
For a package size of 256 blocks, the model is only slowly streamed
to the exploration client which results in a significant delay until the
complete model has been transmitted. Larger sizes such as 512 blocks
affect both the mean bandwidth and the variance while further increases
primarily affect the variance since less blocks than the package size
need to be streamed (see Fig. 7). This effect also becomes apparent in
Fig. 6 where lower package sizes lead to a smooth streaming and larger
delays whereas higher values reduce the latency. Furthermore, the delay
between the reconstruction client and the server in the order of seconds
is directly related to our choice of only transmitting blocks that have
been streamed out to save bandwidth. Note that directly streaming the
actively reconstructed voxel blocks is infeasible due to extremely in-
creasing bandwidth requirements (see Section 4.1). Once our automatic
streaming of the visible parts triggers, which can be seen in the rapid
increases of the RC’s stream set (RC SS), the gap between the current
model at the reconstruction client and the streamed copy at the server
becomes smaller. Since the visible blocks are streamed in an arbitrary
order, this results in lots of updates for already existing neighboring MC
voxel blocks at the server site that need to be streamed to the exploration
client. Therefore, the exploration client’s model grows slower than the
server’s model but this gap is closed shortly after the server received all
visible blocks. Note that the effects of this prefetching approach can be
also seen in the reconstruction client’s bandwidth requirements, where
high values are typically observed when this mechanism is triggered.
In comparison to per-frame streaming [35], we transmit data per
block which allows the recovery from network outages as well as ad-
vanced streaming strategies controlled by the remote user. Therefore,
depending on the possibly very high number of eligible blocks from
streaming, e.g. all visible blocks after re-connection, scene updates may
appear unordered and patch-by-patch which can affect the subjective
latency (see the supplemental video). However, due to the control-
lable strategies, the objective latency until these visible data are fully
transmitted is much smaller than for inflexible frame-based approaches.

6.3 Scene Model Completeness and Visual Quality

In addition to the bandwidth analysis, we have also evaluated the model
completeness during transmission for our novel hash map data structure
in comparison to previous techniques that allow failures [39]. Thus, we
measured the model size in terms of voxel blocks at the reconstruction

Fig. 8. Visual comparison of model completeness for the pool dataset:
While previous hash maps allow failures, our hash data structure ensures
hole-free reconstructions during transmission to an exploration client.

client, where the streaming starts, and at the exploration client, where
the data is finally transmitted to. To reduce side effects caused by dis-
tributing the computational load, we have chosen a package size of 1024
blocks (see Table 3). Whereas previous GPU hashing techniques work
well for 3D reconstruction and failures can be cleaned up in subsequent
frames, they are not suitable for large-scale collaboration scenarios
where blocks are often sent only once to save bandwidth. Insertion and
removal failures will, hence, lead to holes in the reconstruction that
cannot be repaired in the future (see Fig. 8).

We also provide a qualitative visual comparison of our bandwidth-
optimized scene representation based on Marching Cubes indices. In
order to reduce the bandwidth requirements by over 90%, we omitted
the interpolation of vertex positions and colors. Fig. 9 shows a com-
parison between our approximation and the interpolated mesh, where
both representations have been reconstructed using a voxel resolution
of Smm. While the interpolated model has a smooth appearance, the
quality of our approximation is slightly lower at edges but, otherwise,
resembles the overall visual quality quite well. However, for small
highly textured objects, staircase artifacts become visible and lead to
worse reconstruction results (see Fig. 10). Note that our system al-
lows compensating this issue by using our projective texture mapping
approach to enable higher resolution information on demand.

6.4 Live Remote Collaboration

To verify the usability of our framework, we conducted a live remote
collaboration experiment where a local user and two remotely con-
nected users collaboratively inspect the local user’s environment sup-
ported by audio-communication (i.e. via Voice over IP (VoIP)). For this
experiment, we selected people who were unfamiliar to our framework
and received a briefing regarding the controls. Furthermore, these user
have never been in the respective room before.



(a) With Color Interpolation.

(b) Without Color Interpolation.

Fig. 9. Visual comparison of our scene encoding for the heating_-room
dataset: Compared to standard mesh generation techniques that use
linear interpolation, our scene encoding achieves a similar quality without
interpolation in real-world scenes.

While one person took the role of a local user operating the ac-
quisition device, two different remotely connected exploration clients
provide support regarding maintenance and safety. The exploration
clients can interactively inspect the acquired scene, i.e. the maintenance
expert guides the person operating the acquisition device to allow the
observation of measurement instruments. By allowing scene resets,
where parts of the scene can be updated on demand, our system allows
certain scene manipulations such as opening the door to a switch board
that has to be checked by the maintenance expert. Furthermore, the
scene model can be visualized at higher texture resolution based on the
transmission of the live-captured RGB image upon request and its usage
in a separate virtual 2D display or directly on the scene geometry. This
allows checking instruments or even reading text (see supplemental
material for further details and evaluation). Measurements performed
based on the controllers belonging to the HMD devices are of sufficient
accuracy to allow detecting safety issues or select respective compo-
nents for replacement. The interaction flow of this experiment is also
showcased in the supplemental video. In addition to the Kinect v2, we
also used an ASUS Zenfone AR (224 x 172 pixels, up to 15Hz) for
RGB-D acquisition. However, the limited resolution and frame rate
affect the reconstruction quality obtained with the smartphone.

Furthermore, the users testing our framework particularly liked the
options to reset certain scene parts to get an updated scene model as
well as the possibility of interacting with the scene by performing mea-
surements and inspecting details like instrument values. After network
outages or wanted disconnections from the collaboration process, the
capability of re-connecting to re-explore the in-the-meantime recon-
structed parts of the scene was also highly appreciated and improved
the overall experience significantly. In fact, they reported a good spatial
understanding of the environment.

6.5 Limitations

Despite allowing an immersive live collaboration between an arbitrary
number of clients, our system still faces some limitations. In particular,
the acquisition and reconstruction of a scene with a RGB-D camera
may be challenging for unexperienced users, who tend to move and
turn relatively fast resulting in high angular and linear velocities as well
as potential motion blur. As a consequence, the reconstruction is more
susceptible to misalignments. Whereas loop-closure techniques [7]
compensate this issue, their uncontrollable update scheme during loop
closing would cause nearly the entire model to be queued for stream-
ing. This would impose much higher bandwidth requirements to the
client connections and prohibit remote collaboration over the Inter-
net. Submap approaches [21] avoid this problem, but issues such as

(a) With Color Interpolation.

(b) With Color Interpolation.

Fig. 10. Challenging cases: For highly textured objects and sharp edges
with high contrasts, our approximation introduces small artifacts.

the submap jittering caused by progressive relocalization during the
capturing process have to be handled carefully in order to preserve an
acceptable VR experience and require a respective evaluation in the
scope of a comprehensive user study. Furthermore, we stream the vir-
tual model in the TSDF voxel representation between the reconstruction
client and the server which requires both to be in a local network. How-
ever, the increasing thrust in cloud services could fill this gap. While
we believe that the usability of our novel system significantly benefits
from mobile devices with built-in depth cameras, the current quality
and especially the frame rate of the provided RGB-D data is inferior
compared to the Kinect family resulting in low-quality reconstructions.

7 CONCLUSION

We presented a novel large-scale 3D reconstruction and streaming
framework for immersive multi-client live telepresence that is espe-
cially suited for remote collaboration and consulting scenarios. Our
framework takes RGB-D inputs acquired by a local user with commod-
ity hardware such as smartphones or the Kinect device from which
a 3D model is updated in real-time. This model is streamed to the
server which further manages and controls the streaming process to
the, theoretically, arbitrary number of connected remote exploration
clients. As such as system needs to access and process the data in
highly asynchronous manner, we have built our framework upon — to
the best of our knowledge — the first thread-safe GPU hash map data
structure that guarantees successful concurrent insertion, retrieval and
removal on a thread level while preserving key uniqueness required by
current voxel block hashing techniques. Efficient streaming is achieved
by transmitting a novel, compact representation in terms of March-
ing Cubes indices. In addition, the inherently limited resolution of
voxel-based scene representations can be overcome with a lightweight
projective texture mapping approach which enables the visualization
textures at the resolution of the depth sensor of the input device. As
demonstrated by a variety of qualitative experiments, our framework is
efficient regarding bandwidth requirements, and allows a high degree
of immersion into the live captured environments.

ACKNOWLEDGMENTS

This work was supported by the DFG projects KL 1142/11-1 (DFG Re-
search Unit FOR 2535 Anticipating Human Behavior) and KL 1142/9-2
(DFG Research Unit FOR 1505 Mapping on Demand).

REFERENCES

[1] D. A. F. Alcantara. Efficient Hash Tables on the GPU. PhD thesis,
University of California at Davis, 2011.

[2] S. Ashkiani, M. Farach-Colton, and J. D. Owens. A Dynamic Hash Table
for the GPU. In IEEE Int. Parallel and Distributed Processing Symposium,
pp. 419429, 2018.

[3] F.C.Botelho, R. Pagh, and N. Ziviani. Practical Perfect Hashing in Nearly
Optimal Space. Inf. Syst., 38(1):108-131, 2013.

[4] J. Chen, D. Bautembach, and S. Izadi. Scalable Real-time Volumetric
Surface Reconstruction. ACM Trans. Graph., 32:113:1-113:16, 2013.

[5] Y. Collet and C. Turner. Smaller and faster data compres-
sion with Zstandard. https://code. fb.com/core-data/



[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

smaller-and- faster-data-compression-with-zstandard/,
2016. Accessed: 2019-01-29.

X. Corbillon, G. Simon, A. Devlic, and J. Chakareski. Viewport-adaptive
navigable 360-degree video delivery. In 2017 IEEE Int. Conf. on Commu-
nications, pp. 1-7, 2017.

A. Dai, M. NieBner, M. Zollhofer, S. Izadi, and C. Theobalt. BundleFusion:
Real-time Globally Consistent 3D Reconstruction using On-the-fly Surface
Reintegration. ACM Trans. Graph., 36(3):24, 2017.

M. Dou et al. Fusion4D: Real-time Performance Capture of Challenging
Scenes. ACM Trans. Graph., 35(4):114:1-114:13, 2016.

A.J. Fairchild, S. P. Campion, A. S. Garcia, R. Wolff, T. Fernando, and D. J.
Roberts. A Mixed Reality Telepresence System for Collaborative Space
Operation. IEEE Trans. on Circuits and Systems for Video Technology,
27(4):814-827, 2016.

C.-L. Fan, J. Lee, W.-C. Lo, C.-Y. Huang, K.-T. Chen, and C.-H. Hsu.
Fixation Prediction for 360° Video Streaming in Head-Mounted Virtual
Reality. In Proc. of the 27th Workshop on Network and Operating Systems
Support for Digital Audio and Video, pp. 67-72, 2017.

G. Fontaine. The Experience of a Sense of Presence in Intercultural and
Int. Encounters. Presence: Teleoper. Virtual Environ., 1(4):482-490, 1992.
H. Fuchs, G. Bishop, K. Arthur, L. McMillan, R. Bajcsy, S. Lee, H. Farid,
and T. Kanade. Virtual Space Teleconferencing Using a Sea of Cameras.
In Proc. of the Int. Conf. on Medical Robotics and Computer Assisted
Surgery, pp. 161 — 167, 1994.

H. Fuchs, A. State, and J. Bazin. Immersive 3D Telepresence. Computer,
47(7):46-52, 2014.

I. Garcia, S. Lefebvre, S. Hornus, and A. Lasram. Coherent Parallel
Hashing. ACM Trans. Graph., 30(6):161:1-161:8, 2011.

S. Golodetz, T. Cavallari, N. A. Lord, V. A. Prisacariu, D. W. Murray, and
P. H. S. Torr. Collaborative Large-Scale Dense 3D Reconstruction with
Online Inter-Agent Pose Optimisation. /EEE Trans. on Visualization and
Computer Graphics, 24(11):2895-2905, Nov 2018.

R. M. Held and N. I. Durlach. Telepresence. Presence: Teleoper. Virtual
Environ., 1(1):109-112, 1992.

P. Henry, D. Fox, A. Bhowmik, and R. Mongia. Patch Volumes:
Segmentation-Based Consistent Mapping with RGB-D Cameras. In Int.
Conf. on 3D Vision, 2013.

M. Hosseini and V. Swaminathan. Adaptive 360 VR Video Streaming:
Divide and Conquer. [EEE Int. Symp. on Multimedia, pp. 107-110, 2016.
S. Izadi et al. KinectFusion: Real-time 3D Reconstruction and Interaction
Using a Moving Depth Camera. In Proc. of the ACM Symp. on User
Interface Software and Technology, pp. 559-568, 2011.

B. Jones et al. RoomAlive: Magical Experiences Enabled by Scalable,
Adaptive Projector-camera Units. In Proc. of the Annual Symp. on User
Interface Software and Technology, pp. 637-644, 2014.

0. Kihler, V. A. Prisacariu, and D. W. Murray. Real-Time Large-Scale
Dense 3D Reconstruction with Loop Closure. In European Conference on
Computer Vision, pp. 500-516, 2016.

O. Kihler, V. A. Prisacariu, C. Y. Ren, X. Sun, P. Torr, and D. Mur-
ray. Very High Frame Rate Volumetric Integration of Depth Images on
Mobile Devices. IEEE Trans. on Visualization and Computer Graphics,
21(11):1241-1250, 2015.

O. Kihler, V. A. Prisacariu, J. P. C. Valentin, and D. W. Murray. Hierar-
chical Voxel Block Hashing for Efficient Integration of Depth Images. In
IEEE Robotics and Automation Letters, pp. 1(1):192-197, 2016.

T. Kanade, P. Rander, and P. J. Narayanan. Virtualized reality: constructing
virtual worlds from real scenes. IEEE MultiMedia, 4(1):34-47, 1997.

F. Khorasani, M. E. Belviranli, R. Gupta, and L. N. Bhuyan. Stadium
Hashing: Scalable and Flexible Hashing on GPUs. In Proc. of the Int.
Conf. on Parallel Architecture and Compilation, pp. 6374, 2015.

A. Kunert, A. Kulik, S. Beck, and B. Froehlich. Photoportals: Shared Ref-
erences in Space and Time. In Proc. of the 17th ACM Conf. on Computer
Supported Cooperative Work & Social Computing, pp. 1388-1399, 2014.
G. Kurillo, R. Bajcsy, K. Nahrsted, and O. Kreylos. Immersive 3D Envi-
ronment for Remote Collaboration and Training of Physical Activities. In
IEEE Virtual Reality Conference, pp. 269-270, 2008.

S. Lefebvre and H. Hoppe. Perfect Spatial Hashing. ACM Trans. Graph.,
25(3):579-588, 2006.

C. Loop, C. Zhang, and Z. Zhang. Real-time High-resolution Sparse
Voxelization with Application to Image-based Modeling. In Proc. of the
High-Performance Graphics Conference, pp. 73-79, 2013.

W. E. Lorensen and H. E. Cline. Marching Cubes: A High Resolution
3D Surface Construction Algorithm. In Proc. of the 14th Annual Conf. on

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Computer Graphics and Interactive Techniques, pp. 163-169, 1987.

A. Maimone, J. Bidwell, K. Peng, and H. Fuchs. Enhanced personal
autostereoscopic telepresence system using commodity depth cameras.
Computers & Graphics, 36(7):791 — 807, 2012.

A. Maimone and H. Fuchs. Real-time volumetric 3D capture of room-sized
scenes for telepresence. In Proc. of the 3DTV-Conference, 2012.

S. Mangiante, G. Klas, A. Navon, Z. GuanHua, J. Ran, and M. D. Silva.
VR is on the Edge: How to Deliver 360° Videos in Mobile Networks. In
Proc. of the Workshop on Virtual Reality and Augmented Reality Network,
pp. 30-35, 2017.

D. Molyneaux, S. Izadi, D. Kim, O. Hilliges, S. Hodges, X. Cao, A. Butler,
and H. Gellersen. Interactive Environment-Aware Handheld Projectors
for Pervasive Computing Spaces. In Proc. of the Int. Conf. on Pervasive
Computing, pp. 197-215, 2012.

A. Mossel and M. Kroter. Streaming and exploration of dynamically
changing dense 3d reconstructions in immersive virtual reality. In Proc. of
IEEE Int. Symp. on Mixed and Augmented Reality, pp. 43-48, 2016.

J. Mulligan and K. Daniilidis. View-independent scene acquisition for
tele-presence. In Proc. IEEE and ACM Int. Symp. on Augmented Reality,
pp. 105-108, 2000.

R. A. Newcombe et al. KinectFusion: Real-Time Dense Surface Mapping
and Tracking. In Proc. of IEEE Int. Symp. on Mixed and Augmented
Reality. IEEE, 2011.

R. A. Newcombe, D. Fox, and S. M. Seitz. DynamicFusion: Recon-
struction and tracking of non-rigid scenes in real-time. In IEEE Conf. on
Computer Vision and Pattern Recognition, pp. 343-352, 2015.

M. NieBner, M. Zollhofer, S. Izadi, and M. Stamminger. Real-time
3D Reconstruction at Scale Using Voxel Hashing. ACM Trans. Graph.,
32(6):169:1-169:11, 2013.

S. Orts-Escolano et al. Holoportation: Virtual 3D Teleportation in Real-
time. In Proc. of the Annual Symp. on User Interface Software and
Technology, pp. 741-754, 2016.

B. Petit, J.-D. Lesage, C. Menier, J. Allard, J.-S. Franco, B. Raffin,
E. Boyer, and F. Faure. Multicamera Real-Time 3D Modeling for Telep-
resence and Remote Collaboration. Int. Journal of Digital Multimedia
Broadcasting, 2010.

PresenterMedia. PowerPoint Templates, 3D Animations, and Clipart.
https://presentermedia.com/, 2009. Accessed: 2019-01-29.

H. Roth and M. Vona. Moving volume kinectfusion. In Proc. of the British
Machine Vision Conference, pp. 112.1-112.11, 2012.

T. Schops, J. Engel, and D. Cremers. Semi-dense visual odometry for ar
on a smartphone. In Int. Symp. on Mixed and Augmented Reality, 2014.
J. Sturm, N. Engelhard, F. Endres, W. Burgard, and D. Cremers. A
Benchmark for the Evaluation of RGB-D SLAM Systems. In Proc. of the
Int. Conf. on Intelligent Robot Systems, 2012.

T. Tanikawa, Y. Suzuki, K. Hirota, and M. Hirose. Real world video avatar:
Real-time and real-size transmission and presentation of human figure. In
Proc. of the Int. Conf. on Augmented Tele-existence, pp. 112-118, 2005.
H. Towles, W. Chen, R. Yang, S. Kum, H. Fuchs, N. Kelshikar, J. Mulligan,
K. Daniilidis, C. C. Hill, L. Holden, B. Zeleznik, A. Sadagic, and J. Lanier.
3D Tele-Collaboration Over Internet2. In Proc. of the Int. Workshop on
Immersive Telepresence, 2002.

T. T. Tran, M. Giraud, and J.-S. Varré. Perfect Hashing Structures for
Parallel Similarity Searches. IEEE Int. Parallel and Distributed Processing
Symposium Workshop, pp. 332-341, 2015.

R. Vasudevan, G. Kurillo, E. Lobaton, T. Bernardin, O. Kreylos, R. Ba-
jesy, and K. Nahrstedt. High-Quality Visualization for Geographically
Distributed 3-D Teleimmersive Applications. /EEE Trans. on Multimedia,
13(3):573-584, 2011.

T. Whelan, M. Kaess, M. Fallon, H. Johannsson, J. Leonard, and J. Mc-
Donald. Kintinuous: Spatially Extended KinectFusion. In RSS Workshop
on RGB-D: Advanced Reasoning with Depth Cameras, 2012.

T. Whelan, M. Kaess, H. Johannsson, M. Fallon, J. J. Leonard, and J. Mc-
Donald. Real-time large-scale dense RGB-D SLAM with volumetric
fusion. The Int. Journal of Robotics Research, 34(4-5):598-626, 2015.
B. G. Witmer and M. J. Singer. Measuring Presence in Virtual Environ-
ments: A Presence Questionnaire. Presence: Teleoper. Virtual Environ.,
7(3):225-240, 1998.

G. Zumbach and U. Miiller. Operators on inhomogeneous time series. Int.
Journal of Theoretical and Applied Finance, 4(01):147-177, 2001.






Publication:
“Efficient 3D Reconstruction and Streaming
for Group-Scale Multi-Client Live
Telepresence”

Patrick Stotko, Stefan Krumpen, Michael Weinmann, and
Reinhard Klein

IEEE International Symposium on Mixed and Augmented Reality
(ISMAR)

2019

por: 10.1109/ISMAR.2019.00018

©2019 IEEE. Reprinted, with permission, from Patrick Stotko, Stefan Krumpen,
Michael Weinmann, and Reinhard Klein, “Efficient 3D Reconstruction and Streaming for
Group-Scale Multi-Client Live Telepresence,” IEEE International Symposium on Mixed and
Augmented Reality (ISMAR), 2019.

131


https://doi.org/10.1109/ISMAR.2019.00018




Efficient 3D Reconstruction and Streaming for Group-Scale Multi-Client
Live Telepresence

Patrick Stotko* Stefan Krumpen®

Michael Weinmann?

Reinhard Klein$

University of Bonn

4 SLAMCast )

%

J

Figure 1: lllustration of our novel highly scalable multi-client live telepresence system. While previous approaches are limited to a
low number of up to 4 remote exploration clients, our system is capable of providing an immersive telepresence experience within a
live-captured high-quality scene reconstruction to more than 24 clients simultaneously without introducing further latency.

ABSTRACT

Sharing live telepresence experiences for teleconferencing or remote
collaboration receives increasing interest with the recent progress in
capturing and AR/VR technology. Whereas impressive telepresence
systems have been proposed on top of on-the-fly scene capture, data
transmission and visualization, these systems are restricted to the im-
mersion of single or up to a low number of users into the respective
scenarios. In this paper, we direct our attention on immersing signif-
icantly larger groups of people into live-captured scenes as required
in education, entertainment or collaboration scenarios. For this pur-
pose, rather than abandoning previous approaches, we present a
range of optimizations of the involved reconstruction and streaming
components that allow the immersion of a group of more than 24
users within the same scene — which is about a factor of 6 higher than
in previous work — without introducing further latency or changing
the involved consumer hardware setup. We demonstrate that our
optimized system is capable of generating high-quality scene recon-
structions as well as providing an immersive viewing experience to
a large group of people within these live-captured scenes.

Index Terms: Human-centered computing—Human com-
puter interaction (HCI)—Interaction paradigms—Virtual real-
ity; Human-centered computing—Human computer interaction
(HCI)—Interaction paradigms—Collaborative interaction; Comput-
ing methodologies—Computer graphics—Graphics systems and
interfaces—Virtual reality; Computing methodologies—Computer
vision—Computer vision problems—Reconstruction

1 INTRODUCTION

The rapidly increasing potential of AR/VR technology has led to
several highly advanced telepresence applications such as telecon-

*e-mail: stotko@cs.uni-bonn.de
fe-mail: krumpen@cs.uni-bonn.de
*e-mail: mw @cs.uni-bonn.de
Se-mail: rk@cs.uni-bonn.de

ferencing in room-scale environments [4,24] or the exploration of
places — that may vary from the users’ local physical environment
— for live-captured scenes beyond room-scale [27] and for remote
collaboration purposes. To meet the critical success factors of an im-
mersive telepresence experience for on-the-fly captured 3D data as
required by these scenarios, these systems impose strong demands re-
garding the reconstruction and streaming speed as well as the visual
quality of the acquired scene. Furthermore, the interactive explo-
ration within the scene requires rendering at high framerates and low
latency to avoid motion sickness. This means that all of the involved
processing steps including 3D scene capture, data transmission and
visualization have to be achieved in real-time, while taking the typi-
cally available network bandwidth and client-side compute hardware
into account. Previous teleconferencing systems [4, 24, 28] were
designed to capture a fixed region of interest based on expensive
well-calibrated acquisition setups involving statically mounted cam-
eras. In contrast, the live telepresence system by Stotko et al. [27] is
tailored to the acquisition of scenes beyond such a fixed size defined
by the setup and involves portable, consumer-grade capture hard-
ware. As a result, efficiently representing and transmitting the scene
to visualization devices is significantly harder. While further work
has been spent on parallelized capturing [6], the goal of immersing
a large number of people into the same live-captured environment
while allowing them to interact with each other for e.g. remote col-
laboration and exploration scenarios, to the best of our knowledge,
has not received a lot of attention so far. In particular, the major
challenge is given by the accurate reconstruction and transmission
of 3D models while keeping the computational burden as well as
the memory and streaming requirements as low as possible, thus,
minimizing the amount of unnecessary or unreliable model data
resulting from noise and outliers in the captured input data.

In this paper, we address the scalability of live telepresence sys-
tems to the immersion of whole groups of (more than 24) people
without introducing further latency as required for education, enter-
tainment and collaboration scenarios (see Fig. 1). For this purpose,
rather than developing new techniques for 3D capture and data trans-
mission, we demonstrate how existing well-established systems for
3D reconstruction and streaming can be optimized to significantly
increase the scalability of live telepresence systems under strong

© 2019 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future
media, including reprinting/republishing this material for advertising or promotional purposes,creating new collective works, for resale or
redistribution to servers or lists, or reuse of any copyrighted component of this work in other works. The final version of record is available at

http://dx.doi.org/10.1109/ISMAR.2019.00018.
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Figure 2: Overview of the major components of state-of-the-art live multi-client live telepresence systems. RGB-D image data acquired by a single
camera device are streamed to a cloud server (red arrows) where a global 3D scene model is reconstructed in a dedicated 3D reconstruction
process. This scene model is then passed to the central server process (blue arrows) which also runs on the cloud server and manages a
bandwidth-optimized version of the model as well as the client states. Large groups of people (more than 24 in our system), each running an
exploration client on their local hardware, can independently request parts of the reconstructed global scene model (green arrows) and render the

locally generated mesh on their display devices (red arrows).

constraints regarding latency and bandwidth. We demonstrate that
our extensions result in compact high-quality 3D reconstructions
and finally allow the immersion of more than 24 people within
the same live-captured scene (beyond room-scale), thereby signifi-
cantly exceeding the number of immersed persons in previous ap-
proaches [27] without adding or exchanging hardware components.

In summary, the key contributions of this work are (1) an efficient
novel set of filters designed to optimize the performance and scala-
bility of current state-of-the-art telepresence systems at the example
of the SLAMCast system [27], (2) an adaption of the telepresence-
specific filters to standalone volumetric 3D reconstruction and (3)
a comprehensive evaluation of the beneficial effect of the proposed
set of filters regarding scalability, latency and visual quality.

2 RELATED WORK

Telepresence applications for sharing live experiences rely on real-
time 3D scene capture. For this purpose, the underlying scene repre-
sentation, where the scene is reconstructed based on the fusion of the
incoming sensor data, is of particular importance. Well-established
representations include surface modeling in the form of implicit
truncated signed distance fields (TSDFs). Early real-time volumetric
reconstruction approaches [9,21] are based on storing the scene
model in a uniform grid. This results in high memory requirements
as the data structure is not adapted according to the local presence
of a surface. To improve the scalability to large-scale scenes, further
work exploited the sparsity in the TSDF representation, e.g. based on
moving volume techniques [26,31], representing scenes in terms of
blocks of volumes that follow dominant planes [8] or storing TSDF
values only near the actual surface areas [1, 12,23]. The individual
blocks can be managed using tree structures or hash maps as pro-
posed by NieBner et al. [23] and respective optimizations [12,13,25].
Furthermore, the replacement of the TSDF representation by a high-
resolution binary voxel grid has also been considered by Reichl
et al. [25] to improve the scalability and reduce the memory re-
quirements. Recent extensions include the detection of loop clo-
sures [2, 11, 16] to reduce drift artifacts in camera localization as
well as multi-client collaborative acquisition and reconstruction of
static scenes [6].

This progress in real-time capturing enabled the development
of various telepresence applications. Early telepresence sys-
tems [5,9, 10, 17-19] were designed for room-scale environments
and faced the problems of a limited reconstruction quality due to
high sensor noise and a reduced resolution. Relying on an expensive
capturing setup with several cameras, GPUs and desktop computers,
the Holoportation system [24] was designed for high-quality real-
time reconstruction of a dynamic room-scale environment based on
the Fusion4D system [3] as well as real-time data transmission. This
has been complemented with AR/VR systems to allow immersive
end-to-end teleconferencing. In contrast, interactive telepresence for
individual remote users within live-captured static scenes has been
addressed by Mossel and Kroter [20] based on voxel block hash-

ing [12,23]. The limitations of this system regarding high bandwidth
requirements, the immersion of only a single remote user into the
captured scenarios as well as network interruptions leading to loss
of scene parts that are reconstructed in the meantime have been over-
come in the recent SLAMCast system [27]. However, the scalability
to immersing large groups of people into on-the-fly captured scenes
has not been achieved so far. In this paper, we directly address this
problem by several modifications to the major components involved
in telepresence systems.

3 SYSTEM OUTLINE

Akin to previous work, we build our scalable multi-client telepres-
ence system on top of a volumetric scene representation in terms
of voxel blocks, i.e. blocks of 8 = 512 voxels. This approach
has been well-established by previous investigations in the context
of real-time reconstruction [1,2,9,11-13,21-23,30,31] and telep-
resence [20, 24,27]. As shown in Fig. 2, current state-of-the-art
telepresence systems involving live-captured scenarios rely on the
core components of (1) a real-time 3D reconstruction process, (2)
a central server process as well as (3) exploration clients. RGB-D
images captured by a single camera are streamed to the reconstruc-
tion process that runs on a cloud server and allows on-the-fly camera
localization and scene capture via volumetric fusion. The recon-
structed scene data is then passed to the central server process that
manages a bandwidth-optimized version of the global model as well
as the streaming of these data according to requests by connected
exploration clients. Each exploration client integrates the transmitted
scene parts into a locally generated mesh that can be interactively
explored with VR devices on their local computers. In the follow-
ing, we focus on the extension of such live telepresence systems to
the immersion of larger groups of remote users into a live-captured
scene at the example of the SLAMCast system [27]. This requires
the optimization of the reconstruction (see Sect. 4) and the central
server processes (see Sect. 5). In contrast, the exploration client
receives the compressed and optimized scene representation and is
already capable of providing an immersive viewing experience at
the remote user’s site.

4 OPTIMIZATION OF THE 3D RECONSTRUCTION PROCESS

Since our optimizations are not particularly restricted to the recon-
struction process used in the SLAMCast system, we show their
application to volumetric 3D reconstruction approaches in general
and provide an overview of the respective pipeline (see Fig. 3). Here,
the surface is represented in terms of implicit truncated signed dis-
tance fields (TSDFs) and stored as a sparse unordered set of voxel
blocks using spatial hashing [2, 11, 12,23,25]. Input to the recon-
struction pipeline is an incremental stream of RGB-D images which
is processed in an online fashion. First, the current RGB-D frame is
preprocessed where camera-specific distortion effects are removed
and a normal map is computed from the depth data. Afterwards,
the current camera pose is estimated either using frame-to-model
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Figure 3: General volumetric 3D reconstruction pipeline. Our set of efficient filters designed to improve the performance and scalability of the
state-of-the-art live telepresence systems can also be applied to the components of standalone 3D reconstruction (highlighted).

tracking [9, 12,21, 23, 25,29, 31] (as also used in the SLAMCast
system) or using bundle adjustment for globally-consistent recon-
struction [2, 11]. Using this pose, non-visible voxel block data are
streamed out to CPU memory whereas visible blocks in CPU mem-
ory are streamed back into GPU memory [12, 16,23,25]. In the next
step, new voxel blocks are allocated in the volume and the RGB-D
data are fused into the volumetric model. Finally, a novel view
depicting the current state of the reconstruction is generated using
raycasting to provide a live feedback to the user during capturing.

4.1 Image Preprocessing

We improve the robustness of the acquired RGB-D data by filtering
potentially unreliable data from the depth map. A further benefit
of this operation is the resulting more compact scene model repre-
sentation. Inspired by previous work [31], we discard samples d
located on stark depth discontinuities by considering the deviations
to the depth values d; in a 7 X 7 neighborhood IN (d). Due to the
limited resolution and the overall noise characteristics of the sensor,
such samples are likely to be outliers and might largely deviate from
the true depth values. We extend this filter by further discarding
samples d with a significant amount of missing data in their local
neighborhood. In such regions, which may not only contain depth
discontinuities, the depth measurements are also susceptible of being
unreliable. Thus, we consider the set

D,={d|3ie N(d):|d—d;i| > cyV|Ny(d)| >cp-|N(d)|} (1)

as outliers where ¢, and ¢y, are user-defined thresholds, N (d) de-
notes the neighborhood of the depth sample d and N, (d) the set of
neighboring pixels with no valid depth data. These outliers affect
the overall reconstruction quality as well as the model compactness.

4.2 Data Fusion

Although potentially unreliable data around stark depth discontinu-
ities have been filtered out during the preprocessing step, there are
still samples, e.g. around small discontinuities, that do not contribute
to the reconstruction and negatively affect the model compactness
and streaming performance. In the voxel block allocation step, these
unreliable data unnecessarily enlarge the global truncation region
around the unknown surface since all voxel blocks located within
the local truncation region around the respective depth samples are
considered during allocation. Traditional approaches tried to remove
these blocks afterwards using a garbage collection [23] which re-
quires a costly analysis of the voxel data. In contrast, we propose a
novel implicit filter which reduces the amount of unnecessary block
allocations. By considering only every c,-th pixel per column and
row, where ¢, is a user-defined control parameter, the depth image
is virtually downsampled and the likelihood for an over-sized global
truncation region is significantly reduced. Furthermore, this reduces
the number of processed voxels during data fusion which greatly
speed-ups the reconstruction and reduces the amount of blocks that
are later queued for streaming to the server. Note that this down-
sampling is only performed during allocation whereas the whole
depth image is still used for data fusion to employ TSDF-based
regularization. In the context of globally-consistent 3D reconstruc-
tion using bundle-adjusted submaps [6, 11], our filter improves the
compactness of the respective submap into which the RGB-D data

Algorithm 1 Our optimized server voxel block data integration

Input: Received TSDF voxel block positions P7SPF and voxel data V' T5PF
Output: Voxel block position list PMC for updating the stream sets
: MTSPF « allocateBlocks(PTSPF)

. MTSPF « copyVoxelData(V T5PF)

PMC ¢ createBlockUpdateSet(PT5PF

VMC FMC ( computeVoxelData( PMC MTSPF)

MMC < allocateNonEmptyBlocks(PMC, FMC)

MMC « copyNonEmptyVoxelData(VMC FMC)

MMC  pruneEmptyBlocks(PMC FMC)

PMC ¢ pruneBlockUpdateSet(PMC, PMC FMC)

P}C + updateNonEmptyBlockSet (P}, PMC)

AR e

are fused whereas the fusion of the more compact submaps into a
single global model would be performed as in previous work.

4.3 Model Visualization

In order to provide a decent live preview of the current model state,
the generation of such model views should preserve all the relevant
scene information while suppressing noise as much as possible. Fur-
thermore, if frame-to-model tracking is used to estimate the current
camera pose, this is also crucial to allow a robust alignment. We
propose a Marching Cubes (MC) voxel block pruning approach
which will be described in more detail in Sect. 5, as it has been
carefully designed for the central server process. Here, we show an
adaption of this contribution to standalone volumetric 3D reconstruc-
tion where the model is stored implicitly using TSDF voxels. Each
TSDF voxel stores a TSDF value D € [—1;1] and fusion weight
W € [0;255] (both compressed using 16-bit linear encoding [12])
as well as a 24-bit color C € [0;255]3. Inspired by the garbage col-
lection approach of point-based reconstruction techniques [14], we
ignore TSDF voxels for raycasting and triangle generation which
are currently considered unstable. These voxels contain only very
few, possibly unreliable observations from the input data, so their
fusion weight falls below a user-defined threshold ¢,,:

V,ISPF — {(D,W,C) |W < ¢y} )

However, in contrast to previous garbage collection approaches [14,
23], we do not remove these voxel blocks but only ignore them.
This avoids accidental removal of blocks that might become stable
at a future time when this scene part is also partially stored in a
different submap or revisited by the user or another client in multi-
client acquisition setups [6, 11]. Furthermore, by ignoring unstable
data, the raycasted view will also be consistent with the exploration
client’s version of the 3D model.

5 OPTIMIZATION OF THE CENTRAL SERVER PROCESS

Beyond optimizations in the reconstruction process, the scalability
of a live telepresence system also relies on the optimization of its
central server process that takes care of managing the reconstructed
global scene model as well as the stream states and requests by
connected exploration clients. In this regard, we show respective
optimizations at the example of the recently published SLAMCast
system [27]. In comparison to the standard voxel block data inte-
gration at the server side, we propose a further filtering step which



discards empty or unstable voxel blocks that contain only very few
or none observations from the input RGB-D image data. This sig-
nificantly improves the streaming performance and scalability and
allows the immersion of groups of people. The individual steps of
our optimized integration approach are shown in Algorithm 1.

Similar to the original SLAMCast system, we first integrate the
TSDF voxel block positions PTSPF and voxel data V73PF into
the global TSDF voxel block model M TSPF of the central server
process. Afterwards, we update the global MC voxel block model
MMC which is optimized for streaming and stores a Marching
Cubes index I € [0;255] as well as a 24-bit color C € [0;255]3 in each
MC voxel. For this purpose, we create the set PMC of MC voxel
block positions requiring an update as well as a set of flags FMC
and the respective MC voxel data VMC by performing the Marching
Cubes algorithm on the corresponding TSDF voxels [15]. The flags
FMC indicate whether a block will generate reliable triangles and
are constructed by analyzing the Marching Cubes indices / of the
MC voxels as well as the fusion weight W of the corresponding
TSDF voxels. Therefore, the following set VM€ of voxels either
does not contain surface information in terms of triangles or would
generate unstable triangle data:

VMC = [(1,C) |[T=0VI=255VW < ¢} 3)

We only allocate those blocks in the MC voxel block model MMC
that are flagged and prune blocks that are currently not flagged. This
minimizes the amount of scene data that are streamed to the explo-
ration clients. Finally, we integrate the generated MC voxel data
VMC of the flagged blocks. We do not prune the TSDF voxel block
model MT5PF which would otherwise lead to potential artifacts, i.e.
missing geometry at block boundaries, since currently empty blocks
might be needed for future updates.

In contrast to the MC voxel block model, pruning the list of
updated MC voxel block positions P€ in the same way would in-
troduce artifacts at the exploration client side since they may already
have received a previous version of blocks that have been pruned in
the meantime. To properly handle updates, we manage the update
set P}‘VIC containing all voxel block positions that were considered
for streaming in the past. We generate the list of updated MC voxel
blocks by only considering the ones which either generated trian-
gles in the past or with the current update. Finally, after the MC
voxel blocks have been integrated into the volume and the list of
updated block positions has been generated, we update the set P}f”c
by inserting all currently integrated voxel block positions.

6 EVALUATION

We tested our highly scalable telepresence system on a variety of
different datasets and analyzed several aspects such as system scala-
bility, streaming latency and visual quality. For a quantitative com-
parison of the proposed contributions, we considered the following
variants of our system:

* Base (B): Our 3D reconstruction and streaming system with de-
activated filtering contributions, yielding equivalent performance
to SLAMCast [27].

¢ Base + Depth Discontinuity Filter (B+DDF): The base ap-
proach with an additional depth map filtering at discontinuities
with ¢, = 0.25, ¢; = 0.2m (see Sect. 4.1).

* Base + Voxel Block Allocation Downsampling (B+VBAD):
The base approach with an additional virtual downsampling at the
voxel block allocation stage with ¢, = 4 (see Sect. 4.2).

* Base + MC Voxel Block Pruning (B+MCVBP): The base ap-
proach with an additional pruning of empty MC voxel blocks at
the server side with ¢,, = 2.0 (see Sect. 4.3 and Sect. 5).

* Ours: Our approach incorporating all filtering contributions.

Table 1: Maximum number of exploration clients (ECs) that the server
can handle without any delay compared to a single client. Instead of
using different package sizes with a fixed request rate of 100Hz, we
use a fixed size of 512 and vary the rate accordingly to demonstrate
the highest possible scalability. If empty MC voxel block pruning is
used (B+MCVBP and Ours), the sizes of the TSDF and MC voxel
block models differ and we list both (MMC/ PYC(MTSPFY).

Model Size [# x 103
MC Voxel Blocks]

Max. Request

Approach Dataset ECs Rate [Hz]

lounge 5 100 314
copyroom 9 50 228
B heating_room 3 100 850
pool 5 100 590
Ir k2 1 200 834
lounge 9 50 270
copyroom 10 50 230
B+DDF heating_room 9 50 443
pool 10 50 379
Ir k2 10 50 227
lounge 8 50 264
copyroom 5 100 226
B+VBAD heating_room 4 100 622
pool 8 50 446
Ir k2 1 200 550
lounge 21 12 47/51 (314)
copyroom 9 50 65/75(298)
B+MCVBP heating_room 8 25 120/ 127 (850)
pool 13 25 104 /108 (590)
Ir k2 7 25 64 /64 (834)
lounge 25 12 44 1 47 (240)
copyroom 18 25 571767 (202)
Ours heating_room 27 12 90 /94 (352)
pool 28 12 95/99 (317)
Ir k2 26 12 53/55(201)

The filter sizes and thresholds as described above were determined
empirically using several datasets. For validation, we used differ-
ent real-world datasets recorded with an ASUS Xtion Pro (lounge,
copyroom) [32] and a Kinect v2 (heating_room, pool) [27] as well
as synthetic data (/r kz2 with simulated noise) [7]. Throughout the
experiments, we used three computers where each of them takes the
role of one part of the telepresence system, i.e. 3D reconstruction
process (RC), central server process (S) and exploration client (EC).
All computers were equipped with an Intel Core i7-4930K CPU and
32GB RAM and a NVIDIA GTX 1080 GPU with 8GB VRAM and
connected via a local network. We replaced the exploration client
by a benchmark client which starts requesting voxel blocks with a
fixed frame rate of 100Hz when the reconstruction process starts.
Furthermore, the reconstruction process uses a fixed reconstruction
speed of 30Hz matching the framerate of the used datasets. We set
the voxel size to Smm as well as the truncation region to 60mm and
used hash map/set sizes of 229 and 2?2 buckets as well as GPU and
CPU voxel block pool sizes of 212 and 220 blocks, thereby following
previous work [27].

6.1 System Scalability

In this section, we will evaluate the scalability of our system in
comparison to the baseline SLAMCast approach (see Table 1). In
contrast to the following evaluations, the benchmark client discards
the received data which allows for running all benchmark clients on
a single computer without an overhead. Furthermore, rather than
lowering the package size, we used a fixed package size of 512 voxel
blocks and lower the request rate accordingly. This significantly
reduced the constant overheads of kernel calls and memory copies
and introduces only a minimal delay in the range of milliseconds
which made it the preferred setting for handling a large number of
clients. For an appropriate choice of the streaming rate, we deter-
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Figure 5: Streaming progress and latency between server (S) and exploration client (EC) over time for the heating_room dataset for each system
variant. Left: Absolute model sizes. Right: Relative size differences between S and EC.

mined the lowest package size which still allows the benchmark
client to retrieve the whole model with an acceptable delay of at
most one second (see supplemental material for a detailed analysis).
Then, we measured the maximum number of benchmark clients that
the server could handle without introducing a further delay. While
the original SLAMCast system was only able to handle around 3-5
clients in general, both filters at the reconstruction side (B+DDF and
B+VBAD) raised this limit to up to 10 clients. Since there is a track-
ing loss at the end of the copyroom sequence resulting in a slightly
higher delay, a higher request rate was chosen and the scalability
decreased accordingly. Although the number of MC voxel blocks
is significantly lower after pruning (B+MCVBP), we observed that
the general performance is similar to the depth discontinuity filter
approach. Here, the TSDF voxel block model has the same size as in
the base approach and is, hence, considerably larger than in the other
approaches. In contrast, our full system reduces the request rate
requirements to 12Hz for most scenes making it the preferred choice
for this parameter. This significantly improves its scalability to more
than 24 clients in all scenes which is sufficient for applications in
education, entertainment or collaboration scenarios.

6.2 Latency and Streaming Progress Analysis

In addition to the scalability analysis, we also measured the stream-
ing latency over time (see Fig. 4). Similar to the original SLAMCast
approach, our system has a small delay between the reconstruction
process and the server process due to the shared streaming strategy.
However, our optimized server model prunes unreliable or irrelevant
blocks which results in a very low latency between the server and the
exploration client. We also compared the latency between the largest

and smallest chosen package size, i.e. 1024 and 64 blocks/request.
Here, the model size of the exploration client is close to the size of
the server’s update set PAV’C indicating a very fast and low-latent
streaming while the gap to the minimal size of the server model
MMC increases over time. Note that these two sizes are the bounds
for the exploration client’s model size and clients which have recon-
nected, e.g. due to network outages, will receive a slightly more
compact model closer to the lower bound. Reducing the package
size from 1024 to 64 blocks significantly reduces the bandwidth
requirements (see supplemental material for a detailed analysis) and
leads to a slightly worse latency when the reconstruction process
queues the currently visible voxel blocks for streaming.

In Fig. 5, we also compared the different system variants regard-
ing streaming progress and latency. For a fair comparison between
the approaches, the package size is chosen such that the mean band-
widths are similar, i.e. around 15Mbit/s. Here, we also considered
the size of the update set Pf‘” € in addition to size of the server model

MMC when empty MC voxel block pruning is enabled (B+MCVBP
and Ours). In these scenarios, the number of voxel blocks transmitted
to the exploration client bound by these two sizes is typically close
to the upper bound P/f” €. In comparison to the baseline, both filter-
ing approaches at the reconstruction side (B+DDF and B+VBAD)
reduce the latency significantly. Similar results can be seen when
empty MC voxel blocks are pruned (B+MCVBP). Whereas all of
these approaches still introduce a noticeable delay at the time steps
40s and 90-100s, our full system is capable of streaming the recon-
structed model with almost no delay across the whole sequence.
Additional results regarding bandwidth and streaming latency over
time are provided in the supplemental material.



(a) heating_room: B,
16.5ms (8.6ms), 3482MB

(b) heating_room: B+DDF,
10.3ms (4.4ms), 1815MB

(f) lounge: B,
10.9ms (5.0ms), 1286MB

(g) lounge: B+DDF,
10.0ms (4.4ms), 1106MB

(h) lounge: B+VBAD,
10.0ms (5.4ms), 1081MB

(¢) heating_room: B+VBAD, (d) heating_room: B+MCVBP, (e) heating_room: Ours,
13.2ms (6.6ms), 2548MB

16.1ms (8.7ms), 3482MB 9.7ms (3.3ms), 1442MB

(i) lounge: B+MCVBP,
10.9ms (5.2ms), 1286MB

(j) lounge: Ours,
9.7ms (4.3ms), 983MB

Figure 6: Comparison of visual quality, mean runtime (and standard deviation) as well as memory requirements for each system variant. All
individual contributions reduced the amount of reconstruction artifacts while improving the overall reconstruction performance.

6.3 Visual Quality

In order to demonstrate the benefit for standalone volumetric 3D
reconstruction, we also provide a qualitative comparison regarding
the visual quality of the reconstructed 3D models as well as the re-
spective runtime and memory requirements for the individual system
variants (see Fig. 6). In general, all approaches generated detailed
and accurate 3D models from the noisy RGB-D input data. However,
without filtering, there might be some artifacts around depth discon-
tinuities as well as in regions which have not been fully observed
by the camera. These artifacts affect the overall visual experience
and lead to high runtime and memory requirements. Using virtual
downsampling at the voxel block allocation stage (B+VBAD), we
obtain almost identical 3D models but the computational burden
is significantly lower since the number of empty blocks within the
model is reduced. In contrast, filtering depth samples at depth dis-
continuities (B+DDF) or unreliable triangle data during Marching
Cubes (B+MCVBP) reduces the amount of artifacts in the afore-
mentioned regions. Note that in standalone 3D reconstruction, voxel
block pruning (B+MCVBP) mainly affects the triangulation step
at the end of the capturing session which leads to results similar
to the base approach regarding runtime and memory. Our full sys-
tem enhances the visual quality even further and almost completely
removes artifacts without sacrificing the overall model complete-
ness. Here, we observe improvements of 10-40% and 25-60% for
the runtime and memory footprint respectively depending on the
scene. The objects in the lounge scene have been captured at a much
smaller distance and from more angles than in the heating_room
scene which leads to less unreliable input data and, hence, a lower
impact of our outlier filtering approach. Additional performance
measurements and results are provided in the supplemental material.
In the context of live remote collaboration, a slightly less complete
model can be beneficial and helps to identify regions that still need
to be captured and reliably reconstructed. This, in turn, might even
increase the model completeness and accuracy since the scene is

more thoroughly acquired by the user.

6.4 Limitations

Despite the significant improvements in terms of scalability, latency
and visual quality, our system still has some limitations. Since our
work is based on the SLAMCast system, misalignments within the
reconstruction might occur due to fast camera movement. While this
problem has been addressed by loop-closure techniques [2, 11], their
integration into live telepresence systems is still highly challenging.
Furthermore, too aggressive virtual downsampling during voxel
block allocation might lead to holes in the final model when some
blocks covering distant objects are always skipped and, hence, never
allocated. However, this is only problematic for long-range devices
whereas typical RGB-D cameras have a smaller range of up to 5
meter which is still sufficient for most scenarios.

7 CONCLUSION

We presented a highly scalable multi-client live telepresence sys-
tem which allows immersing a large number of people into a live-
captured environment. For this purpose, we used well-established
systems and proposed several optimizations regarding scalability,
latency, and visual quality. While our contributions are designed
with the telepresence system in mind, we also show their application
to standalone volumetric 3D reconstruction approaches. As demon-
strated in a comprehensive evaluation, our novel system allows the
immersion of more than 24 people within the same scene using
consumer hardware.
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ARTICLE INFO ABSTRACT

Keywords: Reconstructing scenes in real-time using low-cost sensors has gained increasing attention in recent research and
Real-time enabled numerous applications in graphics, vision, and robotics. While current techniques offer a substantial
Reconstruction improvement regarding the quality of the reconstructed geometry, the degree of realism of the overall ap-
Textures pearance is still lacking as the reconstruction of accurate surface appearance is highly challenging due to the
Reflectance . . o s

. complex interplay of surface geometry, reflectance properties and surrounding illumination. We present a novel
Image segmentation . . .
Infrared approach that allows the reconstruction of both the geometry and the spatially varying surface albedo of a scene

from RGB-D and IR data obtained via commodity sensors. In comparison to previous approaches, our approach
offers an improved robustness and a significant speed-up to even fulfill the real-time requirements. For this
purpose, we exploit the benefits of scene segmentation to improve albedo estimation due to the resulting better
segment-wise coupling of IR and RGB data that takes into account the wavelength characteristics of different
materials within the scene. The estimated albedo is directly integrated into the dense volumetric reconstruction
framework using a novel weighting scheme to generate high-quality results. In our evaluation, we demonstrate
that our approach allows albedo capturing of complicated scenarios including complex, high-frequent and

strongly varying lighting as well as shadows.

1. Introduction

Due to the rapidly spreading availability of affordable RGB-D sen-
sors included in capturing devices like the Microsoft Kinect or recent
mobile devices and the increasing computational power of GPUs, real-
time 3D reconstruction has gained a lot of attention in recent years and
enabled numerous applications in graphics, vision and robotics.
Inferring accurate 3D models in terms of both geometry and material
characteristics is of great importance to enable a better immersive ex-
perience of objects when inspecting or interacting with a captured
scene. For instance, the fast digitization of scenes also receives a lot of
interest in architecture and entertainment applications where the di-
gitized model may be used with exchanged illumination conditions as
given for different day/night times or different weather conditions.
When looking at a certain scene, we perceive the inherent interplay of
the geometric structure and the reflectance behavior of the surfaces in
the considered scene as well as the present illumination conditions that
results in the overall scene appearance. Therefore, incrementally cap-
tured color observations may vary significantly for a particular surface
point due to view-dependent and illumination-dependent shading ef-
fects such as shadows and high-frequency lighting characteristics.
However, decoupling the surface albedo from these environment-
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specific characteristics as required by applications where the scene has
to be depicted in a manipulated environment such as different lighting
conditions, is highly ill-posed and non-trivial. In addition, this task
becomes even more challenging due to the high demands regarding
efficiency imposed on real-time reconstruction approaches. With this
paper, we directly address these issues with an intrinsic image de-
composition framework that is based on an efficient optimization to
allow real-time performance. In addition to the significantly faster in-
ference of albedo and illumination characteristics in comparison to
previous work, our approach also offers an improved robustness which
becomes particularly evident for scenes with complex, high-frequent
and strongly varying illumination.

Since the introduction of the seminal KinectFusion real-time re-
construction framework (Izadi et al., 2011; Newcombe et al., 2011),
much effort has been spent on improving run-time and reconstruction
quality (NieBner et al., 2013; Chen et al., 2013; Whelan et al., 2012;
Kahler et al., 2016b; Dai et al., 2017). However, these approaches are
still lacking regarding the degree of surface texture quality in their
reconstructions induced by an insufficient scene representation (see
Figs. 1 and 10). As a result of fusing view-dependent and illumination-
dependent color images into a texture, shading effects such as shadows
and highlights are not separated and the appearance of the
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reconstructed model exhibits inconsistencies when analyzing the scene
from different viewpoints or performing scene relighting. This, in turn,
may even lead to wrong impressions regarding the corresponding ma-
terial properties. Among the few approaches that consider on-line color
texture reconstruction, Whelan et al. (2015) improve texture con-
sistency by rejecting samples at object boundaries or grazing angles.
However, shadows cannot be handled in this way since the appearance
of an object is much more complex and depends on the complex in-
terplay of surface geometry, surface reflectance properties, and the
surrounding illumination conditions in the scene. Towards a more ac-
curate scene reconstruction regarding reflectance properties — which is
well-known to be a severely ill-posed and hard-to-solve task, particu-
larly under the requirement of real-time performance — Meka et al.
(2017) incorporate user-provided constraints to estimate the surface
albedo and geometry interactively, however, only in a semi-automatic
way. Furthermore, Kerl et al. (2014) propose an additional constraint
using the IR data provided by the Kinect v2 to improve the decom-
position into a reflectance and shading term in scenarios with complex
high-frequent illumination.

In this paper, we propose a novel practical automatic large-scale
reconstruction technique that jointly estimates geometry and surface
appearance in terms of spatially-varying albedo in real-time. For this
purpose, we leverage the IR data provided by the Kinect v2 to improve
the robustness of the albedo estimation similar to the approach by Kerl
et al. (2014) but use a more general approach based on a soft scene
segmentation. Thereby, our technique allows a more flexible decom-
position into an albedo and shading term and overcomes the limitation
of the approach by Kerl et al. (2014) regarding the implicit assumption
that for all materials in the scene there is only one proportionality
factor between the IR channel and the RGB channels which is violated
in real scenarios (see Fig. 3). In addition, we apply a new data propa-
gation technique that greatly improves the performance of the whole
reflectance estimation pipeline. Inspired by a state-of-the-art volumetric
reconstruction pipeline, we densely fuse the acquired geometry and
surface reflectance information. Furthermore, efficiency is gained by
the use of a novel Total Variation (TV) solver that is particularly de-
signed to handle high-framerate data. By exploiting frame-to-frame
coherency for initializing the optimization, a speed-up of up to a factor
of 40 compared to traditional approaches makes the approach run in
real-time.

In summary, the main contributions of this paper are:

e A novel fully-automatic technique to reconstruct surface geometry
together with reflectance information in terms of albedo informa-
tion at real-time rates and with the texture resolution of state-of-the-
art real-time reconstruction frameworks (voxel resolution) based on
integrating intrinsic image decomposition into a real-time scene
reconstruction framework.

e A novel approach for the robust estimation of surface reflectance
properties from RGB-D and IR data based on soft scene
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Fig. 1. We present a novel approach that allows
the automatic real-time reconstruction of both
geometry and reflectance information in terms
of spatially varying surface albedo of static
scenes. For the input depth, RGB and IR data
(illustrated in the bottom row for an exemplary
image within the sequence) the reflectance
layer estimated using our technique (right) is
more accurate than the one obtained with pre-
vious approaches where viewpoint and illumi-
nation dependent effects such as shadows are
stored within the mapped texture information
(left). (For interpretation of the references to
color in this figure legend, the reader is referred
to the web version of this article.)

segmentation.

o A dedicated total variation solver that exploits the high frame-rates
of the Kinect and improves the decomposition run-time performance
by more than one order of magnitude.

2. Related work

3D Reconstruction. Real-time scene reconstruction has been a chal-
lenging topic for decades and rapidly gained increasing interest with
the success of the KinectFusion system (Izadi et al., 2011; Newcombe
etal., 2011). Based on a volumetric fusion principle (Curless and Levoy,
1996), the first automated real-time reconstruction of indoor scenes
was achieved using a low-cost Kinect sensor. Unfortunately, the com-
pelling results were achieved at the cost of an extremely limited size of
the working volume due to the high GPU memory requirements. Recent
developments tried to relax this by using moving volume techniques
(Whelan et al., 2012; Whelan et al., 2015), hierarchical data structures
(Chen et al., 2013), and sparse voxel block hashing (Niel3ner et al.,
2013; Kahler et al., 2015, 2016a). Another drawback of KinectFusion
limiting the reconstruction quality was the accuracy of the used camera
pose estimation algorithm. In the meantime, several registration ap-
proaches have been proposed to increase the robustness of the esti-
mated poses (Stotko, 2016). Several loop closure techniques (Kihler
et al.,, 2016b; Dai et al., 2017) have further improved the results by
enforcing global consistency constraints. Very recently, Liu et al. (2018)
used a stability-based sampling method and exploited additional IMU
data to improve camera tracking accuracy. Rajput et al. (2018) applied
depth outlier removal and denoising based on total variation for im-
proving the accuracy regarding tracking and 3D geometry. A more
comprehensive survey in the context of 3D reconstruction can be found
in the state-of-the-art report by Zollhofer et al. (2018).

Color texture reconstruction. The aforementioned approaches mainly
focus on the quality of the reconstructed geometry and only consider
the averaging of RGB values to obtain the texture and spend little focus
on enforcing global texture consistency. Whelan et al. (2015) rejected
samples at object borders or grazing viewing angles that would lead to
undesirable updates. In subsequent work, they estimated the light
source positions in the scene and rejected samples containing specular
highlights (Whelan et al., 2016). Li et al. (2016) further improved the
reconstructed textures by estimating the varying exposure time of the
Kinect and correcting the brightness of the input color images. In the
context of off-line reconstruction, Zhou and Koltun (2014) proposed a
system that jointly estimates camera poses and vertex colors by max-
imizing photometric consistency. Bi et al. (2017) built upon this work
and used patch-based segmentation to define patch-based consistency
constraints. Optimization of camera poses, geometry and surface albedo
in the volumetric domain has also been considered to obtain high
quality color textures (Maier et al., 2017).

Intrinsic image decomposition. The main drawback of only re-
constructing color textures lies in the fact that, although highlights and
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Fig. 2. Our novel appearance reconstruction technique fully-automatically estimates and fuses geometry and albedo information in real-time. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

exposure artifacts can be factored out, shadows and other illumination
effects are still fused into the texture. Instead, intrinsic image decom-
position approaches overcome this problem by factoring the observed
color image into an reflectance image, which contains the surface-
specific diffuse albedo information, and a shading image containing all
illumination-dependent effects. To disambiguate the inherently am-
biguous intrinsic image decomposition problem, several approaches
assume distant low-frequent illumination modeled by first or second
order spherical harmonics (Wu et al., 2014; Barron and Malik, 2013,
2015). However, in case of sunlight shining through a window or non-
distant light sources, strong shading variations cannot be handled and
will be propagated into the reflectance layer instead of the shading
layer where they should occur. Shi et al. (2015) used super-pixel clus-
tering to group regions with similar reflectance behavior to improve
run-time performance by reducing the number of unknowns and im-
plicitly enforce a reflectance constancy prior. While this approach
works for (textured) objects consisting of a set of uniform albedo
components, texture gradients as well as overlapping colors and re-
flectance variations cannot be handled and are left to the shading map.
Similarly, Jin and Gu (2017) combined super-pixel clustering and in-
trinsic image decomposition for hyperspectral images. In contrast,
Meka et al. (2016) developed a real-time approach that solves the in-
trinsic image decomposition problem automatically on the GPU for
video data. In subsequent work, they integrated their approach into a
volumetric reconstruction framework and incorporated user-provided
constraints which stabilize the results and allow interactive applications
like material editing and recoloring (Meka et al., 2017). Kerl et al.
(2014) exploited the infrared data of the Kinect v2 to disambiguate the
intrinsic image decomposition problem by coupling RGB and IR ob-
servations. Since the exposure time of the IR camera is fixed in com-
parison to the RGB camera, coupling also implicitly enforces temporal
consistency when video data is considered. In the context of dynamic
scene reconstruction, the real-time approach by Guo et al. (2017) is
tailored to single moving objects. For a more comprehensive survey in
the context of reflectance estimation from intrinsic image decomposi-
tion, we refer to the state-of-the-art report by Bonneel et al. (2017).
While we built upon the work of Kerl et al. (2014), however, in
contrast to this approach, our approach benefits from a better coupling
of the IR albedo and the RGB albedo based on a segment-wise con-
sideration. This allows to overcome the implicit assumption that for all
materials in the scene there is only one proportionality factor between
the IR channel and the RGB channel which is violated in real scenarios.
While the incorporation of segmentation into image decomposition is
not new in this context (Shi et al., 2015; Jin and Gu, 2017), we, to the
best of our knowledge, for the first time use a soft segmentation for
RGB-D and IR data. By using soft segmentation instead of hard seg-
mentation, we avoid artifacts like overlapping reflectance colors or
reflectance variations in super-pixels as mentioned by Shi et al. (2015).
Furthermore, we exploit frame-to-frame coherency for improved de-
composition performance and use standard 3D reconstruction frame-
works (NieBner et al., 2013; Kahler et al., 2015) to jointly fuse geo-
metry and estimated albedo observations into a consistent global 3D
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model.

Surface appearance and illumination reconstruction. While our ap-
proach focuses on real-time surface albedo and geometry recovery,
some techniques tried to reconstruct surface geometry together with
spatially varying surface reflectance characteristics and surrounding
environment illumination. Wu and Zhou (2015) introduced the App-
Fusion framework which, using a mirror ball to capture the surrounding
environment illumination as well as exploiting RGB-D and IR data
provided by the involved sensor, reconstructs the spatially varying
diffuse and specular albedo of an object along with its geometry.
However, the region of interest was limited by the markers involved for
camera tracking/registration and the algorithm required multiple cap-
turing passes and manual refinement by the user. Recently, further
approaches have been proposed that, however, all are lacking regarding
real-time capability (Hachama et al., 2015; Richter-Trummer et al.,
2016; Wu et al., 2016; Zuo et al., 2017). Very recently, Meka et al.
(2018) applied deep learning techniques to estimate the surface re-
flectance of a single object with uniform appearance.

3. Overview

As illustrated in Fig. 2, our proposed reconstruction pipeline fully-
automatically processes incoming RGB-D and IR data streams as ob-
tained by commodity sensors such as the Kinect v2 and infers a 3D
model with attached albedo information in real-time. This is achieved
based on an architecture that can be divided into a geometry-related
part (blue-framed steps) inspired by a state-of-the-art 3D volumetric
reconstruction approach (Nielner et al., 2013) and a reflectance-re-
lated part (orange-framed steps).

First, the camera pose is estimated to get a transformation mapping
from the current local camera coordinate system to the global one. The
camera pose as well as the RGB-D and IR data are then used to re-
construct the IR Shading Model consisting of an ambient term and a
diffuse albedo map (Section 5.1). Using the input color image and the
estimated infrared albedo map, the image space is clustered into a set of
segments (Section 5.3). Our novel intrinsic image decomposition for-
mulation incorporates these information to robustly reconstruct the
current diffuse color albedo image (Section 5.2). Finally, the geometry
fusion step of the 3D reconstruction framework is extended to also fuse
the estimated albedo information robustly using a confidence-based
weighting scheme (Section 6). This is followed by the extraction of the
current isosurface of the stored volume to provide the user live feed-
back of the capturing process. Furthermore, we improve the run-time of
these approaches using a dedicated total variation solver that exploits
the high frame-rates of the Kinect (Sections 7.1 and 7.2). Details of
these involved components will be provided in the following sections.

4. Sensor
Estimating the albedo solely from the RGB data is a highly-chal-

lenging task since the illumination of the scene may be arbitrarily
complex and may result in large variations of surface appearance. In
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contrast, active scanning devices performing measurements in the in-
frared (IR) domain such as the Kinect v2 allow for a more robust
modeling of the observed radiance in this domain due to knowledge
regarding the light source position and characteristics. Therefore, we
take advantage of the additional depth and IR data of the Kinect v2
camera to improve the robustness of the albedo estimation approach.
The sensor uses time-of-flight (ToF) technology to estimate the
distance to the objects in the scene. The resulting measurement is a
depth image with values within a range between approximately 0.5 m
and 4.5m (Payne et al., 2014; Pagliari and Pinto, 2015). Here, modu-
lated near infrared (NIR) light with a fixed wavelength of 860 nm and a
modulation frequency between 10 MHz and 130 MHz (Payne et al.,
2014; Valgma, 2016) is sent out by the emitter, travels through the
scene and is reflected back to the sensor. The object distance is esti-
mated from the phase of the reflected light and the time until it is
captured by the IR camera. Since the depth range and emitter intensity
are known and fixed, the IR camera uses a fixed exposure time for
capturing temporally coherent IR images with 11-bit dynamic range.
In the fields of robotics, depth refinement and others, the reliability
of the IR and depth data provided by the Kinect v2 was evaluated in
various indoor and outdoor scenarios. The effect of the natural illumi-
nation in indoor scenes and outdoor overcast situations is negligible
and is dominated by the emitter’s signal (Zennaro et al., 2015;
Fankhauser et al., 2015). Choe et al. (2014, 2017) demonstrated similar
results even with the presence of a wide spectrum light source. For sun
light directly facing the sensor, large amounts of the IR and depth data
are not reliable anymore but fortunately classified as invalid by the
sensor and rejected (Fankhauser et al., 2015). Therefore, similar to
previous work (Kerl et al., 2014; Wu and Zhou, 2015; Wu et al., 2016;
Guo et al., 2017; Meka et al., 2017), we assume that the camera is
calibrated and artifacts caused by effects such as multi-path inter-
ference and misalignments between RGB and depth/IR images are not
introduced in both the geometry and appearance reconstruction.

5. Albedo estimation

We build our approach on top of an initial estimation of the re-
flectance properties in the infrared channel and use these information
for the computation of the RGB albedo which we additionally stabilize
based on a prior segmentation step. In the following, we will discuss the
individual albedo estimation steps in detail. An in-depth explanation of
the used notation can be found in Table 1.

5.1. IR reflectance reconstruction

We use the physically motivated definition of light transport to
model the reflectance reconstruction problem. For a point x, the ob-
served radiance L, that is reflected into direction v is defined by the

Table 1
Symbols and notation used throughout this paper.
Symbol Explanation
p Image pixel in [0, w) X [0, h)
x €R3 Surface point
n €R3 Surface normal at point x
reR Distance of point xto the infrared emitter
1eR3 Incoming light direction
veR3 View direction to camera
Lir Input infrared image
Kd,IR Diffuse infrared albedo image
La,r Ambient infrared radiance value
Ig Intensity of infrared emitter
Lrgs Input RGB radiance image
%d,RGB Diffuse RGB albedo image
SRGB RGB shading image
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Rendering Equation (Kajiya, 1986)

L,(x,v)=L.(x,v) + ‘/;( Joror (Lis X, V)L (x, [j)<l|In>dw; o)
where f grpr is the light- and view-dependent reflectance, L; the in-
cident radiance from direction l;, and L, the radiance if the surface itself
is emitting light, i.e. is a light source. In our IR scenario, we assume that
the objects are predominantly diffuse and that the sensor is the only/
dominant light source in the scene. In contrast to Kerl et al. (2014), we
model the observed radiance in the IR image Lz, where vignetting ef-
fects at the borders are corrected using a pre-computed mask, similar to
Or-El et al. (2016) by an indirect and a direct illumination term ac-
cording to

In

~<l|n>r2 @

xa,r (D)
Lir(p) = ¥4, (P)-Lar + —
where x4z denotes the diffuse albedo that has to be determined, L
the ambient radiance, I;z the known intensity of the IR emitter, and n
the normal of the surface point seen at pixel p. Therefore, the surface
reflectance reduces to a diffuse term ’“%R(") (Lambert, 1760; Guarnera

et al., 2016) and the direct radiance I’—;* is proportional to the emitter’s
intensity. For the ambient part, we Vapproximate and summarize all
contributing factors into the ambient radiance L, ;. Although the
normals are computed from noisy input depth images, slight in-
accuracies in the normal directions do not affect the reconstruction
quality of the color albedo map since the introduced noise is regularized
using a total variation prior. We approximate the incoming light di-
rection I by the viewing direction v since emitter and camera are only a
few centimeters apart in the sensor. As a consequence, the distance r
between the surface point x that is observed at pixel p can be computed
as the distance of x to the camera.

Inspired by the approach of Or-El et al. (2016), we iteratively al-
ternate the optimization for the ambient radiance L,z and the diffuse
albedo x4z while keeping the other variable fixed. First, we define an
ambient residual image AL, containing only the shading effects
caused by the ambient term and minimize the following least-squares
energy

Eqir(LaR) = z IALg ik (P) — ¥a,R(P)-La, 113
P 3

to obtain an estimate of the ambient radiance. Subsequently, we derive
an estimate of the diffuse albedo map x4z by the optimization of the
energy

Eq1r(ka®) = Aar

<lln>11R)

—

Lig — Kd,IR'(La,IR +
>

+ ||Wd,1R'VKd,IR Il

C)

consisting of a least-squares data term that penalizes deviations from
the infrared shading model and a weighted L1 total variation smooth-
ness term. For the sake of simplicity and readability, we only mention
the pixel variable p when needed and define optimization problems for
images pixel-wise to solve them in parallel on the GPU (see Section 7).
Here, the scalar A4z controls the trade-off between fidelity and
smoothness of the solution. In contrast to Or-El et al. (2016), we do not
consider the albedo image gradient with respect to a manifold. Instead,
we weight each gradient value by

_IIVn(p)IIz]

Od,IR

wyr(p) = exp( )

to further guide the optimizer to the desired solution. The weight values
describe a local curvature-like measure based on the gradient of the
normal map n and ensure sharp edges in the albedo map. Typically,
changes of the albedo are observed at object boundaries where the local
curvature is high.
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5.2. RGB reflectance reconstruction

We use the inferred infrared model to solve the highly ambiguous
intrinsic image decomposition problem

Lres(P) = %4,re8(P) Src3 (D) (6)

where Lggp denotes the observed RGB radiance image, x4 rgp the diffuse
color albedo map and sggp the shading map. Like most other decom-
position approaches, we assume that the scene is predominantly diffuse
and illuminated with white light, which leads to scalar-valued shading
images. Furthermore, we assume that the radiance and albedo values lie
in the unit interval and that the shading values are non-negative.
Whereas the radiance image Lj, the ambient radiance L,z and the
diffuse albedo image x4 in the infrared model are all defined in linear
space, their counterparts in the RGB model are given in gamma space.
In this way, equal differences in the energy are also observed percep-
tually equal. To derive an estimate for the unknown albedo and shading
images %, rgp and sggp, we propose the following energy functional

Ercs(%4,reB> SkoB) = Edata,roB (%d,rGBs SrRGB)
+ Ecoup,rcB(%d,rcB)

+ Ereg,rcB(¥d,r0B> SRGB)

)

consisting of a data term Eguqres, @ coupling term Ecyp rop, and a
regularization term E,e rgp-

Data term. Similar to previous approaches (Meka et al., 2016, 2017),
we constrain the solution to fulfill the intrinsic image decomposition,
i.e. we penalize

®

Here, the parameter Agqq s controls the influence of this soft con-
straint.

Coupling term. In order to disambiguate the intrinsic image decom-
position problem and get a unique temporal consistent solution even for
video data, we couple the diffuse color albedo with its infrared version
that has been estimated before. Kerl et al. (2014) performed this cou-
pling globally for the complete image using the term

2
Edata,r6B (¥d,RGB> SRGB) = Adata,rGB LrGB — ¥d,rGB SrRGBII;

9

where the factor g is chosen such that the mean albedo equals the mean
color value:

2
lixa,m — & %arcallz

_ 1R

- e R1x3
3 I-’I;FGB

10

As demonstrated in Fig. 3, such a coupling across the whole image
leads to undesirable results as the reflectance may change widely across
different wavelengths for most materials. Thus, the ratio between color
and infrared albedo values can be large. Image-wide coupling not only
shifts the mean albedo towards the mean radiance, but also the albedo

(a) RGB image Lrgp
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ratio towards the mean ratio, i.e. the coupling factor g.

To overcome this problem, we divide the image into a set of k
segments and compute the coupling factor per segment rather than per
image:

k

— 2
Eoup,6B (Kd,RGB) = Acoup,RGB Z Vi lleg, R — 8;-%a,rcall
i=1

an

Here, v; denotes the probability map that associates each pixel the
probability to be coupled with the i-th segment. This way, the gap be-
tween albedo ratio and the segment ratio is much smaller.
Regularization term. Like in the infrared shading model described in
Section 5.1, we use a smoothness prior for the color albedo image. Kerl
et al. (2014) also added such a prior for the shading image and alternate
the optimization between both images in order to make the problem
feasible. In contrast, we observed that enforcing smoothness only for
the albedo image is already sufficient and leads to almost identical
results as the data term implicitly handles this constraint. Furthermore,
sharp edges in the radiance image caused by shading effects would
directly be propagated to the shading image and not accidentally get
smoothed out. Instead of spending additional time for an alternating
optimization of albedo and shading, we prefer to use the saved time for
the reconstruction in the infrared model to get a more accurate albedo
there. As a consequence, only the data term depends on the shading
image which leads to a local least-squares solution per pixel. Un-
fortunately, the convergence speed decreases as the data term error
immediately gets very small. We overcome this issue by adding a term
that penalizes the temporal gradient of the shading image during the
optimization, i.e. we estimate the shading map sggp by optimizing the
energy
Ereg roB (%4,rGB> SrRGB) = Areg,RGB 1SRGB — s¥on 13

+ llwg rep: V4,rGBIh 12)

Here, s{52 is the shading image from the previous iteration j — 1 and
Areg,rge controls the strength of the dampening. In addition, we weight
the color albedo gradients based on the infrared albedo image gradient
according to

Od,RGB

Wy res(P) = eXP(—illvdeR(p)Hz) 13)

Edges in the color albedo image are likely if there is also an edge in
the infrared albedo image.

5.3. Image segmentation

As mentioned earlier, we consider a segment-wise computation of
the coupling factors for the coupling energy term to improve the ro-
bustness of the albedo estimation algorithm. In our case, segments

Fig. 3. Observed radiance may change drasti-
cally for some materials like cloth. Compared to
black plastic (right chair) and the gray jacket,
the radiance of the dark blue cloth cover (left
chair) is much larger in the infrared channel.
Black pixels correspond to missing or unreliable
data in the RGB or depth/IR image (see Section
4). (For interpretation of the references to color
in this figure legend, the reader is referred to
the web version of this article.)

(b) IR image Ljr



P. Stotko, et al.

should also follow brightness variations as obtained for shadowed
areas, which is in contrast to semantic segmentation where the seg-
ments should follow semantic entities. Since segmentation is a chal-
lenging task itself, we apply different strategies and evaluate their
performance in the scope of our framework.

Color-based hard clustering. Given the color radiance image Lggp
converted to the LAB color space and the diffuse infrared albedo map
x4k, We define the feature image f to be composed of the two LAB
color components and the diffuse infrared albedo. We normalize the
LAB components to the unit interval to match the range of the infrared
albedo values. Assuming that the scene can be divided into k segments,
we estimate the probability v;(p) that the pixel p belongs to the i-th
segment. In our segmentation energy of the form

k
Bhard.seg Vs €) = Aseg 0, | 23 vi@If (@) — il
i=1 P
+ [lWgeg- Vvl 14
this is modeled by penalizing the squared distance of the data value
f (p) to the cluster center ¢; weighted by the probability v;(p). In ad-
dition, we enforce that the segmentation is smooth in the sense of the

L1 total variation. The regularization weights

Wseg (P) = exp (_M]

seg (15)
depend on the curvature such as in Section 5.1 to enforce that the
segments are aligned with the object boundaries. Finally, we obtain the
final clustering by choosing the segment with the highest probability
for each pixel.

Color-based soft clustering. In addition to the previously mentioned
hard clustering strategy, we also consider soft clustering as an alter-
native technique to separate materials with different reflectance prop-
erties. For this purpose, we use a slightly modified energy formulation
that penalizes perceptual differences of colors:

k
Esnft,xeg i, €)= Axeg Z Z vi(p)”e(LRGB (P)) - e(ci'Kd,IR (P))”%

i=1 P
+ llwgeg- Volly

(16)

Here, e denotes the transformation from the RGB to the LAB color
space. The cluster centers ¢; couple the color and infrared domain si-
milar to the factors used for color albedo reconstruction.

Geometry-based hard clustering. Another strategy is the segmentation
of a scene into a set of objects based on the observed geometry since
material properties change at object boundaries. Therefore, we use the
approach by Tateno et al. (2016) to reconstruct a model segmentation
and compare this to the color-based approach described above.

6. Geometry and albedo fusion

After the computation of the camera pose and the albedo maps, we
have to fuse the geometry information given as depth maps provided by
the sensor and the estimated albedo map to a consistent scene model.
For this purpose, we developed a fusion pipeline inspired by the
VoxelHashing technique by Nielner et al. (2013). Like in the Ki-
nectFusion framework (Izadi et al., 2011; Newcombe et al., 2011), the
3D reconstruction is stored implicitly using a discretized truncated
signed distance field (TSDF). Each voxel in the volume stores a TSDF
value together with a weight needed for the update and a color value.
The captured depth data z‘+ from the new time step ¢ + 1 are fused
into the volume based on a weighted average update (Izadi et al., 2011;
Newcombe et al., 2011):
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Wc(lt) DO 4+ wé'“) dt+D

D(I+l) —
“rt t+1

a7

WD = min(W + wi™, wg ) 18)

Here, D and W denote the fused TSDF value and weight stored in the
voxels. The observed truncated signed distance d‘*V is computed from
the depth and its confidence in the fusion process is expressed by its
weight w;’“) to obtain high-quality reconstructions.

Instead of storing the observed color value, we store the estimated
albedo similar to the approach of Meka et al. (2017). However, we use a
different weighting scheme that also accounts for the confidence of the
albedo values. With increasing time, the albedo values are refined until
they converge to an optimum. We model this process by the confidence
function

wry(n)=1— exp(—i)

orv (19)

measuring the probability that the results have converged after n
iterations. Besides the color albedo map, we also store its confidence
map and also propagate it from frame to frame. The confidence map can
be efficiently updated on-the-fly without explicitly storing the previous
number of iterations n. The weight after cadditional iterations is then
given by:

wry(m+c¢) =1+ (wpy(n) — 1)-exp(—UL)
TV

(20)
We use these weights to reduce the influence of the albedo values
during fusion if they have not yet converged:

(t+1),

(t+1) —
w T = wy

wiV (21)

This requires storing a second weight value in each voxel leading to
16 bytes per voxel. The model obtained after fusing depth and albedo
information and the extraction of the isosurface may be shown to the
user as a direct feedback during the capturing progress.

7. Energy optimization

In this section, we describe the framework used for the optimization
of the aforementioned energy functionals. To allow an efficient opti-
mization, we propose an approximate total variation approach (Section
7.1) as well as an additional acceleration strategy for the TV solver that
exploits the parallelism offered by GPUs and results in an optimization
in real-time (Section 7.2).

7.1. Approximate total variation optimization

Algorithm 1. Primal-Dual-Solver (Chambolle and Pock, 2011)

1: Initialize variables u® e X*, P© € y¥ and set a©® = u©®
2: Choose scalars o, 7> 0 and 6 € [0, 1]
3:forn=0,1,2,..do
4: PO = prox s (P™ + o Va®)
Yw
5: ut = prox .y, (u™ — ¢ VTP D)
6: atD = gyt 4 g(un+D) — ()
7: end for

Optimizing the energy functionals in Sections 5.1, 5.2 and 5.3 re-
quires a robust solver that is able to compute optimal solutions in real-
time. For this purpose, we use the approach of Chambolle and Pock
(2011). We are given an energy function

E) = E;(u) + lw-ull (22)
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where E; represents an arbitrary data term such as a least-squares data
fitting term and w denotes a weight map. The image u € U* is an
element of the space of images U* and stores in each pixel p an image
value u(p) € R¥. This energy E (u) can be reformulated in its primal-
dual formation

E(u, P) = Equ) + (Vu|P) — 6, (P) ©23)

where § evaluates to zero if P € Y¥ and otherwise to infinity. The
image P with values P(p) € R®<? represents the dual variable to its
primal counterpart u. The delta function enforces that the dual variable
satisfies the constrains of the image space Y&:

Vp: IP()llF < w(p)

Here, II-ll denotes the Frobenius norm. A solution of the primal-dual
energy is found by minimizing the primal variable u and maximizing
the dual variable P by applying Algorithm 1. After initialization, a
gradient ascent update step is performed for P, which is followed by a
gradient descent step for u. Both updates are wrapped with the prox-
imal operator

(24)

llu — i3

o +f(u)

prox; -(v) = arg min

! u (25)
which controls the trade-off between being close to the argument v and
minimizing the function f. In case of the dual update step, the proximal
operator reduces to a projection IT yk 1o the image space Y¥ according
to

P(p)

IP (p)IIF
max(l, o) )

I, (P(p)) =
(26)

On the other hand, the optimization in the primal domain is given
by

lu — @™ — ¢ VI Pe+D) |2
u®*Y = arg min ( )

+ Eij(u
! P a(u)

@7

Since the data term E; can be arbitrarily complex, the local opti-
mizer depends on the partial derivative of the data term with respect to
the new image u"*. Therefore, a costly equation system has to be
solved for each pixel in general.

To make the approach feasible for arbitrary data terms, we propose
to evaluate the data derivative at the current image u™ instead of the
new unknown one. In this case, the primal update step simplifies to

u+D = gy — T( Equ™) — divP("“))

Sum (28)

where we apply the well-known identity V' = —div. Algorithm 2 sum-
marizes our novel approximate total variation solver.

Algorithm 2. Our Novel Approximate Primal-Dual-Solver

: Initialize variables u©® e X%, P© e y¥ and set a©® = u©
: Choose scalars o, 7> 0 and 6 € [0, 1]
:forn=0,1,2,..do
POHD =114 (PM + o Va®)

“/\‘U

A wWwN =

5: ut D) =y — 7 g, @™y — dipptD)
ou(m)

6: a+D) = yn+1) 4 e(u(n+l) _ u(n))
7: end for

7.2. TV solver acceleration

Our methods proposed for albedo estimation and image segmenta-
tion are all built upon a state-of-the-art total variation solver
(Chambolle and Pock, 2011) that can efficiently be run on the GPU.
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However, several hundreds of iterations are typically needed to reach
convergence which prevents the optimization from being feasible in
real time. To overcome this issue, we exploit the high frame rate of
current commodity sensors such as the Kinect v2. Consecutive frames
only differ slightly in the viewing angle so that most parts of an image
are also visible in the next ones. Many state-of-the-art 3D reconstruction
algorithms use this overlap to estimate the camera pose with respect to
a global coordinate system (Izadi et al., 2011; Newcombe et al., 2011).
Given the poses T®), T(*V inferred from our underlying reconstruction
pipeline and the new depth map z('*D allows to forward project an
image I© from the current time step t to the new time step ¢ + 1:

~(t+1)
I () =190,y (29)

The corresponding pixel p, is obtained by transforming each
vertex v(z(+Y, p,) from the local camera coordinate system at time step
t + 1 to the one at time step t and perspectively projecting it onto the
image plane. This operation can be computed in constant time per pixel.

We use the forward projection technique to propagate the solutions
of each TV solver to the next frame. These solutions hence serve as an
initial guess and are used to reinitialize the solvers so that the results
are continuously refined over time. The additional degree of the
freedom gained here by distributing the computational load across
subsequent frames relaxes the hardware requirements and allows real-
time performance of our approach even with non-high-end GPUs.

8. Results

Implementation details. All experiments were performed on an Intel
Core i7-4930K with 32 GB RAM and a Nvidia GeForce GTX TITAN X
with 12GB VRAM. In all experiments, the following parameter
values were used for the albedo estimation: A4 = 3.0, gz r = 0.25,
ﬂ~data,R’GB = 3.0, lcuup,RGB = 3.0, Areg,RGB = 1.0, gg,rep = 0.01, Aseg = 2.0,
Oyg = 0.25, ory = 150.0. For the total variation solver, we always set the
primal and dual step width to o =7 =0.025 and the extrapolation
weight to 6 = 1.0. All these values were determined heuristically and
provided stable results for all of the considered scenarios. Furthermore,
the 3D space was discretized with a voxel resolution of 5 mm as applied
by several related geometry reconstruction techniques (e.g. Izadi et al.
(2011), Newcombe et al. (2011), NieBner et al. (2013)). The higher
memory requirements of our approach in comparison to previous ap-
proaches (Nieliner et al., 2013; Meka et al., 2017) resulting from the
need for storing the estimated albedo values and a corresponding fusion
weight, however, do not represent a significant limitation as most real-
world scenes easily fit in the available GPU memory due to the sparse
nature of the geometry-related part of our approach. On average, the
geometry-related part of the pipeline took 14.9 ms where the camera
pose estimation took 7.5ms, the fusion of geometry and albedo in-
formation 3.9 ms, and the final isosurface extraction 3.5 ms.

Datasets. We tested the performance of our approach on several
indoor scenes captured with a Kinect v2. Since most datasets on in-
trinsic image decomposition do not provide IR images, a fair compar-
ison to other approaches that do not take advantage of such data is
hardly achievable. In the following, we will compare our work against
the approach by Kerl et al. (2014), that also exploits the IR data pro-
vided by the Kinect sensor, and demonstrate how the results can be
improved based on our approach. However, taking advantage of addi-
tional IR data makes us believe that a comparison against approaches
that only rely on RGB or RGB-D data would not be fair.

TV solver scalability. We compared the performance of our dedicated
total variation solver with conventional approaches. For this purpose,
we evaluated the reflectance-related part of our approach, which in-
cludes the image segmentation and the estimation of the albedo image
in the IR and RGB image, without propagating intermediate results
between frames. 300 iterations for each of the three optimization tasks
were used leading to a total computation time of 889.7 ms per frame on
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(a) 300 iterations

projection

(b) 6 iterations with forward (c) 6 iterations with forward

projection and confidence-

based weighting

Fig. 4. Comparison of reconstructed models. Simple forward projection already allows the use of significantly less iterations and improves the run-times dramatically
(889.7 ms vs. 21.3 ms) but leads to a poor reconstruction quality (b). Our confidence based weighting combined with forward projection (c) overcomes this limitation
without increasing the number of iterations and generates high-quality reconstructions that are otherwise only possible with a significantly higher number of
iterations (a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

average. Compared to typical run-times of CPU versions (Chambolle
and Pock, 2011), this is a substantial improvement by a factor of about
40, but still far from real-time rates.

Our image propagation approach through forward projection dra-
matically reduces the computational costs and requires a significantly
smaller number of iterations per frame for convergence. In our ex-
periments, we only used 6 iterations for each step leading to a total
estimation time of 21.3 ms on average which is well within real-time
rates. However without appropriately handling non-converged parts of
the albedo images, several artifacts may be introduced into the final
reconstruction leading to a poor reconstruction quality as shown in
Fig. 4. Our full pipeline including forward projection and confidence-
based weighting did not suffer from such artifacts and yields similar
results as obtained with a significantly higher number of iterations. This
demonstrates that the additional degree of freedom gained through
propagation can be used to adjust the number of iterations depending

TV (Kerl et al., 2014)

Local

Damped
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on the power of the GPU to achieve real-time performance even on non-
high-end hardware.

Intrinsic video decomposition. Since our albedo estimation approach
without fusion can also be used for intrinsic video decomposition, we
can apply it to several other applications such as recoloring, relighting,
material editing, etc. (Meka et al., 2016; Bonneel et al., 2017). In a
supplemental video, we show a relighting application where a movable
light source is added into the scene and the modified object appearance
is rendered in real-time. While we could leverage the high-resolution
RGB image data of the Kinect v2 in such scenarios, we instead applied it
to RGB-D and IR data given in the depth camera’s resolution to directly
show the results used for albedo fusion. Furthermore, we also demon-
strate the scalability of our dedicated total variation solver in the
supplemental video which makes our approach run in real-time similar
to the L2 regularization approach of Meka et al. (2016, 2017), however,
at the increased robustness provided by an L1 regularization.

Fig. 5. Comparison of albedo maps obtained
with different energy priors and different
numbers of iterations. Whereas previous ap-
proaches (Kerl et al., 2014) alternately optimize
both the albedo and the shading image using
Total Variation (first row), our damped local
optimizer (third row) provides the improved
run-time of a local optimizer (second row) and
at the same time a higher convergence rate
when using fewer iterations. The corresponding
shading images and run-time measurements are
shown in Fig. 6 and Table 2 respectively. (For
interpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)
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Local TV (Kerl et al., 2014)

Damped
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100

300

Fig. 6. Comparison of shading maps obtained with different energy priors and number of iterations corresponding to the color albedo maps shown in Fig. 5. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Shading map optimization. In addition to the improved total variation
solver framework, we also compared our novel energy formulation
regarding the color shading map. To evaluate the convergence speed
and the run-time, we only considered the RGB and IR reflectance re-
construction steps and discarded the image segmentation and forward
projection steps. Therefore, the number of iterations needed to estimate
the infrared albedo image with the total variation solver was increased
from 300 to provide converged estimates to its color counterpart. Both
the albedo and shading map are initialized with zeros to simulate
missing data during forward projection and highlight how effective
these strategies perform in such cases. The results are shown in Figs. 5
and 6 and Table 2.

Applying a Total Variation optimization for both the color albedo
and the color shading map leads to a slow convergence rate at fewer
iterations and a moderate rate at a higher number of iterations. A pure
local solver leads to similar results at convergence and improved run-
times by up to 20%. However, intermediate results suffer from strong
artifacts such as wrong albedo estimates at few iterations (see entry

Table 2

Run-time measurements for different energy priors. We compared the run-time
for different energy regularization priors during the shading image optimiza-
tion with respect to the number of iterations. While the total variation prior
significantly consumes more run-time, our damping prior has no impact on the
performance and provides similar or better convergence results as shown in
Figs. 5 and 6.

Energy Run-time [ms]

6 30 100 300
TV 7.9 30.4 92.5 271.8
Local 7.3 25.7 78.8 229.9
Damped 7.2 25.9 78.6 230.0
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(Local, 6) in Fig. 5) and implausible values at object boundaries (see
middle row in Fig. 6). Since only the data term affects the shading map,
the corresponding error term does not contribute to the albedo opti-
mization and errors due to missing data at object boundaries cannot be
reduced or eliminated. Our damped energy functional (see bottom row
of Fig. 6) avoids such artifacts and provides faster run-times and better
convergence rates in comparison to the other approaches.

Segmentation. We also tested different segmentation strategies to
provide a more robust coupling between infrared and color albedo
images. For the color-based hard and soft clustering approaches, we
used a predefined number of five segments and initialized four of them
along the two axes of the a and b components of the LAB color space
and the last one in the center which reduces the probability that two
clusters immediately fall together. Since we use segmentation to im-
prove the coupling, we observed that five segments are sufficient to
handle the different ratios between mean infrared albedo and mean
color radiance and that a full object segmentation is not required. The
geometry-based technique automatically adjusts the number of clusters
during reconstruction, so we only cap the maximum number to 100.
The corresponding results for the final reconstructions of geometry and
albedo as well as for one image inside the captured image sequence are
shown in Figs. 7 and 8 respectively. The segmentations of the selected
image are shown in Fig. 9.

Since the coupling factors in the albedo estimation framework lar-
gely affect the quality of the results, artifacts caused by incorrect seg-
mentations are directly propagated to the color albedo maps. Color-
based hard clustering might fail to fully segment objects from each
other leading to under-segmentation. On the other hand, geometry-
based approaches (e.g. Tateno et al. (2016)) tend to over-segment the
scene. Furthermore, scene parts that are segmented as object bound-
aries are considered to be holes in the albedo estimation step. Seg-
mentation failures might also lead to inconsistently fused albedo tex-
tures as shown in Fig. 7c and d. Our soft segmentation approach (see
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(a) Albedo reconstruction, no segmenta-

tion

(b) Albedo reconstruction, color-based soft

clustering

(¢) Albedo reconstruction,

hard clustering

color-based

(d) Albedo reconstruction, geometry-based

hard clustering

(e) Color texture reconstruction

Fig. 7. Virtual 3D models reconstructed from RGB-D and IR data. Artifacts and incorrect results obtained from hard clustering approaches directly propagate to the
color albedo reconstruction. On the other hand, soft clustering avoids such artifacts and leads to more expressive models than previous approaches that fuse colors
directly. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7b) does not suffer from such artifacts and also improves the
quality especially for objects being shadowed where the observed RGB
values are close to black (see close-ups of Fig. 8). The corresponding
albedo reconstruction shows the highest quality even preserving the
structures and color gradients within the scene as it can e.g. be observed
on the book covers surrounded by the green cloth (see Fig. 7).

9. Discussion

We demonstrated that our novel framework is capable of auto-
matically reconstructing high-quality surface geometry together with
surface reflectance information in terms of albedo information at real-
time rates. As shown in the previous section, our improved total var-
iation solver exploits the high frame rate of the Kinect sensor to im-
prove run-time performance by up to a factor of 40. Our novel energy
formulation based on soft scene segmentation and optimized regular-
ization priors not only leads to better decomposition results (see Fig. 8)
but also converges faster in a significantly smaller number of iterations
in comparison to previous work (Kerl et al., 2014).

While we have also demonstrated that our approach is more robust
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in comparison to previous approaches in terms of a more flexible se-
paration into albedo and shading layers, it still has a few limitations.
The direct coupling of IR and RGB albedo values sometimes leads to
undesirable results as estimation artifacts and imperfections in the in-
frared albedo image are propagated into the color albedo map. This
may be addressed by a more expressive infrared reflectance model that
better fits to the observed radiance values. Furthermore, our segment-
based coupling technique assumes that the estimated segment borders
correspond to edges in the albedo image where the surface reflectance
properties change. In scenes with complex illumination conditions and
self-shadowing, objects with a uniform albedo might be accidentally
segmented into multiple or incorrect segments (see right column of
Fig. 11) leading to possibly different albedo estimates. Color textures
that are invisible in the infrared channel violate the assumption that the
appearance in both the RGB and IR channel is similar and result in a flat
reconstructed reflectance that matches the one of the underlying ma-
terial. Although our soft segmentation technique also improves the
decomposition robustness for such objects (see top left row of Fig. 11),
such scenes are still challenging for IR-based approaches. For most real-
world materials such as wood, cloth, plastic, etc., however, this
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Fig. 8. Comparison between segmentation ap-
proaches. Whereas hard clustering techniques
((b) and (c)) may introduce artifacts due to
wrong segmentation or coupling, soft clus-
tering achieves smooth and more accurate re-
sults (d) in comparison to image-wise coupling
(a). (For interpretation of the references to
color in this figure legend, the reader is referred
to the web version of this article.)

) Color-based soft

clustering

(e) Input RGB

(f) Input Depth

assumption holds and, hence, leads to improved decomposition results.
For specular scenes, undesired shading effects such as highlights in the
IR domain might be propagated to the estimated diffuse RGB albedo
image (see bottom left row of Fig. 11). Furthermore, small errors in the
camera poses due to a non-optimal registration of subsequent frames
may result in high-frequency shading edges being not fully factored into
the shading image (see Fig. 10). However, such complex illumination
can also not be handled correctly by previous work relying on low-
frequency spherical harmonics or similar representations. Finally, our
acceleration technique might introduce some artifacts in the final re-
construction that were not fully compensated by our novel weighting
scheme. However, our total variation solver is several orders of mag-
nitude faster than previous approaches which may allow enough ca-
pacity for further processing steps. For this reason we believe our ap-
proach to be of great relevance for future developments in this context.

) Second layer (¢) Third layer

) First layer

(e) Fifth layer

(d) Fourth layer

(g) Input IR
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(h) Diffuse IR

10. Conclusions

We presented a novel approach to simultaneously reconstruct geo-
metry and surface albedo properties of a scene with a Kinect v2. The
captured RGB-D and IR data are used to efficiently compute the re-
flectance in the infrared channel and to segment the image space into a
set of clusters based on soft clustering. Our novel segment-wise for-
mulation of the intrinsic image decomposition problem incorporates
these information to improve the robustness of the obtained decom-
position results for albedo and shading components and, finally, the
inferred albedo information is fused into the reconstructed 3D model.
Using a dedicated total variation solver that exploits the high frame-
rate of the Kinect, we demonstrated in various indoor scenes that our
framework is able to generate high-quality real-time reconstructions in
a fully automatic manner. Therefore, we believe that our work

Fig. 9. Soft and hard clustering results. Each
image of the five images (left) decodes the
probability of a pixel to be associated with its
corresponding coupling factor. For the other
two images, pixel assignments to hard clustered
segments are color coded (right). (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the web version
of this article.)

(f) Color-based

(g) Geometry-based
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(a) RGB map (b) IR map (¢) Diffuse RGB

albedo map

(f) Diffuse RGB
albedo map

represents a significant step towards capturing realistic environments
that enable a better immersive experience of objects and are required
for new augmented and virtual reality applications.
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