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Abstract

In this thesis, we developed an RGB-D-based 3D reconstruction framework with a special
emphasis on out-of-core bundle adjustment. Our approach is suitable for 3D workpiece
reconstruction as well as for the reconstruction of arbitrary scenes.

We first acquire RGB-D data of the scene by using a hand-held RGB-D sensor. The
acquired depth map is preprocessed to achieve reduced sensor noise. Camera tracking
is performed using a robust feature-based 3D alignment algorithm based on RANSAC.
An initial map of the environment, which consists of camera poses, 3D landmarks and
observations, is built using frame-to-frame tracking and is augmented with detected loop
closures.

In order to reduce the effects of accumulated drift and inaccuracies in the map over time,
bundle adjustment is applied. We minimize 3D alignment errors instead of 2D reprojec-
tion errors to improve robustness, convergence behaviour and accuracy. Since full bundle
adjustment is unfeasible for large datasets, we introduce a novel combination of an effi-
cient submap-based approach together with the minimization of 3D alignment errors. Our
submap-based approach partitions the bundle adjustment problem into submaps, which
are optimized independently of each other afterwards. After an efficient global alignment
of the submaps, they are again optimized internally, but with fixed separators.

We finally integrate the RGB-D frames into an octree-based 3D representation to gener-
ate a dense 3D model.

Our submap-based bundle adjustment method significantly improves the runtime com-
pared to full bundle adjustment, especially for large datasets. Further, our method ap-
proaches the accuracy of full bundle adjustment and outperforms the RGB-D SLAM sys-
tem.

Finally, we present reconstructed 3D models of workpieces of compelling visual quality
and metric accuracy, which makes them suitable for visual inspection, measuring tasks
and reverse-engineering.
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1 Introduction

The camera-based reconstruction of digital 3D models from scenes and objects in the real
world has been a challenging research topic in the field of Computer Vision over the last
decades. The general approach is to build a complete 3D model of an object by fusing
information from camera views from different perspectives into a global map represen-
tation. Here, the camera trajectory and the 3D model need to be estimated at the same
time, which is also referred to as the problem of Simultaneous Localization And Map-
ping (SLAM). SLAM is the main concept to enable the 3D reconstruction of real world
scenes. During the investigation of this research problem, a wide variety of application
areas for 3D reconstruction has been found.

One of the most boosting application areas for 3D reconstruction can be found in the
field of robotics. When a mobile robot platform wants to navigate in an unknown envi-
ronment based only on information of a mounted camera, it needs to reconstruct a digital
3D model of the environment. This is important in order to guarantee self-localization and
avoid collisions with objects in the environment in advance. Additionally, generating 3D
models is also useful in other application scenarios such as gaming, physics or for medical
purposes.

Besides the application scenarios mentioned above, reverse-engineering is one of the
most important use cases of 3D reconstruction in the industrial field. In general, engineers
often require 3D CAD models of real world objects for simulation or measuring purposes
or even to reproduce real-world objects. These models should provide exact geometric
information about the real objects, but the creation with common CAD software is complex
and very time-consuming. Thus, automatic CAD model generation saves a lot of time
and may even provide a higher accuracy than by manual creation. However, to generate
CAD models from reconstructed 3D point clouds or meshes, further parametrization steps,
usually provided by specialized software, are still needed. Figure|l.1|shows the results of
a case study of reverse-engineering an engine [4].

The recent introduction of the affordable Microsoft Kinect RGB-D sensor has even in-
creased the research interest in the field of 3D reconstruction, since it provides color im-
ages and depth values for each pixel at real-time frame rates. These accurate colored 3D
point clouds of the scene, which are directly produced by the sensor, have been integrated
into the approach of SLAM and so the process of creating metric 3D models of a scene has
been expedited.

In order to create a complete dense 3D model of an object with high accuracy, which is
particularly important for 3D reconstruction purposes, information from different camera
views is required. This can be achieved by moving a hand-held camera around the object of
interest and acquiring complementing scans from different perspectives. Camera tracking
estimates the relative movement between the current and a previous camera pose and
allows to fuse data from different views into a single global model representation. Both
reconstruction and camera tracking combined, the reconstruction of geometrically precise
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Figure 1.1: An example case study of reverse-engineering an engine (a) by using raw scan
data (b) to create a CAD model (c). [4].

and complete 3D models is even possible in real-time, as recent approaches have shown.

1.1 Motivation

Among many possible applications of 3D reconstruction for reverse-engineering, we are
especially interested in the 3D reconstruction of workpieces, which has many practical ad-
vantages.
First, generating an accurate colored 3D point cloud from a workpiece allows a thorough
visual inspection of its surface without physical access of the inspecting person. The re-
constructed model needs to be dense in order to show as many details of the surface as
possible. In figure|1.2} a detailed 3D model of a lawn tractor, which has been reconstructed
using our approach, is depicted.
A metrically accurate reconstruction allows measurements of the digital model. This can
be easier than measurements of the real object.

By comparing the reconstruction with an already existing CAD model within an auto-
matic inspection, deformations of the workpiece can be determined.
While there are no real-time requirements in the workpiece reconstruction scenario of this
thesis, the process should nevertheless be as fast and efficient as possible.

Within the scope of this thesis, we assume that the scenes to be reconstructed are always
static without moving or deforming objects. Furthermore, the scene must not be manip-
ulated to facilitate the reconstruction. In practice, this means that there are no markers
placed inside the scene and also no additional infrastructure (e.g. fixed mounted hard-
ware) to support the reconstruction process.

To generate 3D models of workpieces, the 3D reconstruction system tracks the camera
pose for each frame acquired from the RGB-D sensor, which allows to merge the frame
data into a global 3D model. This way, a complete model can be built from many small
frames. However, the estimation of the camera poses is subject to small errors based on
uncertain noisy measurements. These small errors are accumulated due to tracking from
frame to frame. This may finally result in inaccuracies and an accumulated drift over time
in the estimated camera poses, which again causes a quality loss of the reconstructed 3D
model.
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Figure 1.2: The 3D model of a lawn tractor, which was reconstructed using the approach
developed in this thesis. Such workpiece reconstructions allow visual inspec-
tions as well as metric measurements.

To account for these inaccuracies, the 3D model is optimized using bundle adjustment,
where both estimated camera poses and structure (consisting of 3D feature points) are
refined in order to reduce drift and to guarantee a metrically correct reconstruction of high
accuracy.

The availability of RGB-D data allows to integrate additional depth constraints into the
optimization procedure. However, the complexity of this non-linear optimization problem
w.r.t. memory and computation time strongly depends on the number of frames and 3D
points to be optimized. The solution of the bundle adjustment problem may consequently
become problematic for the challenging amount of data needed to provide an accurate
dense 3D model of a workpiece. In order to make bundle adjustment more efficient, an al-
ternative out-of-core approach can be investigated. This submap-based bundle adjustment
approach, which partitions the bundle adjustment problem into submaps, tries to improve
efficiency, processing time and memory consumption, while at the same time maintaining
global accuracy.
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1.2 Problem statement

The objective of this thesis is to develop an RGB-D based 3D reconstruction framework
that is able to reconstruct accurate dense 3D models of workpieces. A special focus is
laid on achieving globally optimal reconstructions using bundle adjustment techniques.
In particular, the contributions of this thesis are:

o A flexible and modular SLAM system based on RGB-D data is developed. While it is
designed to suit the special case of 3D workpiece reconstruction, the reconstruction
algorithm is held general to make it applicable to other general SLAM datasets and
to reconstruct arbitrary scenes.

e To obtain globally accurate 3D reconstructions, out-of-core optimization techniques
are applied. By integrating depth measurements as additional constraints into a
submap-based bundle adjustment approach, the optimization goal is to minimize
the 3D alignment error instead of the 2D reprojection error. The proposed novel
approach results in a more efficient optimization and allows to perform bundle ad-
justment also on computers with limited hardware capabilities.

e A detailed evaluation of the developed RGB-D SLAM system and the implemented
submap-based optimization approach is provided.

1.3 Outline

The outline of this thesis is structured as follows: First, Chapter [2| exposes the current
state of the art and gives an overview of existing related SLAM and bundle adjustment
approaches.

Chapter [3| explains the mathematical tools and techniques required as preliminaries for
the RGB-D SLAM system and the bundle adjustment approach developed in this work.
In Chapter 4} the components of the actual 3D reconstruction framework are described in
detail. This includes also the out-of-core bundle adjustment approach, which allows to
efficiently perform a global optimization for arbitrary RGB-D-based reconstruction prob-
lems.

In Chapter |5, an extensive quantitative evaluation of the defined 3D reconstruction sys-
tem and of the implemented submap-based bundle adjustment approach w.r.t. processing
time and accuracy is provided. Moreover, we show qualitative results of reconstructed
workpieces.

Finally, Chapter 6| gives a conclusion that summarizes the developed approach. Possible
future extensions and improvements to this approach are pointed out in a final outlook.
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The 3D reconstruction of objects is derived from the well-investigated approach of SLAM
with a special emphasis on building dense 3D models. Since SLAM problems have the
main challenge to simultaneously estimate camera trajectory and a map of the environ-
ment based on noisy sensor data, inaccuracies in the computed camera poses and the map
can occur. Therefore, bundle adjustment has been developed as a special optimization
technique to solve this issue.

In the following, an overview of the state of the art of RGB-D SLAM and 3D reconstruc-
tion algorithms is given together with different bundle adjustment approaches.

2.1 SLAM and 3D reconstruction

The general problem of SLAM has a quite long history in the field of robotics and has
been well investigated since then. At the heart of the problem, the pose of a camera is
continuously estimated w.r.t the environment. By utilizing data from a camera, a map of
the environment is built, which at the same time is used to estimate the following camera
poses.

Mostly, 3D mapping systems are based on a similar pipeline. After acquiring either color
images, 3D information or a combination of both (RGB-D) as input data, sparse feature
points are extracted from color images and used to perform a spatial relative 3D alignment
between frame pairs. Alternatively, scan alignment using only 3D data can perform this
alignment based on the Iterative Closest Point (ICP) algorithm. Afterwards, loop closures
of the camera trajectory have to be detected. Finally, the data frames have to be aligned
consistently w.r.t. a global coordinate system representing the model.

Over the years, many 3D mapping approaches using the data of only a single RGB cam-
era have been developed. This monocular SLAM scenario, which is also referred to as
Structure from Motion (SfM), is covered in approaches like [14], MonoSLAM [15] or PTAM
[25]. They perform efficient camera tracking and mapping in real-time, but tend to pro-
duce sparse maps of the environment as shown in figure

These maps can only be determined up to scale and thus don’t allow a reconstruction in
real metric units. Furthermore, while these methods are quite accurate for camera tracking,
they are only of limited use for obtaining dense 3D models. To overcome this, more recent
approaches use every pixel of an input image for camera tracking (instead of sparse feature
points) and try to generate dense maps [32,34].

As recently low-cost RGB-D sensors, in particular the Microsoft Kinect, have been in-
troduced, these sensors have been utilized to resolve some of the challenges of monocular
SLAM (e.g. metric measurements). RGB-D cameras capture RGB images with per-pixel
depth information at real-time frame rates. The developed RGB-D SLAM approaches com-
bine visual information from the color images with 3D information from the depth mea-
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(@) (b)

Figure 2.1: Monocular SLAM approaches such as PTAM usually produce sparse maps,
which can be determined only up to scale. (a) A subset of input frames of a
desk and (b) the generated map with point features and camera poses. [25]

surements to create dense 3D environment representations. Since RGB-D sensors provide
the depth in real metric units, it is possible to directly build metrically correct 3D recon-
structions of objects, which is also the reason that we focus on RGB-D based approaches in
the following.

2.1.1 KinectFusion

The KinectFusion system developed by Newcombe et al. [33} 24] uses a single hand-held
Kinect to reconstruct arbitrary complex, room sized indoor scenes in real-time. The high
performance of the system is achieved by an extensive use of highly parallel general pur-
pose GPU programming techniques.

At the heart of the approach, the reconstructed model is stored in a global volumetric
representation in the form of a 3D voxel cube. Here, all depth measurements acquired by
the sensor are fused into an implicit surface model, known as Truncated Signed Distance
Function (TSDF) volume, of the observed scene in real-time. Figure shows a 3D model
reconstructed using KinectFusion.

Camera tracking is performed by estimating the current camera pose w.r.t. to the full
dense TSDF model at 30 Hz frame-rate. Therefore, the current camera frame is aligned to
a frame of the model, which is generated synthetically by ray-casting the TSDF, using a
fast ICP algorithm in coarse-to-fine manner. Using this estimated camera pose, the current
frame is integrated into the TSDF, so that the 3D surface model is continuously up-to-
date, smooth, and fully fused. An overview of the full system pipeline of the KinectFusion
system is presented in figure[2.3|

The reconstructed dense 3D model shows limited drift and is characterized by a before-
hand unseen high accuracy due to the use of the TSDF representation. However, its quality
depends on the size of the voxels in the volumetric cube and is in practice limited by the
amount of memory of the graphics card. This fixed-size voxel model is also considered
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Figure 2.2: RGB image (A), surface normals (B) and noisy surface reconstruction (C) from
a single bilateral filtered input frame. (D) and (E) show the surface normals and
the Phong shaded model of a 3D model generated from KinectFusion. [24].
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Figure 2.3: The main stages of the KinectFusion tracking and reconstruction pipeline [24].

as the main drawback of KinectFusion, since only small scenes can be represented in the
model volume at a sufficiently high resolution. Furthermore, the system cannot recover
from failed ICP-tracking caused by poor 3D geometry in the scene.

2.1.2 RGB-D Mapping

While KinectFusion is rather targeted at the real-time reconstruction of room-sized models,
the approach of RGB-D Mapping of Henry et al. [23] concentrates on the mapping of
large indoor environments. The overall structure of this approach (figure is designed
similarly to established SLAM techniques, augmented by the use of RGB-D sensors.

For camera tracking, a combined approach called RGBD-ICP was developed to pro-
vide a relative alignment of consecutive frames. This approach first performs a relative
alignment based on sparse feature point correspondences of the color images. This first
feature-based alignment is then used as an initialization to an ICP-based pose estimation
that relies on depth information. The detection of loop closures is implemented by match-
ing RGB features between the current frame and some previous frames, which are spatially
close. In the case of a successful matching, the relative pose between the respective frames
is estimated and added to the pose graph. For global consistency of the created map, a
final pose graph optimization is performed.

Using the computed global alignment, a frame is integrated into a global Surfel-based
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Figure 2.4: The RGB-D Mapping algorithm combines sparse feature-based and dense ICP-
based 3D alignment for relative pose estimation. [23].
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3D model representation. This dense representation can be stored efficiently and provides

a smooth visualization.

Allin all, RGB-D Mapping has the disadvantage of limited use for real-time applications,
because it does not exploit GPU hardware. Moreover, more consistent reconstructions
could be achieved by including also 3D landmarks into the optimization.

2.1.3 RGB-D SLAM

With the RGB-D SLAM system by Endres et al. [16}[17], a system very similar to RGB-D
Mapping has been introduced. However, its basic approach depicted in figure differs in
camera tracking and the chosen model representation.
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Figure 2.5: Schematic overview of the RGB-D SLAM system. The SLAM front-end es-
timates relative poses between the frames using feature-based 3D alignment,
while the SLAM back-end performs a pose graph optimization [16].

The localization of the camera is computed similarly to RGB-D mapping, but in a simpli-
fied manner. For each new input RGB image acquired from the RGB-D sensor, visual fea-
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tures are extracted and matched with the features of the color image of the previous frame.
Using the depth information of the feature matches, point-wise 3D correspondences be-
tween the frames can be established. These 3D correspondences allow to robustly estimate
the relative 3D alignment between the frames using RANSAC. Loop closures are detected
in the same way as it is done in RGB-D Mapping. Since the realized frame-to-frame track-
ing results in an accumulated drift in the estimated camera poses, global consistency is
achieved by optimizing the pose graph using the g2o0 framework for optimizing graph-
based nonlinear error functions [27].

As output of the system, a dense colored 3D point cloud is generated from an octree-
based model representation. This efficient volumetric representation is realized using the
Octomap library [50], which explicitly represents free space and unmapped areas. The
system is extensively evaluated using the recently published TUM RGB-D benchmark
datasets by Sturm et al. [44].

While the RGB-D SLAM system is characterized by its highly flexible processing pipeline
based on robust feature-based camera tracking, full bundle adjustment could improve the
global accuracy.

2.2 Bundle adjustment

The related work shown in the previous section exhibited a special focus on RGB-D-based
SLAM systems, which allow dense 3D reconstruction of scenes. Except of KinectFusion,
which uses the TSDF model representation of limited size, all the presented systems create
and maintain an internal map of the environment similar to a graph representation. Uncer-
tainties and inaccuracies in the relative pose estimation deteriorate the quality and global
consistency of the map and require a subsequent optimization. For this reason, SLAM
approaches usually contain a bundle adjustment step, which takes care of this global op-
timization and is important for the quality of the reconstructed 3D models. From the
different kinds of bundle adjustment methods, we consider the following ones as most
important:

¢ Full bundle adjustment

e Pose-graph optimization

e Active window approaches
e Submap-based approaches

While online bundle adjustment approaches emphasize locally accurate reconstructions,
offline (or batch) methods account for global consistency and are mostly not computable
in real-time.

In the following, the types of bundle adjustment mentioned above are treated by show-
ing the most relevant related work of each type. Hereby, the capability of optimizing large
datasets, as it can occur in the reconstruction of workpieces, serves as a special motivation.

2.2.1 Full bundle adjustment

Bundle adjustment was introduced into the Computer Vision community by Triggs et al.
[47] in order to optimize the results obtained in SLAM systems. It is described in detail
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in section The problem to be optimized consists of camera poses with six degrees of
freedom, 3D landmarks and observations that usually describe the 2D position of the land-
marks in the respective camera poses. When we represent these entities in a graph, camera
vertices are connected only to landmark vertices by the observations as edges. This struc-
ture is usually the internal map in SLAM systems and also called SLAM graph. Traditional
bundle adjustment performs a graph optimization of the SLAM graph by minimizing the
2D reprojection errors of the landmarks in the camera frames based on the 2D observa-
tions. Because this is a Non-linear Least Squares (NLS) problem, it can be solved using
the Levenberg-Marquardt (LM) algorithm; the parameters to be optimized are the camera
poses and the 3D landmark locations. As a result, a metrically correct global reconstruction
is obtained.

In full bundle adjustment, the optimization is usually performed as a batch process after
all the available camera frames have been aligned and the complete map representation
is constructed. The full map, consisting of all camera poses, all 3D landmarks and all
the connecting observations, is used as input problem. However, both time and space
complexity of such traditional bundle adjustment algorithms are cubic in the number of
variables, which is especially problematic in large datasets. In SLAM problems, the sparse
connections between camera poses and landmarks can be exploited. This method of sparse
bundle adjustment has a still high computational complexity, which is at least cubic in the
number of camera poses plus a linear complexity in the number of landmarks. Triggs et
al. [47] give a very detailed survey on sparse bundle adjustment with descriptions of its
mathematical background, computational considerations and NLS optimization methods.

2.2.2 Pose graph optimization

While the optimization problem in full bundle adjustment consists of camera poses, land-
marks and observations, some works reduce the graph to contain only poses and pose-
pose-connections [16} 23, 26]. Such a graph representation is usually called pose graph,
which consists only of the camera trajectory. The landmarks are marginalized out, since
they are already used for estimating the relative poses between frames. Thus, the vertices
of the optimization graph are only the camera poses, while the estimated relative poses are
the edges that connect them. The edges directly represent the motion between consecutive
frames or detected loop closures.

Because of the reduced size of the optimization problem, pose-only optimization is gen-
erally more efficient than full bundle adjustment. Simplified, pose-only optimization con-
centrates more on the camera trajectory than on a complex map. Moreover, maintaining
and updating the map is simpler due to the absence of landmarks and their observations.
For detected loop closures, when previously visited areas are recognized again, it is sub-
stantially more efficient to close large loops in pose graphs than in full bundle adjustment.

However, it can be seen as a drawback that the non-linear connections between poses
and points are not fully encoded in the binary links between the camera poses. The pose-
pose reduction is hence an approximation per se and the subsequent pose graph optimiza-
tion does not achieve the same accuracy as full bundle adjustment.

10
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2.2.3 Active window approaches

Due to the considerable amount of data involved in the optimization of the full SLAM
graph at once, there has been research in performing bundle adjustment only on a smaller
portion of the problem. The goal is to still get a globally optimal reconstruction while
allowing to perform bundle adjustment online during the mapping process. In active win-
dow approaches, the optimization is usually computed only based on a small sub-graph.
This so-called window consists of the neighborhood around the current frame and “slides”
with every new frame added.

Engels et al. [18] have presented an incremental bundle adjustment process, which per-
forms bundle adjustment every time after a new frame has been added to the SLAM graph
and still guarantees online operability in constant-time. Here, the graph to be optimized
consists of a sliding window of the most recently added frames and the observed land-
marks, while the frames added beforehand are fixed. The global drift can be limited sig-
nificantly, but since no loop closures are detected, global consistency cannot be guaranteed.

To head towards finding a globally correct solution, Strasdat et al. [42] developed a
double window optimization framework. Their algorithm dynamically selects a subset
of all keyframes as an active window, which is again dynamically split up into an inner
and outer window based on the covisibility of shared common features between frames.
The inner window consists of the region around the current frame to be added and is
modeled by pose-point constraints between the contained camera frames and landmarks,
as in regular bundle adjustment. This inner window is supported by an outer window
modeled by a set of pose-pose constraints like in pose graph optimization. A sample SLAM
graph and its determined active window is depicted in figure

inner window ® *
J ® e o
® PY ‘ i ‘ o o
“ °
«  d
A o o
AQ/ :
~ 7

outer window

() (b)

Figure 2.6: Example SLAM graphs for the double window approach. In (a), an active win-
dow around the current frame is divided into an inner (red) and an outer (blue)
window and inactive frames (gray). (b) shows a loop closure in the case of a
loopy camera motion. [42]

While the inner window is used to provide an accurate metric representation in the local
area, the outer window serves to stabilize the periphery. The presented active window
scheme has the advantage, that it achieves constant-time performance in the case of a fixed
size of both windows. It takes a locally accurate reconstruction into account as well as loop
closures in a larger scale. However, the results have shown that an overall global metric
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mapping, comparable to full offline bundle adjustment, can only be obtained by including
all frames, which are not in the inner window, into the outer window. This extension of
the outer window comes along with a cubic complexity in the number of frames and is
again computationally expensive.

2.2.4 Submap-based approaches

Since in full bundle adjustment the factored sparse matrices of large problems may exceed
the core memory; it is reasonable to perform bundle adjustment on several smaller parts of
the entire scene. While this is also the goal of active window approaches, these methods
however do not guarantee a global metric reconstruction. Nevertheless, the full problem
can also be partitioned into several smaller submaps, which are connected with each other.
These divide-and-conquer methods are known as submap-based approaches (or submap-
ping) and can be solved quite efficiently. An example of such an approach can be seen in
tigure Improved efficiency is accomplished by optimizing the submaps consecutively
in a parallel or even in an out-of-core manner, when only the current submap of interest
has to be loaded into memory. The other submaps could be stored in files on the hard
disk. Adjusting the number and size of the submaps allows to increase the scalability w.r.t.
overall computation time and memory when the entire scene has to be bundle adjusted.
Traditional bundle adjustment can be seen as a special case of submapping, when all the
parameters are combined into a single submap.

(a) Unoptimized map. (b) Map after optimization.

Figure 2.7: In submap-based approaches the entire map is partitioned into several
submaps (represented by different colors), which are first optimized indepen-
dently and then combined by a global alignment. [37]

Ni and Dellaert presented some work on submap-based 3D reconstruction [37, 38],
which is based on a very efficient out-of-core bundle adjustment algorithm. In general,
submap-based approaches can be decomposed into the following steps:

1. Partitioning of the full problem into connected submaps with as few dependencies
between the submaps as possible.
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2. Full bundle adjustment of the individual submaps.
3. Global optimization by joining all the optimized submaps.

The concrete form of the steps above can vary depending on the respective submapping
approach. In the following, the almost identical approaches of Ni and Dellaert [37,38] are
explained in more detail.

Submap partitioning: First, the full SLAM graph is partitioned into a number of submaps.
The submap size affects both optimization time and the global reconstruction accuracy.
Smaller submaps result in an expensive global, while larger submaps are individually
more expensive to optimize.

Measurements depending on parameters in different submaps are called inter-measure-
ments, all other measurements are intra-measurements. The submap graph nodes con-
tributing to inter-measurements are boundary/separator variables and all other vari-
ables are internal variables. Figure 2.8 shows an example SLAM graph, which is parti-
tioned into two submaps.

(b)

Figure 2.8: (a) A SLAM graph with four camera poses (circles) and eight landmarks
(squares) partitioned into two (differently colored) submaps. (b) Base nodes

are added to each submap, which are connected by inter-measurements (yel-
low). [38]
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Optimally, the graph partition itself should minimize the number of measurements be-
tween the different submaps and lead to a small number of separator variables. Here,
the graph cut is determined by nested dissection. In this divide-and-conquer approach
the parameter network in a sparse system of equations is directly partitioned into sev-
eral submaps.

To optimize the submaps independently, a base node is assigned to each submap and
the submap’s poses and landmarks are expressed relative to this base node. This con-
cept of relative bundle adjustment has been introduced by Sibley et al. [40]. Base poses
and boundary variables from all submaps combined represent the separating set of the
overall problem.

Optimization: With the original problem partitioned into submaps with their own local

coordinate systems, the algorithm in [37] performs the optimization by iterating over
three stages:

1. The internal variables in each submap are factored out and their linearizations are
cached. The resulting reduced system of equations depends only on the separator
variables. In this stage, the processing of the individual submaps can be done in
parallel.

2. The introduction of base nodes for each submap allows the non-linear optimiza-
tion to converge significantly faster. Under the assumption that the submaps have
been optimized adequately, they only have to be moved globally by undergoing
rigid transformations with respect to each other. Therefore, the separator variables
are connected to the based nodes and optimized using the cached linearizations
of the intra-measurements. At each iteration of this global alignment, the inter-
measurements are relinearized again. The global optimization step itself moves
only the base nodes instead of the actual submap variables, which automatically
moves all the variables contained in a submap. The relative parametrization guar-
antees that the cached linearizations of the intra-measurements stay accurate even
when the base nodes are moved significantly.

This global alignment method makes it possible to globally join submaps without
the requirement, that the full bundle adjustment problem has to be in core memory
at once. After the global submap alignment, the separator variables are optimal up
to the intra-measurements linearization.

3. In the third stage, the internal variables in the submaps are optimized by perform-
ing an optimization of each submap with locked separator variables.

The presented algorithm is able to convergence to an optimal solution in only two it-
erations. This is of importance in the out-of-core variant of the algorithm, since each
submap has to be loaded from hard disk into memory in each iteration.

Instead of iterating over the three stages above, the Tectonic SAM approach of Ni and
Dellaert [38] performs the stages only once without iterating. However, the stages
themselves are designed differently:

1. Each submap is optimized locally and independently by integrating intra-measure-
ments only. This approach makes only few assumptions about the required quality
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of the graph partitioning.

2. Again, since base nodes for each submap are introduced for relative parametriza-
tion, the separator is optimized using only inter-measurements. Therefore, the
boundary nodes in the separator keep their values from the internal submap opti-
mization, while the base nodes have to be initialized based on the camera odom-
etry. At each iteration of the separator optimization, only the inter-measurements
are relinearized. The relative parametrization again has the effect, that large global
transformations of the submaps significantly influence the linearization point of
the inter-measurements and only marginally affect the intra-measurements. In
practice, the number of separator variables is larger than any of the submap graphs
and therefore more time-consuming.

3. To back-propagate the changes of the separating set after the separator optimiza-
tion has converged, the nodes in each submap are finally updated by back-sub-
stitution. After the final values of the non-boundary nodes in the submap are
computed, the final solution of the submap-based approach is obtained.

The two explained submapping approaches [37, 38] are suitable for online mapping
scenarios, as already optimized submaps can provide local reconstructions of high quality.
However, scenarios with many loop closures (such as unstructured photo collections) can
be less efficient and hence problematic for online mapping.

Recently, Ni and Dellaert extended their work by recursively partitioning the SLAM
graph into multiple-level submaps [35,36] and by applying adequate bottom-up optimiza-
tion approaches. They investigated SLAM graph partitioning based on nested dissection
to recursively obtain small submap separators.

Because pose graph and active window approaches do not consider all information
available, they do not guarantee a global metric reconstruction. Submap-based bundle ad-
justment methods however approach the global accuracy of full bundle adjustment paired
with a substantially more efficient computation. This makes submap-based methods espe-
cially suitable for the bundle adjustment approach of this thesis, as they can significantly
improve the efficiency of bundle adjustment in the workpiece reconstruction scenario.
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3 Preliminaries

This chapter provides the mathematical background that will be used in the subsequent
parts of this thesis and is based on [22] 46]. However, as some of the provided concepts
cannot be covered exhaustively, we refer the reader to the referenced literature for deeper
insights. The reader is further assumed to have a basic knowledge of linear algebra. Bun-
dle adjustment is presented in a manner similar to [28].

3.1 Points and transformations

Points as the most important geometric primitives are denoted by bold letters and are
represented by vectors. A point x in 2-space is represented by a vector x = (r,y)’ € R?
or in homogenous coordinates by a 3-vector X = (z,y,1)". Similarly, a 3D point X can
be denoted by a vector X = (X,Y,Z)" € R? or in homogenous coordinates by a 4-vector
X=(X,y,Z,1T.

A 3D Euclidean transformation consists of rotation and translation in 3D space and thus
has six degrees of freedom. Because it preserves distance and orientation of any point pair
of a rigid body, it is also known as “rigid body motion”. The set of rigid body motions
forms a Lie group, namely the Special Euclidean group SE(3), and is described in detail
by Ma et al. [30]. While the translational part of a rigid body motion g = (R,t) € SE(3)
is defined by a translation vector ¢ € R3, there are different representations for the rota-
tional part R € SO(3), where SO(3) is the special orthogonal group representing rotations.
In this thesis we will only use 3 x 3 rotation matrices and twist coordinates to represent
rotations.

An orthogonal 3 x 3 rotation matrix R € R3*? (with RR" = I and |R| = 1) contains nine
parameters and is an overparametrized representation of a 3D rotation consisting of only
three degrees of freedom. Both rotation matrix R and translation vector ¢ can be combined
into a 4 x 4 transformation matrix to describe a rigid body motion g € SE(3):

r1 T2 T3 lx

R t ro1 To Toz ly
T = = . 3.1
[0 J r31 T3z T3z lz 3-1)
0 0 0 1

Further, we can define a transformation 7 of a 3D point P = (X, Y, Z )T € R3to a trans-
formed 3D point P’ = (X', Y’, Z")T:

rii T2 13| (X tx
T:SEB)xR* R P =T(¢,P)=RP +t= |ry; 790 o3| | Y |+ |ty ]. (32)
T3y T32 733 Z tz
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The inverse transformation 7 ! that maps P’ back to P is given by:
T1:SEB)xR* - R P=T"1(9,P)=R"(P' —1). (3.3)

A homogenous 3D point P = (X,Y, Z,1)" € R*canbe transformed to P’ = (X', Y’, Z/,1)T
using multiplication with a 4 x 4 transformation matrix:

T':SE(3) xR* - R*, P/ = T'(g,P) = TP. (3.4)
By exploiting the identity of R~! = R, the inverse 7! of a 4 x 4 transformation matrix

can also be written as: - -
_ R'" —-R't
71 = [ 0 ) } , (3.5)

which can be used to construct the inverse transformation of homogenous 3D points ac-
cordingly:
T 1:SE@)xR* - RLP =719, P) =T"'P. (3.6)

The advantage of using homogenous matrices in the form 7' € R*** is that consecutive
transformations can be easily combined into a single transformation matrix by multiply-
ing the respective transformation matrices. This allows us to transform a transformation
g2 € SE(3) using another transformation ¢g; € SE(3) by multiplication of their transfor-
mation matrices 77, T» € R*** to get the combined transformation g3 € SE(3):

T: SE(3) x SE(3) — SE(3), g5 = Tg1, 92) = Ty Th. (37)
The inverse transformation is defined as:
T 1. SEB) x SE3) — SE(3),93 =% (g1, 92) = T} 'T. (3.8)

Instead of using rotation matrices, a 3D Euclidean transformation g € SE(3) can also be
represented by 6-dimensional twist coordinates:

¢ = (w1, w2, ws, v1,v2,v3) " € RO (3.9)

As only six parameters are used to represent a 6-DOF motion, this is a minimal representa-
tion and suitable for numerical optimization. Here, rotation and translation are described
by we = (wi,w2,w3)" € R3 and t¢ = (v1,v2,v3)" € R? respectively. A conversion from
twist coordinates to rotation matrices (and vice versa) is possible.

3.2 Camera model

The mapping of 3D points of a three-dimensional scene onto a 2D image plane is described
by the camera model, which is represented by a matrix with particular properties. In this
work we use the basic pinhole camera model depicted in figure This model reflects
the central projection of points onto a plane, where the camera center C is the center of
projection. The camera coordinate system is an Euclidean coordinate system with C as its
origin. The image plane is defined by Z = f, where f is the focal length. The principal
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Y z ¢
principal axis f

image plane

Y O

A

Figure 3.1: Pinhole camera model with camera center C, principal point p and focal length

£ [221.

axis crosses C and is perpendicular to the image plane; the point where the principal axis
intersects with the image plane is called the principal point p = (p,p,) " € R2.

The 2D image point x = (u,v)" € R? of a 3D point X = (X,Y, Z)" € R? is determined
by the intersection of the line between C and X with the image plane. By similar triangles,
the 2D image point can be computed as x = (%, %/)T Since the principal point is usu-
ally not the origin of the image coordinate system, the principal point offset needs to be
considered: -

x= (X +p,, I +py) - (3.10)
In the case of CCD cameras, the image coordinates are not measured in Euclidean coor-
dinates, but in pixels. Moreover, the pixels are not necessarily squared, which all in all
requires to introduce scale factors for each direction of the image coordinate frame. With
m, and m, reflecting the number of pixels per unit distance in each direction, the focal
length can be expressed as f, = fm, and f, = fm, in terms of pixel dimensions in x and
y direction. The principal point coordinates in terms of pixel dimensions are ¢, = m;p,
and ¢, = myp,.

The camera calibration matrix K € R3*3 contains the camera intrinsics and can finally
be written as:

fz Cy

K = fy eyl - (311)
1

Multiplying the camera matrix X with an inhomogenous 3D point X = (z,y,2)" € R?
results in the corresponding projected 2D point X € R? in homogenous coordinates.

To obtain the projected 2D point directly in inhomogenous coordinates, we define the
projection function 7. Using the camera intrinsics, a 3D point X € R? is mapped to a 2D
image point x € R? on the image plane as follows:

.
7 RXRxXR R x = (u,0)] =n(z,y,2) = (fﬂ +cx,%+cy) : (3.12)

z

If a depth value d for a 2D image point x = (u,v) € R?is given, the back-projection of this
point to a 3D point X € R? in the camera coordinate frame can be computed as follows:

T
P RXRXR =R X = (2,y,2)" = plu,v,d) = (%JW@ . (3.13)
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3.3 3D alignment estimation from 3D point correspondences

The problem of determining rigid body motions for camera tracking is one of the most
critical parts in many SLAM algorithms. In feature-based 3D alignment methods, we usu-
ally determine correspondences of 3D points in different camera frames, which are used
to estimate the relative pose between the two camera poses (see figure 3.2). In particular,

pg p7

p5 p()

p4 p3

P, P,

Figure 3.2: Given two sets of corresponding 3D points, we can compute the relative pose
(R, t) that aligns them.

the accuracy of the entire 3D reconstruction framework is determined by the estimation of
these relative camera poses. A well-known non-iterative algorithm for estimating the 3D
Euclidean transformation from 3D point correspondences is stated in [6] and explained in
the following.

Given are two point sets P = {p;} and Q = {q;} withi € 1...n and n > 4 points each.
The points p; € R3 and q; € R3 are corresponding 3D points and are perturbed by noise
N; stored in a vector V. In this section it is assumed that all correspondences between the
point sets are correct; if outliers are present a RANSAC-based approach is necessary.

These two point sets are related by a transformation g € SE(3), which is represent using
a rotation matrix R € R3*3 and a translation vector t € R3:

q; = Rp; +t + N;. (3.14)

To determine the optimal rotation R and the optimal translation £, we have to minimize
the following least-squares problem:

n
w2=3
=1

The algorithm to find the optimal rotation and translation is explained in the following;:

q;i — (Rp; + E)H2 . (3.15)

Zero-centered point sets: In order to calculate the rotation, first the centroids (centers of
mass) p and q of both point sets are determined:

I I
p=-> pi and G=-3 a: (3.16)
=1 i=1
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Both point sets are translated to the origin of their respective coordinate frames by
subtracting their centroid from every point. As results, we obtain the zero-centered
points p., and q;:

Pe; =pi—p and q, =di—q (3.17)

Optimal rotation R: To find the rotation R that best aligns both zero-centered point sets,
we rewrite the least-squares minimization problem:

n 2 n
S TN

Minimizing equation can be achieved by maximizing the term containing R. By
defining the matrix H € R3*3 as

2

H=> pa, (3.19)
=1

this is equivalent to maximizing the trace T(RH). Using the Singular Value Decom-
position (SVD) H = UXVT, the trace is maximized by setting the rotation matrix
to

R=VU'. (3.20)

If the determinant det(R) is 41, then the solution is unique and we have found the
optimal rotation. If det(R) is —1, then R is a reflection, which can occur when much
noise is present or the point sets are co-planar. In this case, the rotation is computed
as R = V'U", where V" is obtained from V by changing the sign of the third column
vector.

Optimal translation t: Once R is determined, the optimal translation t is finally com-
puted as the difference between the centroid p and the rotated centroid q:

t=p - Rq. (3.21)

As we have determined the optimal rotation and translation, we have also obtained the
optimal relative pose § = (R, t) € SE(3) between the two 3D point sets.

3.4 Bundle adjustment

In the case of 3D reconstruction based on SfM, 2D image measurements from multiple
images are utilized to reconstruct the 3D structure of a scene as well as the camera trajec-
tory and the camera intrinsics. In particular, a map of the scene is stored internally with
n 3D landmarks points X; € R? (in homogenous coordinates) and m projection matrices
M; € R34 at which the m images were taken. These projection matrices are a composition
M = K]JR|t] of camera intrinsics K and camera extrinsics (R,t). A 2D measurement (or
observation) z;; € R3 in homogenous image coordinates is the projection of landmark X;
onto the image plane of the i-th image with camera matrix M;.
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Usually, SfM algorithms estimate preliminary reconstructions consisting of these enti-
ties, which are often not very accurate due to normally distributed measurement noise. To
turther refine these initial estimates of both scene structure and camera parameters, bundle
adjustment is necessary as a final optimization step. As illustrated in figure the term
“bundle adjustment” originates from the light rays from the 3D landmarks into the optical
centers of the cameras, which are adjusted to obtain an optimal result for both structure
and camera parameters.

Figure 3.3: Bundle adjustment “adjusts” the light rays from the 3D landmarks into the op-
tical centers of the cameras in order to refine the reconstructed map of a scene.
Here, 7 points are projected into 3 images [28]].

Formally, this is equivalent to the minimization of a cost function, which is defined as the
2D reprojection error between the observed and predicted image points:

min > 0% [[A(M;, X;) — @yl (322)

VT =1 i=1
The measurement function h(M;, X;) estimates the predicted projection of landmark j on
image 7 and is typically non-linear. To solve this minimization, non-linear least-squares
algorithms like Gauss-Newton or Levenberg-Marquardt (LM) have been applied success-
fully. Such methods typically work iteratively by first linearizing the problem around the
current solution, solving it, and repeating these steps until convergence. In the following,
the LM algorithm with its effective damping strategy, which allows fast convergence from
a wide range of initial guesses, is explained in detail.

3.4.1 Least squares parameter estimation

Least Squares (LS) parameter estimation is an approach to provide an approximate solu-
tion for an overdetermined system of equations. Since there is usually no exact solution
in the overdetermined case, LS minimization finds the solution closest to an exact solution
by minimizing the sum of squared errors of the results of every equation. The most im-
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portant application of LS is data fitting, when model parameters are determined based on
uncertain and noisy observations.

With n independent data variables z = (x1,...,7,) and dependent measurements
y = (y1,...,yn) ', the goal is to determine unknown model parameters p = (p1,...,pm) ",
which provide a best fit between model and measured data. A LS problem can then be
formulated as the minimization of a squared distance objective function:

Eps =y lInal® = > I f(xisp) = will - (3.23)
=1 i=1

The residuals r; = f(x;;p) — y; are the differences between the predictions f(x;;p) and
the corresponding measurements y;. By combining the residuals r; into a vector ¢ =

(r1,...,rp) ", this minimization problem can also be written as:
L+
Ers = 3¢ © (3.24)

with the constant 3 introduced for later simplification.

Depending on the form of the function f, which in particular defines the way the resid-
uals r; are computed, it can be distinguished between linear and non-linear LS. In the
following, we concentrate on the non-linear case with the problem of bundle adjustment
in mind.

3.4.2 Levenberg-Marquardt algorithm

To solve the NLS optimization problem in bundle adjustment, we apply the iterative LM
algorithm, which is basically a combination of Gauss Newton and gradient descent. Close
to a local minimum, Gauss-Newton allows fast convergence. Far from the local minimum,
the LM algorithm switches seamlessly to the slower gradient descent, which is guaranteed
to converge.

As in the case of general LS, a parameter vector p € R is mapped by a functional
relation f to the predicted measurements z = f(p) € R™). With the measurement vector
x € R", the residuals € =  — 2 and the initial parameter estimate py, the goal is to find the
parameter vector p that minimizes the error ¢ e.

Under the assumption that f is locally linear, the initial parameter estimate p is refined
iteratively using incremental updates 6,. For small ||6,|, an approximation of f can be
obtained by f(p + J,) ~ f(p) + JJ, using the Jacobian J = 0f/0p, which contains the
corresponding gradient derivatives.

Since the LM algorithm is iterative, the parameter estimates (starting with pg) are refined
with each iteration until the final estimate p is found. This requires at each iteration to
compute the step 9, that minimizes:

|z = f(p+dp)ll = [l = fp) = Jopll = lle = Topl| -

This can be achieved by solving the Linear Least Squares (LLS) problem ||e — .J4,| over §,
using the normal equations
JTJs, = J e, (3.25)
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with the first order approximation J ' J to the Hessian of ¢ ¢ and the Gauss-Newton step
8y As the gradient of €' eis —J ¢, J "€ corresponds to the steepest descent direction.

In LM, an adaptive damping parameter A > 0, which is adjusted from iteration to iter-
ation, is additionally integrated into the normal equations from equation The initial
damping value is set to the product of a parameter 7 (usually ~ 10~2) with the maximum
element of J " J in the main diagonal. This yields the augmented normal equations:

(J'T+X)o, = J e (3.26)

If the value of 4, obtained as solution of equationreduces the error €' ¢, the increment
is accepted and )\ is decreased before the next iteration. In the case of an increased error
through the obtained §,, the damping parameter A is increased first and the augmented
normal equations are solved again for §, until the determined ¢, leads to a decreased error.
One iteration of the LM algorithm consequently consists of solving the augmented normal
equations multiple times for different values of A until an acceptable J,, is obtained.

The behaviour of the LM algorithm is dependent on the adaptive damping parameter
A. For very small ), the method behaves like Gauss-Newton. It then converges fast to
the minimum in the case of an error function close to being quadratic in p. For large A
however, the normal equations are approximated by A\d, = J"e. Since J " ¢ is the gradient
vector of e'¢, the direction of the parameter increment ¢, is equivalent to the method of
gradient descent. With an increasing ), the cost function ¢ e decreases due to a decreasing
length of the increment ¢, which avoids excessively large Gauss-Newton steps.

All in all, the Gauss-Newton-like behaviour of the LM algorithm guarantees fast con-
vergence close to the solution. The move to gradient descent can also provide a decrease
in the cost function in problematic situations. By automatically adjusting the damping
parameter, the LM algorithm is considered to be highly adaptive.

The LM algorithm finally terminates when at least one of the following criteria are true:

e the gradient magnitude is lower than a threshold.
e the relative magnitude of §, is lower than a threshold.
e the magnitude of the residual € is lower than a threshold.

the relative change of magnitude of the residual € is lower than a threshold.
e the maximum number of iterations has been succeeded.

When a covariance matrix X,, which describes the uncertainty of the measurements z,
is available, it can be integrated into the previous algorithm by replacing the Euclidean
norm of the error with the ¥ !-norm (squared Mahalanobis distance) where applicable.
The goal is then to minimize the squared ¥, !-norm €' %7 '¢, and the augmented normal
equations become:

(JTETLT 428, = T T2 e, (3.27)

which is equivalent to solving a weighted least-squares problem.

3.4.3 Sparse bundle adjustment

After we have introduced the LM algorithm, its application in solving the optimization
problem in bundle adjustment is explained. Hereby, an efficient sparse variant is intro-
duced to exploit the sparsity pattern occurring in bundle adjustment, as 3D landmarks are
usually not visible in all of the cameras.

24



3.4 Bundle adjustment

As already described, n 3D landmarks are visible in m views with 2D projections z;;
of the j-th landmark on the i-th image. In bundle adjustment, we try to refine the initial
estimates of camera and point parameters until we find the parameter set that optimizes
the predicted 2D projections of the n points in the m views. In particular, we minimize the
2D reprojection error w.r.t. all 3D points and all cameras:

min > [1Q(aiby) — iyl (3.28)

With each camera parametrized by a vector a; and each landmark parametrized by a vector
b;, Q(a;, bj) predicts the projection of point j on image i. The advantage of this definition is
that not all landmarks have to be visible in all views and that the minimization criterion of
the 2D reprojection has a comprehensible physical meaning. Furthermore, this formulation
is independent of the concrete parametrization of cameras and points. For dimensions «
and 3 of each a; and b; respectively, the overall number of variables to be optimized is

equal to ma + n3, which can become large even in smaller bundle adjustment problems.
To integrate the bundle adjustment problem into the LM algorithm, we first combine the
parameters of all cameras and all points into a single parameter vector P € R, such that
P=(aj,...,a) b ,....00)". (3.29)

»m

Py is the initial estimate of the parameter vector. The overall measurement vector X € RV
consists of all the measured 2D image point coordinates of the 3D points in all the cameras,
such that

T T T T T T N\T
X: (fEll,...,xlm,fEQl,...,x2m,$n1,...,xnm) . (330)

The uncertainty of the measurements X is expressed by the covariance matrix X x. Be-
cause we lack further knowledge about the uncertainty, ¥ x is set to the identity matrix.
The functional relation f estimates a predicted measurement vector X = f(P), with

% AT AT AT AT AT AT \T A
X - ($11,...7x1m,$21,...,:L'Qm,x'nl,...,xnm) al’ld :L‘Z] :Q(az,bj) (331)

With the residuals ¢ = X — X, the goal is to optimize the squared Mahalanobis dis-
tance €' X3¢ over P. This optimization problem can be solved using the LM algorithm by
repeatedly solving the augmented weighted normal equations:

(JTSF T+ M0 =T S e (3.32)

Here, 4 is the parameter update to be determined and J is the Jacobian of f.

Directly solving the normal equations using LM in its general form has cubic complexity
in the number of parameters and hence represents a major computational bottleneck. In
bundle adjustment, the normal equations of equation exhibit a regular sparse block
structure coming from the lack of interaction between different cameras and 3D points.
This fact is exploited in sparse bundle adjustment, which takes advantage of the sparse
structure of the problem to efficiently solve the normal equations.

Because image point Z;; depends only on the parameters of the i-th camera, 0%;;/0ay, =
0 (Vi # k) holds. Accordingly, 0%;;/0b,, = 0(Vj # k) holds for the derivatives w.r.t. the
parameters by, of the k-th 3D point. We also define A;; = 0%;;/0a; and B;; = 01;;/0b;.

25



3 Preliminaries

We can further divide the LM parameter update 4 into structure and camera parameters
(04,0, )", hence also (6,,,...,d, ,6, ,...,0, )'. For a simple example of m = 3 cameras
and n = 4 points, this leads to a Jacobian J of the following form, which can easily be

extended to a larger number of cameras and points:

A, 0 0 By 0 0 0
0 A 0O B 0 0 0
0 0 A3 Bis 0 0 0
An 0 0 0 By 0 0
0 A 0 0 By 0 0
0X 0 0 A3 0 Bys 0 0
T=%p = Ay 0 0O 0O 0 By 0 (3.33)
0 A 0O 0 0 Bz 0
0 0 A3 0 0 Bsg 0
Ah, 0 0 0 0 0 Bag
0 A, 0 0 0 0 Bgp
0 0 A3 0 0 0 Bug

To accommodate for the case that a point £ is not visible in image [, both Ay; and By; are
set to zero, such that these missing measurements have zero weight. As it can be evidently
seen, the Jacobian J of equation has a sparse block structure, which also makes the
normal equations themselves sparse. To exploit this structure and avoid storing and op-
erating on zero elements, both the left-hand side and right-hand side of the augmented
normal equations in equation are re-formulated in several steps. The full scheme for
adjusting the augmented normal equations is explained in detail in [28].

Partitioning the parameters in sparse bundle adjustment into the separate sets of camera
parameters and point parameters is important to reduce the computational complexity.
As the dependency of the camera parameters on the point parameters is eliminated in the
mentioned re-formulation, it is possible to first solve for the camera parameters update d,.
This solution of a symmetric positive definite matrix can be performed efficiently using
Cholesky factorization. Direct sparse Cholesky solvers can provide very efficient solutions
even for large problems. Using the computed update of the camera parameters ¢,, the
point parameter updates ¢, can subsequently be computed by back substitution. With
usually significantly more points parameters than camera parameters in the optimization
problem, it is reasonable to first solve for §, instead of first solving for dp.

By embedding the solution of the sparse normal equations based on Cholesky factoriza-
tion into the LM algorithm, considerable computational savings can be achieved compared
to solving the normal equations of equation 3.32)in each iteration.
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4 3D Reconstruction

After the related work and the required preliminaries have been described in Chapter
the pipeline of the RGB-D based 3D reconstruction system for the workpiece reconstruc-
tion scenario is explained in detail in this chapter. A special emphasis is placed on the
developed out-of-core bundle adjustment approach.

4.1 Basic approach

For the 3D workpiece reconstruction scenario a reconstruction pipeline similar to [16] has
been developed. Figure 4.1|depicts a schematic overview of the different components.

Scene: RGB-D data Feature-based
workpiece acquisition 3D alignment

IO

Mapping  <«—

l

Loop closure
detection

Bundle
adjustment
Reconstructed Dense model
3D model reconstruction

Figure 4.1: Overview of the 3D reconstruction framework developed within this thesis.

First, we acquire RGB-D data of the scene to be reconstructed using an RGB-D sensor. De-
tection and extraction of 2D visual features from the color images allow to match images
pairwise. The determined 2D correspondences are augmented with depth information.
The resulting 3D point correspondences are used for computing the relative 3D alignment
between frames using a robust alignment method based on RANdom SAmple Consen-
sus (RANSAC). Given these relative camera poses for frame pairs, the absolute pose of
each camera frame w.r.t. the global world coordinate frame can be determined. Addi-
tionally, it is possible to detect loop closures in the camera trajectory when the images
exhibit a scene that was already shown in a previous frame. Due to accumulated drift in
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4 3D Reconstruction

the absolute camera poses over time, bundle adjustment is integrated in order to refine the
camera poses and 3D structure of the scene. Because of the large size of bundle adjustment
problems in our workpiece reconstruction scenario, we develop and present an out-of-core
bundle adjustment approach, which partitions the problem into smaller submaps. Finally,
once the refined absolute camera poses of the frames are known, they can be utilized to
integrate the frame data into a dense global 3D representation of the reconstructed model.

The details of the individual parts of the pipeline are explained in the following sections.

4.2 3D data acquisition

In each 3D reconstruction system, the first step is to acquire data of the scene of interest. As
already mentioned, we use RGB-D sensors (such as the Microsoft Kinect) to obtain RGB-D
data in order to reconstruct a 3D model of a scene.

In RGB-D data, each frame consists of a RGB color image and the corresponding depth
map. In a color image, we can retrieve the observed color for a 2D point (u,v) " using the
following function:

Irge : R?2 = R?, (r,9,b) " = Ircp(u,v). (4.1)

A depth map is a 2D image, which contains depth values from the sensor to the next
surface for each pixel of the color image. The corresponding depth for a 2D point is found
through the lookup function:

I;: R 5 R,z = Iy(u,v). 4.2)

In the following, we assume that we have a one-to-one correspondence between pixels in
the color image and their depth values, i.e. color and depth images are pre-registered.

Given the intrinsic parameters of the camera, each pixel can be reprojected into the local
3D camera coordinate frame using equation[3.13] This allows us to generate a full colored
3D point cloud based on the depth map.

4.2.1 RGB-D sensors

In principle, our approach is suitable for arbitrary sensors as long as they provide RGB-D
data of a scene. Hence, it is also possible to integrate 3D scanners developed especially for
specific application scenarios.

Sparse depth maps contain depth values for only few feature points and are conse-
quently not sufficient for the reconstruction of dense, complete and accurate 3D models.
It is consequently mandatory to acquire dense depth maps that contain depth values at
each pixel for each frame. Depth maps can be computed from images of one or multiple
standard CCD cameras using appropriate algorithms. While there has been significant
progress in building dense depth maps from a single hand-held standard camera using
multiple views in recent approaches [32,134], the problem of determining the depth in real
metric units still exists.

To gain the required dense depth maps, depth sensing devices like Time-of-flight cam-
eras, 3D laser scanners or RGB-D cameras can be used. All of these devices yield metrically
accurate depth values as discrete range measurements of the physical scene directly out of
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4.2 3D data acquisition

the hardware. While the first two types of sensors are still quite expensive, the availabil-
ity of the low-cost Microsoft Kinect RGB-D sensor has recently opened up the field of 3D
reconstruction to a broader community. The Microsoft Kinect, which is used in [33], pro-
vides both RGB images along with dense depth maps at a resolution of 640 x 480 pixels at
real-time frame rates of 30 Hz. In RGB-D sensors, structured light techniques [20] are uti-
lized to generate dense depth maps in real-time. While the acquired depth data is of high
quality, it is still affected by noise and missing depth values for some pixels. Furthermore,
depth values are only determined up to a limited distance of typically less than 5m.

In our work, we use an ASUS Xtion Pro Live [1] with an RGB-D sensor equivalent to the
one of the Microsoft Kinect. To interface the RGB-D sensor, we employ the OpenNI frame-

Figure 4.2: ASUS Xtion Pro Live RGB-D sensor [1].

work [3]. RGB images and depth maps are already provided pre-registered by OpenNI
to allow an easy one-to-one lookup of depth values for each pixel of an RGB image (and
vice versa). While pre-computed intrinsic camera parameters (section for these sen-
sors are usually available, it is also possible to compute these parameters using a camera
calibration framework like the Camera calibration toolbox for MATLAB [9].

4.2.2 Acquisition process and depth map processing

Because the accuracy of depth measurements of RGB-D sensors depends on the distance
of the sensor to the measured surface, we use only depth measurements within a certain
depth range for further processing. If a depth value of the acquired depth map exceeds
a certain threshold value, the corresponding depth value is set to zero. This is equivalent
to the fact that no depth measurement is available at this pixel. Discarding distant values
with high uncertainty increases the accuracy of the subsequent 3D frame alignment and
finally also increases the quality of the obtained reconstruction.

The actual process of acquiring data is performed by successively capturing frames of
the workpiece while varying the camera pose w.r.t. the surface. In our scenario, we cap-
ture data with the RGB-D sensor by hand-held scanning. This setup is easy to accomplish
and similar to many current research papers like [33]. We found it practical for most work-
pieces to acquire frames in two loops around the workpiece. The first loop captures the
lower half of the object, while the second loop covers the upper half. For fully automated
reconstruction scenarios, it is conceivable to mount the camera on a robot arm and move
it according to preplanned trajectories. The main challenge when capturing the data is to
keep the sensor at a reasonable distance to the surface of interest. If the sensor is too distant
from the surface, only few details are visible in the captured color images. However, if the
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4 3D Reconstruction

sensor is too close to the object, then camera tracking might fail more easily, because depth
sensors based on structured light have a minimum distance to determine depth values.
To guarantee best quality for feature detection, 3D alignment and visual inspection, we
decided to keep the sensor roughly at a distance between 0.70m and 1.80 m to the surface

(see figure [4.3).

Figure 4.3: RGB-D data of a workpiece is acquired by using a hand-held RGB-D sensor at
a distance roughly between 0.70 m and 1.80 m to the surface.

After the acquisition of an RGB-D frame, the depth map of the scene is preprocessed
in order to optimize the camera tracking quality. To suppress depth values with high
uncertainty, pixel values in the depth map greater than a particular threshold (specific to
the scene and application scenario) are rejected and set to zero. We additionally reduce
noise in the depth map by applying a bilateral filter (as in [33]), which at the same time
preserves discontinuities. Figure [4.4]illustrates the effects of the described preprocessing
steps for the depth map of an input RGB-D frame.

4.3 Camera tracking using feature-based 3D alignment

One of the most important parts of every 3D reconstruction algorithm is the component
for camera tracking, which determines the camera pose for each acquired RGB-D frame.
The accuracy of the computed absolute camera poses in the global world coordinate frame
is crucial for the quality of the reconstructed 3D model. Usually, camera tracking is per-
formed by estimating the relative camera motions from frame to frame and then comput-
ing the absolute poses based on these relative poses.

There are different approaches to precisely determine the relative 3D pose between two
subsequent RGB-D frames:

e The ICP algorithm [8] aligns two raw 3D point clouds based on an initial pose esti-
mate by minimizing distances of point pairs of the two point clouds.

e Feature-based 3D alignment performs efficient camera tracking based on sparse vi-
sual features. Robust feature matching between two 2D color images (and projecting

30
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(@) (b)

(d)

Figure 4.4: RGB image (a) and depth map (b) of an RGB-D frame. The depth map is pre-
processed using a bilateral filter (c), depth values exceeding a depth threshold
are additionally cut off (d).

them back into 3D using their depth) results in 3D point correspondences. These cor-
respondences are used to finally compute the 3D relative pose between these frames.

e Dense visual odometry approaches such as [48] and [41] are a current research topic
of increasing interest. In contrast to feature-based 3D alignment, where a lot of in-
formation about the scene is discarded, all the color and 3D information available is
utilized.

In order to choose the most suitable approach for this work, we examine the acquired
RGB-D data in our workpiece reconstruction scenario. The workpieces to be reconstructed
mostly exhibit very distinctive color features on the surface, while the 3D data in isolated
form is often not very meaningful. These characteristics indicate that the ICP algorithm
will be an inappropriate approach, because it does not utilize color information at all and
might fail to work on only the 3D data available. Since dense visual odometry does not
cope well with larger scale and orientation changes or occlusions so far, we consider sparse
feature-based 3D alignment the most appropriate approach.
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4 3D Reconstruction

The chosen approach has the advantage that no initialization is required to determine
the 3D alignment and is considered to be very general. Although we perform camera
tracking based on sparse features only, dense 3D models can be generated by using the
full dense point clouds of the determined camera poses. Given two RGB-D frames as
described in section the pairwise 3D alignment can be split up into multiple parts:

e Feature points are extracted from the two RGB images by searching for recognizable
locations in the images based on their local appearance.

e Compact descriptors to represent these distinctive keypoints are extracted from the
region around them.

e The detected features are matched across the two images in order to find the most
likely feature point correspondences.

e The 2D feature correspondences are augmented with depth information in order to
compute the relative 3D pose between the two frames. RANSAC is used to remove
outliers (false matches) in the feature correspondences.

In the following, we explain the parts of our pairwise 3D alignment approach in more
detail.

4.3.1 Feature detection

In order to perform the feature-based 3D alignment as presented above, it is crucial to
effectively find visual features and describe them in an appropriate manner as a first step.
Therefore, distinctive locations in the color images have to be found to provide points in
the images that can most likely be detected in other images as well. For this purpose,
proved approaches such as the Harris corner detector [21] can be applied. The keypoint
detectors operate on grayscale images, which are produced from the RGB images in a
straight-forward manner.

Once such keypoints have been found, it is important to extract robust descriptors that
describe the local region around the keypoints in a stable manner. Since the local regions
around the identical keypoint may vary from image to image, the descriptor has to provide
invariance w.r.t. translation, rotation, scale and photometric changes. While preserving
invariance to these kinds of changes, discriminability between different patches has still to
be guaranteed. For this purpose, different types of descriptors have been developed and
applied successfully in the past decades:

e Scale Invariant Feature Transform (SIFT) [29] is the probably most popular and suc-
cessful type of feature detector. However, SIFT is computationally quite expensive
and mostly not suitable for real-time applications.

e To compensate for this issue, a GPU-based implementation named SiftGPU [49] has
been developed to speed up the computation of SIFT features.

e The Speeded-Up Robust Features (SURF) keypoint detector [7] is computationally
less expensive than SIFT, but its use in real-time applications is still quite limited.

e With Oriented FAST and Rotated BRIEF (ORB) [39] a significantly faster alternative
has been introduced recently. It was designed to give similar results as SIFT and
SURF while at the same time being more efficient.
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4.3 Camera tracking using feature-based 3D alignment

All of the feature detector types presented above have been integrated into our system.
This allows us on the one hand to make the framework as flexible as possible and on
the other hand to evaluate the suitability of the different approaches for our scenario (see
chapter[p).

In practice, it is important to adjust the parameters for each feature type in such a way
that the number of keypoints is reasonable. Too many features slow down the matching
and possibly yield many false positives in the matching. Too few detected keypoints have
the consequence, that the 3D frame alignment may fail due to too few keypoint correspon-
dences. Figure [4.5|depicts an example image of one of the datasets acquired in this thesis,
with keypoints detected by SiftGPU.

Figure 4.5: Example image of the WR/auger dataset with keypoints detected by SiftGPU.

Regardless of the concrete feature descriptor, each keypoint (uy,vy) in image 7 is de-
scribed by a descriptor vector di. These vectors consist of a certain number of elements
(e.g. 128 elements in the case of SIFT), which can be compared with the descriptor vectors
of other keypoints in the subsequent matching process. As final result of the feature detec-
tion component, we obtain a set of feature descriptors D; = {d:} from the color image of
input frame i.

4.3.2 Feature matching

The detected feature descriptors can be utilized to establish correspondences between two
images 7 and j. We assume, that the overlap between these images is sufficient to allow
matching. Given this assumption, we further assume that features in the one image have
their correspondence in the other images, although some for example might be occluded.
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4 3D Reconstruction

To find matches for a descriptor vector di, in an image i, we have to compare it with the
descriptors d{ in the second image j. In order to make the similarity between two vectors
measurable, we have to apply a distance metric. In the case of SIFT and SURF features,
the descriptor vectors can be compared using the Euclidean norm (l2>-norm). Given two
n-dimensional descriptor vectors di, and d{ , their Euclidean norm is computed as

di—df|| =\ [ D@, —dl) (43)

d(dj, df) = |

where n is 128 in the case of SIFT. For efficiency reasons, ORB features are described by
binary descriptors that allow a matching by their Hamming distance instead of their Eu-

clidean norm. All in all, the smaller the distance d(d}, d{ ) between two descriptor vectors
is, the more probable it is that both descriptors describe the same feature.

With the distance metric defined as above, it is possible to search for correspondences
in all the feature points of two different images. In a simple brute-force matching strategy;,
we compare each descriptor d of image i with all descriptors of image j and determine
the closest descriptor d{ . Figure 4.6[shows the feature correspondences found in the fea-
ture matching step for an image pair. However, this brute-force approach has quadratic

Figure 4.6: Corresponding features in two images after feature matching (including
outliers).

complexity O(n - m), with n and m being the number of descriptor vectors in each image.
For images with large numbers of feature vectors, the matching can be performed more ef-
ficiently by utilizing special indexing structures like multi-dimensional search trees. These
nearest-neighbor-search methods allow searching for a given feature to rapidly search for
near features and hence to find the best matches. As in the case of feature detection,
we again rely on OpenCV [10] for feature matching. It provides a brute-force descrip-
tor matcher as well as matcher based on nearest-neighbor-search on the basis of FLANN
(Fast Library for Approximate Nearest Neighbors) [31].

After the feature matching step, we obtain pairs of corresponding feature descriptors
{di} and {d’}. Here, corresponding descriptors across two images i and j are at the same
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4.3 Camera tracking using feature-based 3D alignment

position s in their respective set. By looking up the respective keypoint x5 = (us,vs)’ € R?
for each descriptor {d,} in the images, we obtain pairs of corresponding 2D feature point
sets:

K;={x!} and K;={x}. (4.4)

To constrain the computational requirements, only the best 512 matches (with smallest
distances) per frame pair are processed further in the subsequent parts.

4.3.3 Robust 3D alignment using RANSAC

The sets of corresponding 2D feature points K; = {x'} and K; = {xI} obtained in the
feature matching process can be utilized to estimate the relative pose Tij € SE(3) between
the camera poses, at which the two frames 7 and j have been acquired.

Since we have the depth ds = I;(us, vs) for each keypoint x5 = (us, vs) ", we obtain the
corresponding 3D coordinates for each 2D keypoint according to equation such that
ps = p(us, vs, ds) € R3. This results in the two 3D point sets P; and P;:

Pi={p.} and P;={p’}. (4.5)

In theory, we can directly determine the relative 3D pose between the two frames using
the SVD-based alignment presented in section [3.3| with these 3D point correspondences.

However, the putative matches obtained in the previous feature matching step still may
contain many false positives, i.e. determined matches that in reality aren’t keypoint cor-
respondences. Wrong or missing depth values for keypoints also influence the quality of
the computed 3D alignment. In the case of the used RGB-D sensors, the noise in the depth
values is considered to be an issue, since the missing synchronization between color and
infrared camera leads to inconsistencies of the depth image w.r.t. the color image.

The presented SVD-based approach for 3D alignment estimation based on point cor-
respondences can only deal with Gaussian distributed noise in the measurements. To
additionally cope with mismatches in the correspondences, which might make this least
squares fit fail, a more robust approach is required as described in [22]]. To get the true cor-
respondences, we have to distinguish between inliers and outliers. This can be achieved by
embedding the 3D transformation estimation of section 3.3into the well-known approach
of RANSAC [19]. This allows to robustify the estimation by coping with both noisy data
and outliers.

The general objective of RANSAC is to perform a robust fit of a model to a dataset, to
determine a set of inliers from the data and to compute the optimal model based only
on these inliers. Applied to the 3D alignment estimation, we want to find the rigid body
motion C' € SE(3) that minimizes the sum of squared distances between the point cor-
respondences of P; and P;, conforming to the condition that the distance between corre-
sponding points is within a certain threshold. This problem consists of two parts: first the
transformation is fitted to the data, then the correspondences are classified as inliers or
outliers and the optimal rigid body motion is re-computed based on the computed inliers.

The application of the RANSAC algorithm on the 3D alignment estimation is outlined

in algorithm
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Algorithm 4.1 Robust 3D alignment estimation using RANSAC.

Input: Corresponding 3D point sets P, = {p’} and P; = {pl} of size n with outliers;
distance threshold ¢, inlier threshold 7" and maximum number of iterations N.

Objective: Estimate the optimal rigid body motion Tij € SE(3) between P; and P; and
determine the final outlier-free point correspondences F; and P;.

Algorithm:

(i) Initialize the sets of inliers: P, = @ and ]3] =o.
(i) Randomly select a minimal sample set of four 3D point correspondences P; and
P! from P; and P;.
(iii) Compute the initial transformation Cy € SE(3) from P} and P} using the 3D
alignment estimation method of section3.3]
(iv) Determine the consensus set P; = {p.} and P; = {p’} of inliers, for which the

following holds: ' '
|pk — T(Co,pl)|| <=t. (4.6)
(v) If number of inliers HPZH > ’ P|: set P, = P, and Pj = Pj

(vi) If || P;|| > T: estimate the transformation Tij from all correspondences in P; and
P; and terminate the algorithm.
(vii) After N iterations: use the largest consensus set (P, Q) to re-estimate the 3D
alignment Tij from P and @ and terminate the algorithm.
(viii) If || P;|| <= T, go to stepliil
(ix) Optional: compute the set of inliers and estimate 7/. Repeat iteratively until the
number of inliers converges.

In practice, the RANSAC parameters need to be adjusted according to the practical prob-
lem in advance to obtain the desired robust results:

e The distance threshold ¢ should be set according to the measurement noise and is
usually chosen empirically in practice. For the RGB-D data in our scenario, we found
that a distance threshold of 0.02 m is reasonable for most of the cases.

e The number of iterations IV should be chosen sufficiently high to ensure with proba-
bility p (usually 0.99), that at least one of the random samples of s points is free from
outliers. An algorithm for an adaptive number of samples N is outlined in [22].

e The threshold T for the size of an acceptable consensus set should be set roughly
similar to the believed number of inliers in a dataset: 7" = (1 — ¢)n (with outlier
probability e).

After the RANSAC algorithm has terminated, we get the transformation Tij with the
largest consensus set. By using the number of inliers as score, we continuously obtain
better fits, which finally yield the best selected sample.

As we additionally get the sets of outlier-free 3D point correspondences P; and P;, we
consider only these inliers of 3D point correspondences for further processing. If the num-
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ber of inliers is smaller than a user-defined threshold, the 3D alignment has failed. The
reason for this is that the two frames show different scenes or have not enough overlap
of the same scene. Figure [4.7] shows the keypoint correspondences from figure [4.6 after
RANSAC-based outlier removal.

Figure 4.7: Feature correspondences of figure after RANSAC-based outlier removal.

While RANSAC is a general approach, PROgressive SAmple Consensus (PROSAC)
is much faster for robust feature matching. This is accomplished by selecting samples from
progressively increasing sets of top-ranked correspondences by exploiting the linear order
of the set of correspondences based on a similarity function. However, we did not consider
PROSAC in this thesis, since it does not affect the accuracy of the estimated transformation.

4.4 Mapping

SLAM systems usually maintain and update an internal 3D map of the environment. In
our scenario, we use this 3D map mainly for camera tracking and for providing absolute
initial estimates of camera poses and 3D landmarks in the global world coordinate frame.
Afterwards, the final map is used as the input to a global optimization to further refine the
contained camera poses, which will be described in section[4.5] In this section, the process
of building the 3D map is described, which is continuously updated as more and more
frames are integrated.

4.4.1 Graph-based map representation

The 3D map of the environment, which is maintained by our reconstruction framework, is
usually represented as a graph in SLAM approaches. This so-called SLAM graph consists
of:

e Camera poses C = {C; | i € 1...M}, that describe the absolute camera poses
C; € SE(3) at which frame ¢ was acquired. This rigid body motion transforms
from the local camera coordinate frame into the global world coordinate frame.
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e 3D landmarks X = {X; | j € 1...N}, which represent the absolute global 3D
location X; = (z;,y;,2;)| € R? of distinctive keypoints seen in RGB-D frames.

e Observations Z = {z; | k € 1... K}, where z;, = (uy,vp,dy)| = (u}vé,dé) € R3.
These measurements are 2D image coordinates (u;, v;'»)T and their respective depth
value d; = Iq(uj, vj), under which landmark X; is seen in frame .

The camera poses and 3D landmarks constitute the two types of vertices of the graph.
Poses are only connected directly to 3D landmarks, with the observations serving as graph
edges. We denote the number of camera poses by M, the number of 3D landmarks by N
and the number of observation over all frames by K. The notation used in this thesis is
similar to [38]]. Figure 4.8/depicts a simplified example of a SLAM graph.

X 1 X 3
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Figure 4.8: A 3D map represented as a graph. It consists of four camera poses C; and
three 3D landmarks X;, while the nine observations z;, serve as the edges of
the graph.

4.4.2 Map update

The 3D map is constructed by continuously integrating new RGB-D input frames into the
SLAM graph described in the previous section.

Based on the robust 3D alignment from 3D point correspondences, the relative pose for
every pair of RGB-D frames can be determined. The estimated relative pose T\ ; € SE(3)
between frames ¢ — 1 and i transforms from the previous coordinate frame C;_; € SE(3) to
the current coordinate system of frame ¢. Hence, it can be used to determine the absolute
camera pose C; € SE(3) of each new frame ¢ based on the absolute pose of its immediate
predecessor, which is also called frame-to-frame-tracking:

Ci = (T} 1, Ci-1) (4.7)

This allows us to estimate initial guesses for all the absolute camera poses of the M/ RGB-D
input frames. If the number of RANSAC inliers consistent to the estimated transformation
is too small, then the frame alignment was not successful.

For all the measurements zj, we can compute the absolute global estimate of the respec-
tive 3D landmark X; visible in this measurement. We therefore project the observation
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(i g 7N\T
Zi = .(uj,vj,dj)
coordinate frame:

in camera frame ¢ back into 3D and transform it into the global world
By initializing the camera poses and 3D landmarks as described and connecting them with
the observations, the map is constructed and continuously updated with new frames. The
entire algorithm for integrating new frames with their camera poses, visible 3D landmarks
and observations into the 3D map is outlined in algorithm

Algorithm 4.2 Maintaining and updating the SLAM graph.

Input: M RGB-D frames with feature point observations z;, (k € 1... K) that describe the
visibility of each 3D landmark X; (j € 1...N) in the frames i € 1... M (with poses
C; € SE(3)).

Objective: Populate the SLAM graph (C, X, Z) and estimate the absolute camera poses
C; and 3D landmark locations X ;.

Algorithm:

(i) Initialize sets of camera poses C' = &, landmarks X = &, observations Z = @.
(ii) Set camera pose of first frame to the origin of the world coordinate frame:

C1 = (Ry = Izxs,t1 = (0,0,0)"), C={C1}.

(iii) Acquire the next RGB-D frame: ¢ = ¢ + 1.
(iv) Estimate the relative pose T} ; € SE(3) between the previous frame i — 1 and
the current frame s.
(v) If the alignment is not successful, discard the current frame 7 and go to step
(vi) Initialize edges: E = {(i,7 — 1)}.
(vii) Compute the absolute pose C; of frame 7 using equation
(viii) Add current camera pose to the graph: C' = C U {C;}.
(ix) Check for loop closures with some frames [ (see section ; for every success-
ful 3D alignment: £ = E U {(i,1)}.
(x) For all pairs (i,1) € E:
e Add all inlier measurements z} and zé- of frames i and [, consistent to their
common relative pose, to the graph: Z = Z U {z;} U {zé}
e Add all 3D landmarks X; visible in the measurements zj- and zé- to the
graph: X = X U {X;}.
(xi) Stop if no more frames to be processed, otherwise back to step

Although the robust 3D alignment estimation should result in quite accurate relative trans-
formations, small errors in these relative transformations can accumulate to a visible drift
in the absolute camera poses after a certain amount of frames.
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4.4.3 Loop closure detection

The cumulative drift in the absolute poses mentioned in the previous section can deterio-
rate the overall quality of the map. This drift can nevertheless be reduced by optimizing
the map using bundle adjustment, which is explained in depth in section It is im-
portant for bundle adjustment to detect when the current frame shows roughly the same
scene as in a previous frame, which may even have been acquired many frames before.
This redundancy can be used for the optimization process. In order to refine the absolute
camera poses, the relative poses between frames showing the same scene have to be de-
termined. Therefore it is necessary to match and align the current frame not only with its
immediate predecessor frame, but also with other previous frames. The process of finding
these similar frames, which allow a successful 3D alignment with the current frame, is also
called loop closure detection. Different approaches exist to detect loop closures efficiently.

A simple first approach for detecting loop closures is to apply a brute-force strategy,
where the current frame is aligned with all previous frames. If an alignment is successful,
both frames show the same scene and a loop closure is found. While this approach can
yield the desired results, it is very inefficient, since the cost of detecting loop closures
increases with each new frame due to the increasing number of previous frames to be
matched.

For this reason, we select a subset of the previous frames and perform a 3D alignment
only with the frames in this subset. By setting this subset to a constant size, we can detect
loop closures for each new frame in constant time. In practice, we first add the three most
recent frames to this subset. To detect loops in a larger scale, we additionally select 20
earlier frames, that we obtain through uniform sampling over all previous frames. After-
wards, we estimate the relative poses between the current frame and each of the frames in
this subset in parallel. For each successfully aligned frame pair, we have detected a loop
closure, so that the 3D map can be updated according to algorithm Figure 4.9 shows
the detected loop closures for the soil auger reconstruction (WR/auger) of chapter[5| For a
better detection of loop closures, special approaches for appearance-based place recogni-
tion (e.g. FABMAP [12]) have been developed, which are however not within the scope of
this thesis.

4.5 Out-of-core bundle adjustment

In the previous section, we have described how an initial map of the environment consist-
ing of camera poses, 3D landmarks and measurements is represented and constructed. As
we have seen, the absolute camera poses and the absolute location of the 3D landmarks
w.rt. the world coordinate system are determined by combining relative camera poses
from frame to frame. However, while small errors in the relative pose estimates still allow
for locally accurate estimates, they can lead to an accumulated drift in the absolute camera
poses over time.

To account for this global misalignment and to guarantee a locally and globally cor-
rect reconstruction of the scene, sparse bundle adjustment (section has been intro-
duced as a global map optimization. While some SLAM frameworks perform pose-graph
optimization based on the camera poses only, we integrate camera poses, 3D landmarks
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Figure 4.9: Estimated (unoptimized) camera trajectory with detected loop closures for the
WR/auger dataset.

and their observations into the optimization in order to receive a reconstruction with best
achievable accuracy. Due to the computational complexity and the high computational
requirements of such full bundle adjustment approaches, these global optimizations are
usually performed offline as a batch optimization after all input frames are integrated into
the internal 3D map.

In the following, we use the notation that we introduced in section for the en-
tities of the SLAM graph. Hence, the optimization problem to be solved consists of M
camera poses C;, N 3D landmarks X; and K observations z;. We assume the camera
intrinsics f;, fy, ¢z, ¢y of the used RGB-D sensor to be known and constant for all frames
of a dataset. The camera parameters C; to be determined for each frame consist conse-
quently only of rotational and translational components. To have a minimum number of
parameters to be optimized, we represent the pose C; with its twist coordinate represen-
tation & = (w1, wa,ws, v1, Vo, Ug)T € RS, However, while this twist coordinate representa-
tion is important for the efficiency of solving the NLS problem, we use the abstract form
C; € SE(3) to denote the camera poses in the following.

To solve the NLS optimization problem, it is necessary to have good initializations for
the optimization parameters to converge in an optimal global solution. The initial esti-

41



4 3D Reconstruction

mates for the C; and X; in the map have been provided accordingly from frame-to-frame
tracking as described in algorithm [4.2]

4.5.1 3D alignment error

Regular bundle adjustment refines both camera poses and 3D structure of the scene by
minimizing the 2D reprojection errors. The 2D reprojection error is the difference between
the actual 2D measurement zj, = (uy,v;) | of a 3D landmark in an image and its predicted
2D position z;, = hi(C;,, X, ) based on the current estimates of the respective camera
pose and landmark. Formally, bundle adjustment based on 2D reprojection errors tries to
minimize

K
> Nl -zl (4.9)
k=1

The solution to this kind of NLS optimization problem is well-investigated and can be
computed by applying the sparse LM algorithm presented in section
However, the minimization of the 2D reprojection error does not utilize all the measured
information available in this case. Due to the availability of RGB-D data, we can integrate
depth measurements as additional constraints into bundle adjustment to improve robust-
ness, convergence behaviour and accuracy. We generate a 3D measurement Z;, € R? of a
3D landmark from its measurement z; = (ug, vy, dy) ' by simply projecting it back into 3D
according to equation 3.13}
Zy = Zkij = p(“’k’a Uk, dk) (410)

The subscript ij in the notation Zy, ; states explicitely, that the measurement relates camera
pose i and landmark j. Instead of minimizing the 2D reprojection error, this allows us to
directly minimize the 3D alignment error, which is defined as the difference between the
measured and the predicted 3D position of a 3D landmark in the local camera coordinate
frame.

With this definition of the 3D alignment error, the minimization problem in bundle ad-
justment can be re-formulated:

K A
> N2k — Z4l?, (4.11)
k=1

where Z;, = hy,(C, X )-

The prediction function hj generates an artificial 3D measurement 7 of the j-th land-
mark X, in the i-th frame with pose C;,. Concretely, the prediction is accomplished by
simply transforming the landmark X, in global coordinates back into the local camera

coordinate frame using the respective absolute camera pose Cj, :
hie(Ciy, X5) = TGy X)) (4.12)

It has to be noted that we do not focus on modeling the measurement uncertainties within
the scope of this thesis. We therefore assume the covariance matrix to be the identity ma-
trix for all measurements, why we left it out of the minimization problem formulations.
However, when considering the uncertainties of these generated 3D measurements in the
covariance matrix, we have to be aware of the fact, that the measured 2D feature location

42



4.5 Out-of-core bundle adjustment

and the depth measurement introduce different error types. This implies that a single scale
factor for the covariance matrix is not sufficient, but we have to augment the covariance
matrix by using one factor for x and y coordinates based on the certainty of feature detec-
tion and another factor for the depth measurement based on the RGB-D sensor specifics.

In practice, both problem formulations for optimizing the 2D reprojection error and the
3D alignment error can be fed directly into specialized libraries for solving bundle adjust-
ment problems. Namely, there are the efficient state-of-the-art sparse graph optimizer g2o0
[27] and the NLS optimizer library Ceres Solver [5]. Due to first performance evaluations,
we concentrated on Ceres Solver and used it for the practical solution of the presented op-
timization problems in this thesis.

4.5.2 Submap-based approach

We have already pointed out that solving bundle adjustment problems usually suffers
from its high computational complexity and consequently becomes more and more prob-
lematic for an increasing amount of data.

With the amount of data occurring in the 3D workpiece reconstruction scenario, full
bundle adjustment turns out to be inefficient as well as time- and memory-consuming.
In order to make bundle adjustment more efficient and even feasible on machines with
limited resources, alternative out-of-core approaches are required. Such out-of-core tech-
niques pursue the goal to process only a small portion of a large dataset at a time and to
obtain the overall result by finally combining the results from the processed subparts. This
enables the processing of problems that cannot be kept in main memory at once, similar to
bundle adjustment on machines with a limited amount of memory.

Accordingly, the submap-based bundle adjustment approaches presented in section2.2.4]
can be seen as out-of-core approaches. By partitioning the problem into several smaller
submaps, it enables an independent optimization of the different submaps, such that not
all submaps have to be held in physical memory at the same time. This allows even to
efficiently obtain reconstructions that otherwise wouldn'’t fit into main memory.

The submap-based approach incorporated in this work is based on the work of Ni and
Dellaert [37, 38] and similarly consists of the following four stages:

1. Partition the optimization graph into several submaps.

2. Optimize each submap internally.

3. Align the submaps globally.

4. Optimize each submap internally with fixed submap separators.

The individual stages of the developed submap-based bundle adjustment approach are
presented in the following sections. We use the unoptimized SLAM graph depicted in
figure[4.10]to illustrate the entities involved in each stage and to visualize the effects of the
different stages.
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4 3D Reconstruction

Figure 4.10: An unoptimized SLAM graph consisting of 8 camera poses C;, 12 landmarks
X; and 32 observations Zj.

4.5.2.1 Graph partitioning into submaps

To facilitate a submap-based optimization approach, the full optimization graph has to be
partitioned into a set of submaps in the first stage. We assume the number of submaps L
to be given, whereas hints for finding an appropriate L are discussed in chapter 5|

When constructing a submap partitioning, it is of advantage to have all submaps of
roughly equal size, such that the optimization efforts for the independent submaps are
similar. We therefore partition the set of all camera poses C into L subsets C;:

C={C/|lel...L} (4.13)

of size M = M/L. Hence, submap | contains the camera poses from (I — 1)M + 1 to
IM. While there are more advanced methods for graph partitioning, they are however not
within the scope of this work. It is only mentioned that their goal is to find a graph cut
that minimizes the number of measurements between the submaps to get optimal results
in the global alignment stage.

Next, we assign a base node B; € SE(3) to each submap as its local coordinate system.
We then obtain a global set of base nodes:

B={Bj|lel...L}. (4.14)
We initialize the base node of a submap [ with its first assigned camera pose:
B = C(lfl)MJrl‘ (4.15)

When the submaps are populated, all camera poses and landmarks are parametrized w.r.t.
the base node of the respective submap. We add all camera poses C; to the set of camera
poses of the respective submap C). Hereby, the poses are transformed into the submap’s
local coordinate system and thus expressed relative to the assigned base node:

Cr={C'lie((Il-—1)M+1)...(IM)}, with C! = T7YB,, C)). (4.16)
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4.5 Out-of-core bundle adjustment

For the first camera pose of each submap, the relative pose becomes equal to the identity
transformation matrix, but it can change w.r.t. the base node in the later optimization due
to its relative parametrization.

By iterating over all camera poses C! of a submap, we can add the connected measure-
ments Z ki; tO the set of submap measurements Zl:

Z=1Zj,, | Cl e C1}. (4.17)

To populate the submap with landmarks, we iterate through all the measurements Zﬁﬂj of
the submap and add the connected landmarks to the set of submap landmarks (expressed
relative to the base node):

X ={X} |2}, € 2}, with X, = T"1(B;, X;). (4.18)

If the landmark is seen by a camera pose contained in another submap, the landmark is
added to the set of separator landmarks X; of the submap:

X=X, | 92, € Zin3Z), € ZALAD. (4.19)

Using this method, separator landmarks are determined automatically. The set of separa-
tor landmarks of all submaps together is X = {X;}. Measurements that connect a camera
pose of a submap with a separator landmark are called inter-measurements, as they can
be considered to be located between submaps.

After camera poses, landmarks and measurements have been added to the submap, the
graph structure of each submap S; has been constructed, such that S; = (él, X, Zl). To
summarize, each camera pose is assigned to exactly one submap, while landmarks can
be connected to camera poses of different submaps and can consequently be found in the
landmark sets of multiple submaps. This relationship is essential for the global submap
alignment, as the measurements between submaps can be exploited to optimize the global
pose of the submaps and to refine the separator landmarks.

Figure shows the graph of figure partitioned into two submaps with attached
base nodes. All camera poses and landmarks are expressed relative to the respective
submap’s base node.

In the case of limited main memory, we can store the camera poses, internal landmarks
and measurements of each submap in separate files to implement an out-of-core technique.
Another separate file contains the base nodes and the separator landmarks.

4.5.2.2 Submap optimization

After partitioning the full SLAM graph into submaps, we can optimize the submaps inde-
pendently in the second stage to guarantee local accuracy. The processing in each submap
S; can be done either completely in parallel, if enough resources are available, or in a reg-
ular consecutive manner.

The bundle adjustment problem in each submap consists of all its camera poses C;, land-
marks X; (both inner and separator landmarks) and measurements Z;. Visually, all entities
inside a submap’s rectangle in figure are used for optimizing the submap. Hence, we
have to solve a few smaller optimization problems instead of one large problem. Using
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4 3D Reconstruction

Figure 4.11: The map of figure partitioned into two submaps. All camera poses and
landmarks are expressed relative to their assigned base node, B; and By,
respectively.

full bundle adjustment, the optimization of submap [ itself is performed by minimizing
the 3D alignment error as defined in equation [4.11}

K;
> lhe(CL LX) = Z3)1%, (4.20)
k=1

where K is the number of measurements in submap !.

After the variables C! and X ]l in all submaps S; have converged to their optimal values
relative to their base node B;, we have a metrically correct local reconstruction for each
submap.

4.5.2.3 Global submaps alignment

To also obtain a correct global solution after the internal submap alignment, the global
drift is eliminated by moving the base nodes and hence also the submaps. This is achieved
by assembling the submaps and taking also the separator landmarks into account.

In this stage, the introduction of local coordinate systems in the submaps plays an im-
portant role. When the base nodes are moved in a global alignment step, the landmarks
expressed relative to the base node move with the base node and hence keep their locally
optimal values from the previous submap optimization.

In the global alignment stage, we perform a full optimization of a graph consisting only
of the base nodes and the separator landmarks as vertices, connected by the relative loca-
tions of the separator landmarks in the submaps as measurements. We omit the internal
landmarks and camera poses in the global alignment, as they have already been used to
determine the optimal relative locations of the separator landmarks in each submap.

While the base nodes are already expressed in the global world coordinate system, we
have to provide initial global estimates for the separator landmarks Xé € X;. We therefore
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4.5 Out-of-core bundle adjustment

estimate the global location of each landmark by transforming its relative location in the
assigned submap with the respective base node’s pose:

X, = {X} | X! € X;}, with X} = 7(B;, X") (4.21)

As each separator landmark is visible in multiple submaps, we initialize it only once with
the location in the first submap it is visible in.

We make the approximation that we can use the location of the separator landmarks
relative to the base node as measurements, because we assume their relative location to be
optimal within the submap due to the performed local optimization. We compute these
so-called inter-measurements as follows:

Z;={ZL | Z, =X A XL e X)) (4.22)
B
B2
z 72
Z;
z3
v
(X~

Figure 4.12: The global submaps alignment consists only of the base nodes and separator
landmarks. The locations of the separator landmarks relative to their con-
nected submaps’ base nodes are used as measurements.

The actual global optimization consists of the entities highlighted in figure and is
performed by minimizing;:

K
Z ”hk Blm ) - Z§c||2v (4.23)
k=1

with K being the number of inter-measurements of all submaps.
With the optimization graph consisting only of base nodes and a limited number of
separator landmarks, the global optimization itself can be computed very efficiently.
After this separator optimization, we obtain the optimal poses of the base nodes and the
locations of the separator landmarks w.r.t. the global world coordinate system. By moving
the base nodes, also the vertices contained in the respective submaps are moved, indepen-
dent of how far the base nodes were moved. The effect of the base node movements is a
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reduced global drift and the accomplishment of a globally metric reconstruction. While
the camera poses and internal landmarks of the submaps still remain valid relative to the
base nodes, the locations of the separator landmarks may have changed relative to the base
nodes. This requires another final local alignment step in the submaps.

4.5.2.4 Internal submap update

To finally integrate the results of the changed separator landmark locations back into the
submaps, we perform another internal submap optimization with fixed separator land-
marks, i.e. the values of the separator landmarks are used in the optimization but they do
not change any more. We therefore need to update the relative locations of the separator
landmarks in each submap with the changed global locations:

XL =771B,X). (4.24)
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Figure 4.13: After the submaps and separator landmarks have been moved in the global
alignment, we have to account for the changed separator landmarks. We
therefore perform another internal optimization in each submap with fixed
separator.

With these updated separator landmarks, we perform a full optimization with the same
input as in the first stage. However, we set the relative locations of the separator landmarks
fixed, such that the internal camera poses and landmarks are adjusted to optimally fit to
the separator, while the separator landmarks stay in the same position. This usually also
results in quick convergence and small movements of the internal poses and landmarks,
since they were already optimized w.r.t. the base node’s coordinate system.

Again, each submap (as depicted in figure can be optimized independently by
minimizing the bundle adjustment problem defined in equation[4.23|

After the submap optimizations have converged, the submaps’ internal camera poses
and landmarks may have changed again. To integrate these changes back into the separa-
tor and adjust the global submaps alignment, it is possible to iterate over the third and the
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4.6 Dense reconstruction of 3D models

fourth stage of the algorithm until convergence. However, we found that the results did
not change significantly by iterating over these two stages compared to performing global
alignment and final internal submap optimization only once.

To get the final absolute results for the camera poses and landmarks in each submap,
we need to transform them into the global coordinate frame again. Figure shows
the SLAM graph of figure after we optimized it using our developed submap-based
bundle adjustment approach.

INVZAN VANV Zs
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Figure 4.14: The final SLAM graph after we applied our submap-based bundle adjustment
method. In contrast to its unoptimized state (see figure |4.10), we can easily
identify the regular alignment of camera poses and landmarks in this figure.

The final optimal camera poses and 3D landmark locations are obtained by:
C; =%(B,,Cl) and X;=T(B,X)). (4.25)

While we finally get both optimal camera poses and 3D landmarks, we only use the camera
poses further for creating a dense model of the scene.

4.6 Dense reconstruction of 3D models

Once the absolute camera poses C; € SE(3) for all input frames have been determined
and refined, each acquired RGB-D frame can be integrated into a global 3D model repre-
sentation. For this purpose, we first build a dense colored 3D point cloud of each RGB-D
frame by re-projecting the pixels of the color image into the 3D camera coordinate frame
using equation [3.13| based on their depth values. This point cloud can be integrated into
the global model by transforming each contained point into the world coordinate frame
using the absolute pose C;. The full model of the scene is constructed by fusing the indi-
vidual point clouds into a single representation that combines the information of all the
frames.

The 3D representation for storing the model has to fulfill some requirements. First, it
should be able to model arbitrary 3D scenes including the flexibility to dynamically ex-
pand the model map when needed. Another very important aspect is that the model must
be storable efficiently in memory, even for an increasing number of integrated frames.
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Moreover, it must always be possible to effortlessly integrate new frames, acquired at an
arbitrary camera pose and showing a maybe unseen part of the scene, into the 3D model.

While there are various approaches for representing such models, e.g. TSDF volumes
in [33] or a Surfel-based representation in [23], we focus on flexible point-based represen-
tations fulfilling the requirements stated above. In the following, the chosen 3D model
representation, especially the way points are integrated and stored in the model, is dis-
cussed in detail.

A simple approach for a global model representation is to add the colored 3D point
clouds of all frames into a single combined global point cloud. Since no filtering is per-
formed, the memory consumption of this representation increases with the number of in-
tegrated points. Consequently, there is no upper bound for the used memory and the
processing requires vast computational resources.

In order to control the problematic memory consumption, a volumetric grid representa-
tion can be introduced, where the 3D space of the mapped model is discretized into cubic
volumes of equal size (the so-called voxels). Each voxel contains the information if it is
occupied and its respective point color. The dimensions of this voxel grid have to be pre-
defined in advance, which results in a constant memory consumption, and needs to be
large enough to contain all model data. The smaller the size of a voxel is defined, the more
detailed the model can be stored, but also the more memory is required. Because the voxel
grid cannot be extended during the reconstruction process and empty space is stored with
as much memory as mapped voxels, we consider this approach to be very inflexible.

The inflexibility of volumetric grids w.r.t. the mapped scene can be compensated by
managing the voxels in an efficient hierarchical tree structure. An octree, as described in
[50] and [45], is such a tree-based representation for a 3D volume. We start with a single
large cube that contains the modeled 3D space and represent the octree’s root node. The
octree is constructed by recursively subdividing this large cube into eight cubic subcubes
until the voxel size reaches a given minimum value. For a higher resolution of the octree,
the minimum voxel size can be decreased to obtain visually more detailed models, which
also requires to process a higher amount of data. Since each node in a basic octree structure
corresponds to a subvolume, a boolean property is used to model a node’s occupancy state.
In addition to the occupancy state, the RGB color of the voxel is stored for an occupied
node. Figure depicts an example octree that partitions the underlying 3D space. Its
associated tree representation is illustrated in figure 4.15p.

When we add a point to the octree model representation, we first have to determine the
existing octree subvolume it lies in by traversing the octree, starting from the root node.
If this found subvolume is empty, then we mark it as occupied and additionally store the
point’s color in the voxel. However, if the determined voxel it lies in is already occupied,
then we treat this leaf as inner node and subdivide it recursively until either both points
do not lie in the same leaf voxel any more or we arrive at the minimum voxel size. If we
arrive at the minimum voxel size, we mark the voxel as occupied and average the colors
of the two points. In the other case of the points lying in different leaves, we mark the two
leaf voxels as occupied and store the colors.

Octrees have the advantages that the mapped area can be extended dynamically and that
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Figure 4.15: (a) An example octree that partitions the underlying 3D space. (b) Its corre-
sponding tree structure with interior nodes (gray), occupied (black) and unoc-
cupied leaves (white). [45].

a high resolution at limited memory consumption is achievable. In contrast to volumetric
grids, subvolumes don’t have to be initialized before measurements are integrated.

In this thesis, it is assumed that sensor noise can be bounded by cutting off depth val-
ues with a distance too far from the sensor, since in Kinect-like sensors the uncertainty of
measurements increases with distance. However, the octree-based approach stated above
does not cope well with sensor noise and changing scenes, as invalid points can hardly
be removed once they were integrated. Such scenarios require to model occupancy prob-
abilistically and justify the use of probabilistic approaches like the octree-based mapping
framework OctoMap [50]. In order to deal with scattered points introduced by sensor noise,
we store for each octree voxel, in how many frames it was visible in. We consider leaf vox-
els seen in less than 5 frames as noise and hence remove them as a final post-processing
step before generating the model.

After integrating all frames into the octree representation, we can finally generate a col-
ored 3D point cloud, which consists of all occupied octree leaves, as output. This 3D model
represents the final 3D reconstruction of the scene. Figure illustrates the octree con-
structed for the downsampled 3D model of the WR/auger dataset.

Based on this representation, it is also possible to extract a triangular mesh of the scene,
which is however not within the scope of this work.
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Figure 4.16: The reconstructed 3D model of the WR/auger dataset in an octree-based rep-
resentation. The octree voxels are displayed in gray. For illustration purposes,
the model was downsampled beforehand.
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5 Evaluation and Experimental Results

This chapter provides an extensive evaluation of the developed 3D reconstruction system
and the subsequent submap-based bundle adjustment described in the previous chapter.
We present a detailed quantitative evaluation of both reconstruction algorithm and bundle
adjustment approach using the TUM RGB-D benchmark by Sturm et al. [44, 43]. Further,
we suggest a simple metric for finding a reasonable number of submaps for a given dataset.
Afterwards, we present qualitative results of 3D reconstructions of several workpieces,
which we obtained from applying the 3D reconstruction framework to acquired RGB-D
datasets of workpieces.

All experiments were performed on a desktop PC with Intel Core i7-3770 CPU with
3.40GHz, 8GB RAM and an NVIDIA GeForce GTX Titan high-end graphics card.

5.1 Performance evaluation

To prove the suitability of the implemented reconstruction framework for the accurate
reconstruction of workpieces, we first evaluate its performance in detail. By evaluating
it with the mentioned TUM RGB-D benchmark, we obtain exact metric evidence for the
achieved accuracy. Moreover, we show the flexibility of the developed approach, as it can
not only reconstruct workpieces but also deal with arbitrary other RGB-D datasets.

An evaluation of the out-of-core bundle adjustment algorithm allows a comparison of
full bundle adjustment with the submap-based approach w.r.t. accuracy and efficiency.

5.1.1 TUM RGB-D benchmark

The TUM RGB-D benchmark by Sturm et al. [44} 43] presents a complete benchmark tar-
geted for the evaluation of RGB-D based visual SLAM systems. It consists of several RGB-
D image sequences, which are recorded in different indoor environments and cover a vari-
ety of scenes and camera motions. This variety also guarantees a sufficient generalization
of the evaluated SLAM approach.

For each sequence, both color and depth images are provided as well as the ground-
truth camera poses determined by a high-accuracy motion-capture system. The availabil-
ity of ground-truth data allows an objective and accurate comparison of different SLAM
approaches, without the tedious task of acquiring ground-truth by oneself. Moreover, to
ease the comparison of different SLAM approaches w.r.t. accuracy, a set of automatic eval-
uation tools is included.

Because of the advantages mentioned above, the TUM RGB-D benchmark serves as an
optimal base for conducting a detailed quantitative performance evaluation of the 3D re-
construction framework and the submap-based bundle adjustment approach.
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5.1.1.1 Datasets

For the evaluation of our approach, we selected a subset of the sequences provided in the
TUM RGB-D benchmark. All datasets we acquired at a resolution of 640 x 480 at a frame
rate of 30 Hz.

FR1/360: 360 degree turn in a typical office environment.

FR1/desk: Several sweeps over four desks in a typical office environment.

FR1/desk2: Second recording of the scene in FR1/desk.

FR1/plant: Plant filmed from 360 degrees.

FR1/room: Whole office scene with four desks (see FR1/desk); continues with outer walls
of the room until loop closure.

FR1/rpy: Typical desk in an office environment; contains mostly RPY (roll-pitch-yaw)
camera motions with fixed position.

FR1/teddy: Huge teddy bear filmed from different positions and orientations.

FR1/xyz: Typical desk in an office environment; only translatory (XYZ) camera motions
with mostly fixed orientation.

FR2/desk: Typical office scene with two desks, computer monitor, keyboard, etc; trajec-
tory contains a loop closure.

FR3/office: Household and office scene with much texture and structure; trajectory con-
tains a large loop closure.

The characteristics of these sequences are presented in table

Sequence Duration Duration with  Ground-truth Trajectory dim.
ground-truth  trajectory length

FR1/360 28.69s 28.70s 5.8180m 0.540m x 0.460m x 0.470 m
FR1/desk 23.40s 23.35s 9.2630 m 2.420m x 1.340m x 0.660 m
FR1/desk2  24.86s 24.28s 10.1610m 2.440m x 1.470m x 0.520m
FR1/plant 41.53s 41.24s 14.7950 m 1.710m x 1.700 m x 1.070 m
FR1/room 48.90s 48.87s 15.9890m 2.540m x 2.210m x 0.510 m
FR1/rpy 27.67s 2742s 1.6640 m 0.150m x 0.210m x 0.210 m
FR1/teddy  50.82s 50.78s 15.7090 m 2.420m x 2.240m x 1.430m
FR1/xyz 30.09s 30.00s 7.1120m 0.460m x 0.700m x 0.440 m
FR2/desk 99.36s 69.15s 18.8800m 3.900m x 4.130m x 0.570 m
FR3/ office 87.09s 87.10s 21.4550m 5.120m x 4.890m x 0.540 m

Table 5.1: Characteristics of the TUM RGB-D benchmark sequences.

5.1.1.2 Absolute trajectory error

The actual evaluation of a SLAM system in the TUM RGB-D benchmark is performed by
measuring the Absolute Trajectory Error (ATE) between the estimated and the ground-
truth camera trajectory. This evaluation metric allows us to determine the global consis-
tency of the estimated trajectory by first aligning it with the ground-truth trajectory and
then computing the absolute pose differences.

For computing the ATE, we compare a sequence of poses of the estimated camera trajec-
tory Py,. .., P, € SE(3) with the poses of the ground-truth trajectory Q1,...,Q, € SE(3).
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5.1 Performance evaluation

We assume both trajectories to be time-synchronized, equally sampled and with the same
lengths n. The poses of each trajectory are represented by homogenous transformation ma-
trices, which are expressed relative to arbitrary global reference frames so that we have to
align them first. This alignment is computed by finding the rigid body motion S € SE(3)
between the trajectories using the method presented in section 3.3

The ATE for the pose pair at time step 7 is defined as

F;=Q; 'SP (5.1)

Finally, we can define the metric for comparing the estimated trajectory with the ground-
truth. We therefore compute and evaluate the Root Mean Squared Error (RMSE) over all
time indices by using only the translational components t; € R? of the poses F; = (R;, t;):

RMSE(Fi.0) = (2 30 [[t:][2) "/ (5.2)

n

The TUM RGB-D benchmark provides tools to compute the ATE based on given ground-
truth and estimated trajectories, as depicted in figure

— ground truth
—  estimated
— difference

y [Im]
o

x [m]

Figure 5.1: The root-mean square absolute trajectory error for the FR3/office sequence is
the difference between the ground-truth and the estimated camera trajectory.

5.1.2 RGB-D-based 3D reconstruction system

In this section, we evaluate the accuracy and runtime of our developed SLAM framework
using the selected sequences of the TUM RGB-D benchmark. Therefore, we consider the
computed results of the 3D reconstruction system before the global bundle adjustment
step.
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5 Evaluation and Experimental Results

First, we evaluate the accuracy and processing time of the different feature detectors
SIFT, SiftGPU, SURF and ORB. We used the implementations provided by OpenCV [10]
and the SiftGPU implementation of [49]. We adjusted the parameters of all detectors to get
roughly the same amount of detected features per frame. Furthermore, we used only the
1024 best detected feature points in each frame. Table[5.2]shows the results of the different
feature detectors.

Sequence Frames RMSE ATE [m] Runtime (detection & extraction) [s]
ORB SIFT SiftGPU SURF ORB SIFT SiftGPU  SURF
FR1/360 744 0.242 0.245 0.108 0.186 | 0.0072 0.1076 0.0375 0.1437

FR1/desk 573 0.049  0.056 0.047 0.059 | 0.0096 0.1080  0.0336  0.1705
FR1/desk2 620 0.124 0.084 0.098 0.123 | 0.0090 0.1063  0.0373  0.1638
FR1/plant 1126 0.090 0.062 0.048 0.062 | 0.0091 0.0877  0.0354  0.1686
FR1/room 1352 0.248 0.302 0.275 0.219 | 0.0091 0.0943 0.0370  0.1759

FR1/rpy 694 0.051 0.049 0.046 0.055 | 0.0089 0.1016  0.0346  0.1397
FR1/teddy 1401 0.344 0.150 0.277 0.143 | 0.0091 0.0907  0.0406  0.1729
FR1/xyz 792 0.039 0.017 0.015 0.030 | 0.0098 0.1082  0.0333  0.1746

FR2/desk 2893 0.181 0.235 0.201 0.266 | 0.0097 0.0906  0.0376  0.1876
FR3/office 2488 0.215 0.248 0.176 0.476 | 0.0093 0.1174 0.0340  0.1785
Average 0.158 0.145 0.129 0.162 | 0.0091 0.1012  0.0361 0.1676

Table 5.2: Analysis of RMSE ATE and feature detection/extraction runtime of the different
feature detectors.

While ORB is the fastest feature detector, it is accompanied by tracking failures and an
increased drift. SiftGPU is slower than ORB, but still significantly faster than the other
methods. By providing the best combination of speed and accuracy, SiftGPU clearly out-
performs the other introduced feature detectors.

The feature matching methods explained in section do not differ in their accuracy
but only in their matching efficiency. Hence we do not provide an extensive evaluation
between FLANN matching and the brute-force approach. However, we observed simi-
lar processing times (per frame pair) for the OpenCV implementations of both matching
approaches based on features detected by SiftGPU. For this reason, we decided to use
brute-force matching in the following.

Feature matching is required in order to estimate the relative poses between pairs of
frames and thus determine the absolute camera pose of each added frame. To achieve more
stable results for the initial camera poses and reduce global drift, each frame is matched
against the three previous frames. We additionally match the current frame against a sub-
set of 17 uniformly distributed frames to detect loop closures. To speed up the overall
time of matching against predecessors, we performed frame matching and relative pose
estimation in a parallelized manner. Hereby, each frame pair to be matched is processed
in a separate thread.

To evaluate the overall runtime and processing frame rate of our developed system, the
average runtimes of the individual processing steps per frame are listed in table
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5.1 Performance evaluation

Sequence Pre- Feature Feature Pose Time per
processing  detection matching estimation frame
FR1/360 0.0179 0.0375 0.2769 0.1934 0.5258
FR1/desk 0.0329 0.0336 0.3488 0.1867 0.6020
FR1/desk2 0.0294 0.0373 0.306 0.1745 0.5473
FR1/plant 0.0334 0.0354 0.3233 0.1994 0.5914
FR1/room 0.0271 0.0370 0.3158 0.1873 0.5673
FR1/rpy 0.0181 0.0346 0.2736 0.1363 0.4627
FR1/teddy 0.0184 0.0406 0.3809 0.2191 0.6591
FR1/xyz 0.0184 0.0333 0.3586 0.2204 0.6307
FR2/desk 0.0230 0.0376 0.3695 0.2123 0.6424
FR3/office 0.0184 0.0340 0.2531 0.1898 0.4952
Average 0.0237 0.0361 0.3206 0.1919 0.5724

Table 5.3: Average runtimes per frame of the individual processing steps [s].

On average, our system required a processing time of 0.5724 s per frame, corresponding
to a frame rate of roughly 2 Hz. Such frame rates are however not sufficient for real-time
processing, but typical for approaches that rely on feature based frame alignment.

Summarized, we have developed a stable 3D reconstruction framework and we achieved
good performance on most of the TUM RGB-D benchmark sequences even without global
optimization.

5.1.3 Out-of-core bundle adjustment

Based on the evaluation of the 3D reconstruction framework in the previous section, we
used SiftGPU and brute-force matching to build an initial sparse map for each dataset. For
practical reasons, we stored these unoptimized results in files, so that we can use them to
evaluate the different bundle adjustment methods with the same input data.

We utilized Ceres Solver to perform the actual NLS optimization and solve the bundle
adjustment problem. An integration of the CXSparse library into Ceres Solver allows to ex-
ploit the sparseness pattern in bundle adjustment to achieve a major speed-up. CXSparse
is an extension of CSparse [13] and provides an efficient sparse Cholesky decomposition.

In the following, we evaluate the proposed submap-based bundle adjustment algorithm
by comparing it with full bundle adjustment based on the 3D alignment error. In particu-
lar, we measure and compare both its runtime and ATE relative to full bundle adjustment.

Both evaluations are performed for a varying number of submaps for each dataset. To
compare the results of the different datasets, we express the number of submaps in a rela-
tive manner, concretely as the number of submaps per 100 frames computed as (absolute
number of submaps L) / (absolute number of frames M). This allows us to determine the
relative increase or decrease of runtime and metric accuracy depending on the number of
submaps. Afterwards, we can suggest a metric for finding a good number of submaps,
into which a dataset should be partitioned when our method is used.

5.1.3.1 Runtime

To evaluate the efficiency of our proposed method, we performed submap-based bundle
adjustment with a varying number of submaps L for each dataset. The different submap
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5 Evaluation and Experimental Results

optimization runtimes t 4,4y qp are compared with the runtime of full 3D bundle adjustment
t a1 to get a percentage of runtime increase (positive sign) or decrease (negative sign). This
relative runtime improvement (in %) is computed as (tsutmap/tfur) — 1. The results are

plotted in figure
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Figure 5.2: Runtime improvement (%) of submap-based bundle adjustment relative to
full 3D bundle adjustment in dependency of the number of submaps per 100
frames. A reference line for full bundle adjustment (black) and the average of
all datasets using our submap-based method (blue) are also shown.

We can derive from this plot, that the maximum speed-up in processing time is usually
achieved at 0.5 submaps per 100 frames, i.e L ~ 0.005)//. An improvement of roughly 40%
can still be accomplished with 8 submaps per 100 frames (i.e. L ~ 0.08M) for almost all
datasets. Moreover, we can see that the efficiency of bundle adjustment can be improved
most for the long sequences FR3/office and FR2/desk, with an improvement up of more
than 90% of the runtime of full bundle adjustment. For the sequences of small or medium
size (with exception of FR1/360), an improvement between roughly 40% and 80% is possi-
ble depending on the dataset. For the FR1/360 sequence, full bundle adjustment converges
already fast, probably due to initial estimates close to the optimal solution.

58



5.1 Performance evaluation

For a good efficiency of bundle adjustment, the number of submaps should be roughly
in the range between 0.5 and 12 submaps per 100 frames Hence, the absolute number
of submaps relative to the absolute number of frames M of a dataset should be within
0.006M < L < 0.12M. However, for larger sequences a larger value for the upper bound
seems to be valid as well.

5.1.3.2 Accuracy

Similar to the runtime evaluation, we also evaluate the accuracy of our method for a vary-
ing number of submaps for each dataset.

The accuracies ATE ,pmqp Of the submap optimization runs were compared with the
accuracy of full 3D bundle adjustment ATE;,;;. The relative improvement is computed
using the formula (AT Esypmap/AT E i) — 1. This results in a percentage increase (positive
sign) or decrease (negative sign) of the ATE, which is presented in the plot of figure

We can deduce from this plot, that we approach the accuracy of full bundle adjustment
with an increasing number of submaps. The reason for this is, that the number of base
nodes involved in the global alignment increases and thus the global drift can be reduced.

Further, we find a somehow oszillating behaviour of the ATE for a small numbers of
submaps. With only few submaps, a good global alignment may not be achievable, be-
cause complex camera trajectories cannot be compensated by moving only few base nodes.
The oszillations come from different submap partitionings for a different numbers of sub-
maps, such that favorable cuts between submaps lead to better global submap alignments.
However, favorable submap partitionings strongly depend on the characteristics of each
specific SLAM graph and could be reduced by finding better graph cuts, which are how-
ever not within the scope of this thesis.

It has to be mentioned, that our submap-based approach achieves better results for some
datasets than full bundle adjustment. While full bundle adjustment often converges not
in a global, but in a local optimum due to bad initial estimates for the camera poses and
landmarks, our approach can overcome these bad initializations due to the robust global
alignment based on the preceding internal submap optimizations.

Since we want to achieve a good global alignment, we have to avoid the consequences
of unfavorable submap partitioning. We assure this with a number of submaps that leads
to a better global alignment and a reduced global drift. Hence, we propose a number of
at least 8 submaps per 100 frames to obtain stable results, i.e. L > 0.08M for the absolute
number of submaps.

5.1.3.3 Absolute results and comparison

After we have evaluated runtime and accuracy of the developed submap-based bundle
adjustment method in dependency of the number of submaps, we can suggest a simple
metric for finding a reasonable number of submaps for optimizing a dataset. Afterwards,
we give a summarized comparison of the different bundle adjustment approaches and
compare our results with the RGB-D SLAM system.

First, to find a reasonable number of submaps, we have to combine the suggestions for
the optimal number of submaps L made in the previous sections|5.1.3.1jand 5.1.3.2 While

59



5 Evaluation and Experimental Results

3 5 T T T

= Submap BA avg.
301! — Full BA

—— FR1/360

- - - FR1/desk

25 FR1/desk2 :
FR1/plant
. FR1/room
20 i —— FR1/rpy |
‘ FR1/teddy

15+ r(/\/‘ --- FR1/xyz |

—— FR2/desk
\ \ ——— FR3/office
i

Relative ATE improvement (%)

_20 | | | | | | | | | | | | | |
0 2 4 6 § 10 12 14 16 18 20 22 24 26 28 30

Submaps per 100 frames

Figure 5.3: ATE improvement (%) of submap-based bundle adjustment relative to full 3D
bundle adjustment in dependency of the number of submaps per 100 frames. A
reference line for full bundle adjustment (black) and the average of all datasets
using our submap-based method (blue) are also shown.

bundle adjustment is very efficient for a small number of submaps (e.g. L ~ 0.005M),
we cannot make certain assumptions about the corresponding ATE due to its oszillating
behaviour. For a larger number of submaps (e.g. L > 0.20M), we obtain stable results for
the ATE comparable to full bundle adjustment, which however come along with a lack of
efficiency for smaller datasets. To get a good tradeoff between efficiency and accuracy, we
found a number of 10 submaps per 100 frames, i.e. L ~ 0.10M, to be reasonable for most
of the datasets. For example, a dataset consisting of 500 frames should be partitioned into
L ~ 0.10 - 500 = 50 submaps.

To finally obtain absolute results for our method, we use the reconstructed maps com-
puted by our developed 3D reconstruction system and optimize them with the different
bundle adjustment methods. We performed full bundle adjustment using the 2D reprojec-
tion error as well as using the 3D alignment error. Moreover, we computed the number of
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5.2 Results of 3D workpiece reconstruction

submaps for each dataset according to the suggestion formulated above (L ~ 0.10M/) and
performed the proposed submap-based bundle adjustment. Table 5.4{shows the absolute
results of the different approaches for the TUM RGB-D benchmark sequences. To demon-
strate, that the performance of our submap-based approach is comparable to the state of
the art, we also compare it with the results of RGB-D SLAM.

Sequence No BA | Full2D Full 3D Submap-based RGB-D SLAM
ATE ATE ATE time submaps ATE +(%) time +(%) ATE
FR1/360 0.108 0.099 | 0.077  12.66 74 0079 +3.6 2262 +786 0.079
FR1/desk 0.047 0.021 0.022 28.97 57 0.022 -1.5 21.96 -24.2 0.023
FR1/desk2 0.098 0.044 0.030 27.23 62 0.031 +3.4 21.36 -21.5 0.043
FR1/plant 0.048 0.023 0.042 66.27 112 0.043 +1.7 49.36 -25.5 0.091
FR1/room 0.275 0.228 0.085  125.46 135 0.086 +1.7 77.30 -38.4 0.084
FR1/rpy 0.046 0.058 | 0.027  67.56 69 0.027  -1.6 2369  -64.9 0.026
FR1/teddy 0.277 0.060 0.056 67.88 140 0.057 +1.3 68.06 +0.3 0.076
FR1/xyz 0.015 0.013 | 0.013  96.87 79 0013  -7.9 39.72  -59.0 0.014
FR2/desk 0.201 0.080 0.079  2355.26 289 0.076 -3.3 37220  -84.2 -
FR3/office 0.176 0.039 | 0.036 1290.24 248 0035 -3.0 242.88 -81.2 -
average 0.129 0.066 | 0.047 0.047  -05 -32.0 0.054

Table 5.4: RMSE ATE [m] and runtimes [s] for the TUM RGB-D benchmark sequences. The
absolute results of submap-based bundle adjustment are presented, compared
relative to full 3D bundle adjustment and compared with RGB-D SLAM.

The results in the table show, that our submap-based bundle adjustment method (with
L ~ 0.10M) achieves an average ATE of 0.047 m over all sequences. While this accuracy
is similar to the results of full 3D bundle adjustment, its average runtime is even 32.0%
faster. It is also noticeable that our proposed approach works especially well for the larger
sequences FR3/office and FR2/desk, for which an average speed-up of 82.7% is achieved.
However, the outlier FR1/360 shows that for bundle adjustment problems, which are ini-
tialized with estimates close to the optimum, full bundle adjustment can converge fast. In
these cases, submap-based approaches do not lead to improvements in efficiency, but have
contrary effects.

Compared to the RGB-D SLAM system, we achieve a higher accuracy on average. This
is due to the fact that RGB-D SLAM performs a simplified pose-graph optimization, which
on the other hand makes it more efficient than our framework.

5.2 Results of 3D workpiece reconstruction

In the previous section, we have performed an extensive evaluation of the 3D reconstruc-
tion system and the submap-based bundle adjustment approach using ground-truth data
provided by the TUM RGB-D benchmark.

Since we have demonstrated the validity of our framework, we can use it without fur-
ther restrictions to create 3D reconstructions of workpieces. In the following, we illustrate
the achieved results for three different workpieces:

WR/auger: a soil auger used to dig holes into the soil.
WR/lawn: a lawn tractor used to mow larger lawns.
WR/tractor: a small farm tractor used for mostly agricultural purposes.
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5 Evaluation and Experimental Results

All sequences were acquired with a hand-held ASUS Xtion Pro Live RGB-D sensor at a
resolution of 640 x 480, as described in section [4.2.1] The capture rate was only 15Hz due
to the hardware limitations of the laptop used to acquire the datasets.

In the following sections, we introduce the acquired datasets for the workpieces and
depict subsets of their input frames. We also show some views of the reconstructed 3D
models as qualitative visual results. To perform measurements on these digital models in
practice, special 3D viewer software like MeshLab [2] can be used.

All in all, the resulting reconstructions are highly detailed and metrically accurate, so
that they can be used in practice for measuring tasks or for visual inspection without phys-
ical access to the workpiece.

5.2.1 Soil auger

The WR/auger dataset contains 2349 frames of a soil auger that can be mounted onto
a farm tractor (e.g. the one from the WR/tractor dataset). The auger’s dimensions are
0.85m x 1.16 m x 2.80 m (width x height x length). It consists of three major parts, as it can
be seen in the images in figure the red frame, the actual auger of twisted shape and a
yellow power take-off (PTO) shaft, which can be attached to a tractor.

The map produced by the 3D reconstruction system contains 2349 camera poses, 156974
3D landmarks and 1086734 observations. We optimized the map with our submap-based
bundle adjustment method with 230 submaps in 195s. The difference between the esti-
mated camera trajectory before and after bundle adjustment is depicted in figure We
acquired frames in three loops around the object, resulting in a final optimized trajectory
of length 52.88 m.

The obtained reconstruction is illustrated in figures and We can see that the
achieved high visual quality is sufficient to inspect the surface and detect dents and de-
formations, which can occur when the auger collides with unexpected hard objects in the
soil. The high quality is supported by the fact that no drift is visible in the final recon-
structed model. This makes the reconstruction also suitable for reverse-engineering, where
the measured dimensions can be used to construct an auger of similar dimensions and
shape. We used MeshLab [2] to successfully validate the dimensions of the reconstructed
3D model (see figure[5.8).
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5.2 Results of 3D workpiece reconstruction

Figure 5.4: Subset of acquired RGB images from the WR/auger dataset.

0.5 .
— trajectory
— optimized trajectory
difference
0.0}

—1.0F

Figure 5.5: Estimated camera trajectory of the WR/auger dataset before and after submap-
based bundle adjustment.
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Figure 5.6: Different views of the reconstructed 3D model of the WR/auger dataset.
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5.2 Results of 3D workpiece reconstruction

Figure 5.7: More views of the reconstructed 3D model of the WR/auger dataset.
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Figure 5.8: The width of the reconstructed 3D model of the WR/auger dataset measured
using Meshlab [2].

5.2.2 Lawn tractor

The workpiece of interest in the WR/lawn dataset is a riding mower of size 0.94m x 1.25m
x 2.23m. Figure[5.9|depicts a subset of the acquired RGB images.

2167 frames of the lawn tractor were acquired in two loops around the object. While we
concentrated on the lower parts in the first loop, we used the second loop to acquire frames
of the upper parts with an additional close-up on the seat and the instrument panel. The
optimized camera tractory with a length of 46.56m is visualized in figure together
with the unoptimized trajectory. We performed submap-based bundle adjustment with
216 submaps in 184's on the obtained SLAM graph, which consists of 2167 camera poses,
179616 landmarks and 1124111 observations.

The finally obtained 3D model provides an overall good visual quality and is illustrated
in figures and However, while the global drift at a larger scale is quite limited,
smaller parts like the instrument panel and the steering wheel show a poor alignment of
frames.

We can imagine a potential application scenario, where the 3D model is sent to a sup-
plier to construct customized tools. By utilizing the exact measurements of the individual
mower, it possible to design tools that perfectly fit the mower’s characteristics. Moreover,
it is of course also possible to perform a thorough visual inspection using the reconstruc-
tion.
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5.2 Results of 3D workpiece reconstruction

Figure 5.9: Subset of acquired RGB images from the WR/lawn dataset.
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Figure 5.10: Estimated camera trajectory of the WR/lawn dataset before and after
submap-based bundle adjustment.

67



5 Evaluation and Experimental Results

Figure 5.11: Different views of the reconstructed 3D model of the WR/lawn dataset.
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5.2 Results of 3D workpiece reconstruction

Figure 5.12: More views of the reconstructed 3D model of the WR/lawn dataset.

5.2.3 Tractor

In the WR/tractor dataset, 2087 frames of an older model of a Renault farm tractor were
acquired. The object of dimensions 0.99m x 1.30 m x 3.19 m represents the visually most
complex workpiece and exhibits more small details than the WR/auger and WR/lawn
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datasets, as it can be seen in figure[5.13]

The 3D reconstruction system constructed a map of 2087 camera poses, 137657 land-
marks and 1063204 observations, which was bundle adjusted in 178 s using a partitioning
into 208 submaps. Figure depicts the estimated camera trajectory before bundle ad-
justment and the optimized trajectory of length 40.62 m.

As the camera trajectory consists basically of two simple loops around the tractor, there
isno RGB-D data for some parts of the tractor. This results in a model with a sparse surface
at the wheel guards right next to the seat (on both sides) and at the front part of the engine
hood. Different views of the reconstructed 3D model are shown in figures and
In figure the model is visualized together with the corresponding estimated camera
trajectory.

Similar to the previous datasets, we can use the reconstruction for visual inspection as
well as for constructing customized tools for the tractor.
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Figure 5.13: Subset of acquired RGB images from the WR/tractor dataset.
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Figure 5.14: Estimated camera trajectory of the WR/tractor dataset before and after
submap-based bundle adjustment.

Figure 5.15: Different views of the reconstructed 3D model of the WR/tractor dataset.
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Figure 5.17: Reconstructed 3D model of the WR/tractor dataset together with the corre-
sponding estimated camera trajectory.
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In this thesis, we developed an RGB-D-based 3D reconstruction framework with a special
emphasis on out-of-core bundle adjustment. Our approach is suitable for 3D workpiece
reconstruction as well as for the reconstruction of arbitrary scenes.

To achieve this, we first acquire RGB-D data of the scene using a hand-held Asus Xtion
Pro Live RGB-D sensor. We preprocess the acquired depth map with a bilateral filter and
cut off large depth values to account for increasing sensor noise with distance.

The camera pose for each frame is determined using feature-based 3D alignment. We
detect and extract distinctive 2D feature points from RGB images, which allow to match
images pairwise. By combining 2D feature points with depth information, we obtain 3D
point correspondences of image pairs. Robust 3D alignment based on RANSAC removes
outliers in these correspondences and computes the relative 3D alignment between the
two frames.

A mapping component maintains a map of the environment consisting of camera poses,
3D landmarks and observations. Initial estimates for the absolute camera poses are deter-
mined by frame-to-frame tracking. Additionally, loop closures in the camera trajectory are
detected by performing 3D alignment with 20 uniformly sampled previous frames.

In order to reduce the effects of accumulated drift and inaccuracies in the map over
time, bundle adjustment is integrated. Instead of minimizing the 2D reprojection errors,
we minimize the 3D alignment error, which is defined as the difference between measured
and predicted 3D position of a 3D landmark in local camera coordinates. These additional
depth constraints improve robustness, convergence behaviour and accuracy.

Because full bundle adjustment optimizes the entire map at once and consequently be-
comes inefficient for an increasing amount of data, we developed a new out-of-core bun-
dle adjustment approach. We efficiently solve large bundle adjustment problems by the
novel combination of a submap-based approach with the minimization of 3D alignment
errors. Our submap-based approach consists of four stages. First, we partition the bundle
adjustment problem into several submaps. Afterwards, we optimize the submaps inde-
pendently to guarantee local accuracy. Next, we perform an efficient global alignment of
the submaps. Based on the results of the global alignment, the submaps are optimized
internally with fixed separators in the final stage.

Using the camera poses optimized in bundle adjustment, we finally integrate the RGB-D
frames into an octree-based 3D representation to generate a dense 3D model.

We quantitatively evaluated our 3D reconstruction framework, which operates at a frame
rate of 2Hz, using the TUM RGB-D benchmark. Compared to full bundle adjustment, our
submap-based bundle adjustment method improves the runtime by 32% on average and
by even more than 80% for large datasets. With an average absolute trajectory error (ATE)
of 0.047 m over all evaluated sequences, our method approaches the accuracy of full bun-
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dle adjustment and outperforms the RGB-D SLAM system with an ATE of 0.054m. We
found empirically, that partitioning a given dataset into roughly 10 submaps per 100 con-
tained frames is reasonable when using our approach.

Finally, we showed qualitative results of a soil auger, a lawn tractor and a small farm

tractor as workpieces. With a compelling visual quality and metric accuracy, the recon-
structed 3D models are suitable for visual inspection, for measuring tasks and even for
reverse-engineering.

To enhance the developed framework, there are different possible directions of future re-
search:

e With a frame rate of 2 Hz, there is room for efficiency improvements of the incorpo-

rated 3D reconstruction system.

Except of SiftGPU for feature detection, we do not make use of GPGPU program-
ming techniques. Using such approaches, a major speed-up of feature matching and
3D alignment estimation is possible.

While we use RANSAC to robustly estimate the 3D alignment between 3D point cor-
respondences, it can be replaced by the faster approach of PROSAC [11].

Further, it is possible to incorporate special approaches for appearance-based place
recognition like FABMAP [12]) into our framework in order to facilitate a more effi-
cient detection of loop closures.

By utilizing an octree-based model representation, we can easily generate a metri-
cally accurate 3D point cloud of the model with an acceptable visual quality.
However, mesh-based representations, possibly with textures from RGB images, are
more suitable to obtain a visually more pleasing model and to conduct a visual in-
spection.

To efficiently cope with sensor noise, a probabilistic volumetric representation like
Octomap [50] is of special interest.

The proposed submap-based bundle adjustment method is designed for offline op-
timization after all RGB-D input frames have been processed and aligned. To head
towards online bundle adjustment, which is performed during the 3D reconstruction
as a background process, it is possible to recursively partition the bundle adjustment
problem into a fully hierarchical tree of submaps. Therefore, recent work of Ni and
Dellaert [35] 36] is of special interest.
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A Appendix

A.1 List of abbreviations

ATE
ICP
LM

LS
LLS
NLS
SLAM

Absolute Trajectory Error
Iterative Closest Point
Levenberg-Marquardt
Least Squares

Linear Least Squares
Non-linear Least Squares

Simultaneous Localization And Mapping

RANSAC RANdom SAmple Consensus

ORB

Oriented FAST and Rotated BRIEF

PROSAC PROgressive SAmple Consensus

RMSE
SftM
SIFT
SURF
SVD
TSDF

Root Mean Squared Error
Structure from Motion

Scale Invariant Feature Transform
Speeded-Up Robust Features
Singular Value Decomposition

Truncated Signed Distance Function
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