X/

Tobias Bergen (Autor)
Real-time Endoscopic Image Stitching for Cystoscopy

Tobias Bergen

Real-time Endoscopic Image
Stitching for Cystoscopy

(v Cuvillier Verlag Gottingen

Internationaler wissenschaftlicher Fachverlag

https://cuvillier.de/de/shop/publications/7643

Copyright:

Cuvillier Verlag, Inhaberin Annette Jentzsch-Cuvillier, Nonnenstieg 8, 37075 Goéttingen,
Germany

Telefon: +49 (0)551 54724-0, E-Mail: info@cuvillier.de, Website: https://cuvillier.de



Contents

1 Introduction 1
1.1 Improving Orientation and Documentation of Cystoscopies through
Real-time Image Stitching . . . . . . . . .. ... .. ... .. ..., 1
1.2 Endoscopy . . . . . . 4
1.3 Cystoscopy . . . . . . . 5
1.4 Challenges and Requirements . . . . . . . .. ... ... ... .... 8
1.5 Main Contributions . . . . . . . . . . ... 10
2 State of the Art in Endoscopic Image Stitching 13
2.1 General Image Stitching . . . .. . . ... ... ... ... .. 13
2.1.1 Image Stitching Pipeline . . . . . . . ... ... ... ... .. 13
2.1.2  Simultaneous Localization and Mapping (SLAM) . . ... .. 16
2.1.3 Parallel Tracking and Mapping (PTAM) . .. ... ... ... 16
2.2 Stitching for Cystoscopy . . . . . . . . . ..o 17
2.2.1 Planar Mosaicking Approaches. . . . . . . . .. ... ... .. 17
2.2.2  Real-time Approaches . . . . . .. ... ... ... ... 18
2.2.3 3D Reconstruction and Visualization . . . . ... ... .. .. 18
2.3 Stitching for Other Endoscopic Applications . . . . . . . .. ... .. 19
2.3.1 Retinal Surgery . . . . . . . ... 21
2.3.2 Tubular Organs . . . . . . . ... ... ... 21
2.3.3 Minimally Invasive Surgery . . . . . .. .. ... .. ... .. 22
2.3.4 Colonoscopy . . . . . .. 23
2.3.5 Endomicroscopy . . . . . ... 24
2.4 DIScussion . . . . . ... 25
2.4.1 Technology Readiness Level . . . . . . .. ... ... ..... 25
2.4.2 Remaining Challenges . . . . . ... ... ... ... ..... 26
2.5 Conclusion . . . . . . ... 28
3 Outline of the Endoscopic Stitching Algorithm 29
3.1 Parallel Tracking and Stitching (PTAS) . . . . .. ... ... ... .. 29
3.2 Camera Calibration . . . . . . . . ... ... 30
3.2.1 Camera Model . . . . . . ... ... ... ... .. 31
3.2.2 Endoscopic Camera Calibration . . . . .. ... ... .. ... 32
3.2.3 Region-based Chessboard Detection . . . . . . . . .. ... .. 34
3.3 Image Masking . . . . . . . . . ... 35
vii

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fir den persénlichen Gebrauch.



viil

CONTENTS
3.4 Shading Correction . . . . . . . . . ... 36
3.5 Motion and Scene Model . . . . . . . .. ... L 37
3.6 Feature-based Image Registration . . . . . . .. ... ... ... ... 37
3.7 Optimization . . . . . . . . .. 38
3.8 Visualization . . . . . .. ... 38
Extending Integral Images for Fast Polynomial Filtering 39
4.1 The Principles of Integral Images . . . . . . . . ... ... ... ... 39
4.1.1 Integral Images for Rapid Object Detection by Viola and Jones 40
4.1.2 Extensions of Integral Images . . . . ... .. ... ... ... 40
4.2 Polynomial Filter Kernels . . . . . ... ... ... ... .. ..... 41
4.2.1 The Purpose of Polynomial Filter Kernels . . . . . .. .. .. 41
4.2.2 Integral Images for Polynomial Filtering . . . . .. .. .. .. 42
4.2.3 Designing a Paraboloid Filter . . . . . .. ... .. ... ... 45
4.2.4 Image Smoothing . . . . . . . . ... ... A7
4.2.5 Processing Speed . . . . .. ..o o1
4.3 Conclusion . . . . . . . . 51
Shading Correction for Endoscopic Images 53
5.1 Stateof the Art . . . . . . . . . ... 54
5.1.1 Gray Level Shading Correction . . . . . . .. ... ... ... 54
5.1.2  Color Shading Correction . . . . . .. ... ... ... .... 55
5.1.3 Intensity-based Shading Correction of Endoscopic Images . . . 56
5.2 Color Shading Correction with Principal Color Components . . . . . 57
5.2.1 Principal Color Components (PCC) . . . . ... .. ... ... o7
5.2.2 PCC Shading Correction . . . . . . . ... .. ... ... ... 60
5.3 Results. . . . . . 61
5.3.1 Correction of Simulated Shading . . . . . . .. ... ... ... 61
5.3.2 Correction of Endoscopic Shading . . . . . . . ... ... ... 63
54 Conclusion . . . . . . .. 65
Motion and Scene Model 69
6.1 Planar Stitching . . . . . . . . . ... 70
6.1.1 Perspective Motion Model . . . . . . . ... ... ... .. .. 71
6.1.2 Simplified Motion Models . . . . . . ... ... .. ... ... 72
6.1.3 Direct Linear Transform (DLT) . . ... ... ... ... ... 73
6.2 Spherical Stitching . . . . . .. ..o 74
6.2.1 State of the Art in Modeling Spherical Motion . . . . . . . .. 75
6.2.2 Stereographic Projection . . . . . . . ... 77
6.2.3 Stereographic Re-projection of a Spherical Mosaic . . . . . . . 7
6.2.4 Mobius Transformation . . . . . . . . ... .. ... ... ... 80
6.2.5 Modeling Image Motion in the Complex Plane by a Mobius
Transformation . . . . . . ... ... ... L. 81
6.2.6 DLT for Mobius Transformations . . . . . . . .. ... .. .. 83
6.2.7 Combining Mébius and Perspective Transformation . . . . . . 83
6.2.8 Evaluation . . . . . .. ... 85

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persénlichen Gebrauch.



CONTENTS ix

6.3 Mosaic Initialization . . . . . . . ... .00 88
6.4 Conclusion . . . . . . . .. 91
7 Pair-wise Registration of Endoscopic Images 93
7.1 State of the Art in Feature Tracking . . . . . . ... ... ... ... 94
7.1.1 Scale Invariant Feature Transform (SIFT) . . ... ... ... 95
7.1.2  Speeded-up Robust Features (SURF) . . ... ... ... ... 96
7.1.3 Center Surrounded Extrema (CenSurE). . . . . ... ... .. 96
7.1.4 Features from Accelerated Segment Test (FAST) . . . . . . .. 98
7.1.5 Oriented FAST and Rotated BRIEF (ORB) . . ... ... .. 98
7.1.6  Binary Robust Invariant Scalable Keypoints (BRISK) . . . . . 99
7.1.7 Fast Retina Keypoints (FREAK) . . . . ... ... ... ... 99
7.1.8 Feature Matching . . . . . . . ... ... L. 100
7.1.9 Robust Estimation with Guided Sampling . . . . .. ... .. 100
7.1.10 Frame-to-frame and Frame-to-scene Registration . . . . . . . . 101

7.2 Comparison of State of the Art Tracking Approaches for Endoscopic
Images . . . . . . . . 102
7.2.1 Experimental Setup . . . . . .. ..o 103
722 Results. . . . .. . 105
7.3 DOP: Feature Tracking Using Differences of Paraboloids . . . . . .. 107
7.3.1 Requirements of Feature Tracking for Endoscopic Images . . . 108
7.3.2  Algorithmic Design . . . . . . .. ... .. ... .. ... ... 109
7.3.3 DOP Detector . . . . . . .. ... 110
7.3.4 DOP Descriptor . . . . . . . ... 118
7.3.5  DOP Feature Matching . . . . . . ... .. ... ... ... .. 124
7.3.6 Evaluation . . . . . .. ..o 124
7.4 Conclusion . . . . . . . .. 133
8 Parallel Tracking and Stitching (PTAS) 135
8.1 Image Acquisition and Preprocessing Thread . . . . . . . .. .. ... 137
8.2 Tracking Thread . . . . . . . . . .. .. ... ... ... 137
8.3 Stitching Thread . . . . . . . . . .. . ... 139
8.3.1 Frame Selection . . . . . . ... ... 140
8.3.2 Loop Detection . . . . . . .. ... ... ... 140
8.4 Optimization Thread . . . . . . . . . ... ... ... .. ... ..., 142
8.4.1 Bundle Adjustment . . . . . .. .. 142
8.4.2 Incremental Optimization . . . . . .. ... ... ... .... 143
8.5 Visualization Thread . . . . . . . .. .. ... ... ... ... ... 144
8.5.1 The Projection Surface . . . . . . .. .. ... ... ... 144
852 Blending . . . . . . ... 145
8.5.3 View Selection . . . .. .. ... ... 146
8.6 Graphical User Interface . . . . . . ... ... ... ... ... .... 146

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persénlichen Gebrauch.



CONTENTS

9 Evaluation 149
9.1 Image Material . . . . . . . . . ... 149
9.2 Assessment of Stitching Results . . . . . .. .. ... ... ... ... 150

9.2.1 Geometric Consistency Measure . . . . . . ... .. ... ... 152
9.2.2 Geometric Distortion . . . . . . . ... ... ..., 153
9.2.3 Image Quality Measure . . . . . . . . ... ... ... ... .. 154
9.24 Compression . . . . . . . ... 154
9.2.5 Computational Speed . . . . . . . .. ... 155
9.2.6 Expert Opinion . . . . . . . .. . .. ... ... 155
9.3 Results. . . . . . . 155
9.3.1 Frame Selection . . . . . . .. ... ... 159
9.3.2 Tracking and loop closing . . . . . ... ... ... .. .... 161
9.3.3 Motion Model . . . . . . .. ... 164
9.3.4 Optimization . . . . . ... ... ... 166
9.3.5 Computational Speed . . . . . . . .. ... L. 168
9.4 Expert Survey . . . .. ... 174
9.4.1 Survey Results . . . ... ... ... ... . 174
9.5 Conclusion . . . . . . . ... 176

10 Conclusion 181
10.1 Requirements . . . . . . . . . . 181
10.2 Contribution to the State of the Art . . . . . . . ... .. ... ... 182
10.3 Contribution to the Field of Application . . . . .. .. .. ... ... 183
10.4 Outlook . . . . . . . . 184

A Expert Survey Panorama Images 187

Bibliography 213

List of Publications 217

Internet References 219

List of Tables 221

List of Figures 225

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fir den persénlichen Gebrauch.



