Efficient Visualization and Reconstr uction
of 3D Geometric Modelsfrom
Neuro-Biological Confocal Microscope Scans

vorgelegt von
Malte Westerhoff
(geb. Malte Zdckler)
im Januar 2003

Am Fachbereich Mathematik und Informatik
der Freien Universitét Berlin
zur Erlangung des akademischen Grades
eines Doktors des Naturwissenschaften
eingereichte Dissertation



Betreuer:

Prof. Dr. Dr. h. c. Peter Deuflhard

Konrad-Zuse-Zentrum fur Informationstechnik Berlin (ZIB)
Takustr. 7

14195 Berlin

und Freie Universitat Berlin

Gutachter:
Prof. Dr. Dr. h. c. Peter Deuflhard
Prof. Dr. Ross T. Whitaker (University of Utah)

Datum der Disputation:
28. Januar 2004



Acknowledgements

The work described in this thesis has been carried out from 1997 to 2002 at the department of
Scientific Visualization of the Zuse Institute Berlin (ZIB).

First of all, I would like to thank my tutors Prof. Dr. Peter Deuflhard and Hans-Christian Hege for
the opportunity to work in this exciting interdisciplinary field. Without their constant support this
work would not have been possible. The creative and collaborative atmosphere at ZIB has been
key for me to ongoing motivation and scientific as well as personal inspiration.

I would like to thank all ZIB members and ex-members for numerous fruitful discussions, sug-
gestions, and practical help offered every day. Special thanks deserves Detlev Stalling for helping
me to develop and implement many ideas presented in this work and Steffen Prohaska who imple-
mented most of the skeletonization algorithms.

Finally, I thank Prof. Dr. Martin Heisenberg and Prof. Dr. Randolf Menzel and all members of
their groups for the inspiring cooperation, in particular Karlheinz Rein and Robert Brandt.



Contents

1 Introduction
1.1 Problem Formulation . . . . . . ... ... . ...
1.2 Motivation . . . . . . ..
1.3 OVeIVIEW . . . o o
1.4 OQutlineofthe Thesis . . . . . . . . . . . . . . . .
1.5 Specific Contributions . . . . . . . ...
2 Conceptsand Techniques
2.1 Digital Images. . . . . . .
2.2 Data Acquisition . . . . . ...
3 Visualization
3.1 Computer GraphicsBasics . . . . . . . .. . ... ...
3.2 Image Data Visualization . . . . . ... ... ... . ... .. ... ...
321 Slicing . ... e
3.22 ColorMapping . . . . . . . .. e
3.2.3 Maximum Intensity Projection . . . . . . ... ... ... ........
324 IS0-Surfaces. . . . . . . .
3.25 DirectVolumeRendering . . . . . ... ..o
3.3 Visualizing Graphsand Lines . . . . . .. ... . ...
3.3.1 Hluminationof LinesinR3 . . . . .. ... ... ... ... .......
3.3.2 Rendering llluminated Lines . . . . . ... ... ... . .........
3.3.3 Visual Enhancements . . . . . . . ...
334 Results . . . ...
3.4 Enhanced TransparenCy . . . . . . . o v v v v i i
3.4.1 ThePhysical Model . .. ... ... ... ... . .. . ... .. ... .
342 Implementation . . . . . .. . ... ... .
343 Results . . . . . .
4 I mage Segmentation
4.1 Introduction . . . . . . . .. e
4.2 Interactive Segmentation . . . . . . .. ...
4.3 Interpolation and Extrapolation . . . . . .. ... ... oo o oL
431 Distance Maps . . . . ...
4.3.2 Distance Based Interpolation . . . . . ... ... ... ..., ......
4.3.3 Interpolation for Segmentation . . . . . .. .. ... ... L.

A WWN PR R

[S2IN )]



4.3.4 Higher Order Interpolation . . . . . ... ... ..............

435 Border Initialization . . . . . . .. ...
4.3.6 Non-Planar Interpolation . . . . ... ... ... ... .. ........
437 Results . . .. .. e
4.4 Sub-Voxel Accuracy . . . . . . . e
45 Results. . . . . . e
Line Extraction
5.1 Interactive Extraction . . . . . . . . . . ...
5.1.1 LineExtractioninMIP . . . . .. .. ... .. .. ...
5.1.2 RecoveringDepth . . . . ... .. .. . .. ...
5.1.3 Resultsand Discussion . . . . . . . . . . i
5.2 Automatic Extraction . . . . . . . . . ... e
521 ScaleSpace . . . . . ...
5.2.2 Line DetectionOperators . . . . . . . . . . . .
523 NeuronDataSets . . . . . . . ... . . . . .
524 TreeRe-Assembling . . . ... ... ... . ... .. . ... ... ...
5.2.5 Skeletonization . . . . . . .. ...
5.2.6 Radius Estimation . ... .. .. ... .. .. ..
5.2.7 Resultsand Discussion . . . . . . . . .. ...

Geometry Reconstruction

6.1 FromLabelstoGeometry . . . . . . . . ... .. ...
6.2 Triangulation Algorithm . . . . . . . .. ... ... .
6.2.1 Space Partitioning . . . . .. ...
6.2.2 Cell Triangulation . . . . . ... ... ... . . . . . .
6.23 Look-UpTables . ... ... ... ... . . . . . . ..
6.2.4 Comparison to MarchingCubes . . . . . ... ... ... ........
6.25 Results . . . . ...
6.3 ComputingWeights . . . . . . . ... .. ... e
6.3.1 Minimal Surfaces . . . . . . . . ..
6.3.2 Constrained Smoothing. . . . . . ... ... ... .. . ... ... ...
6.3.3 Surface NOise . . . . . . . . .
6.3.4 ThinStructures . . . . . . . . ...
6.35 Results . . . . ...
6.4 From Graphsto Geometry . . . . . . .. .. . . ...
6.4.1 Introduction. . . . . . . . . .. . ...
6.4.2 Algorithm . . . . .. ... ...
6.4.3 Algorithmic Details and Implementation. . . . . ... .. ... .....

6.4.4 Results

Registration and Averaging

7.1 Registration . . . . . . ... e
7.1.1 Intensity Correlation . . . . ... ... ... . .. .. ...
7.1.2 LandmarkBasedMethods . . . .. ... ... .. ... . ........

7.1.3 Labels



7.1.4 Resultsand DisCuSSIOoN . . . . . . . . . . 94

8 Applications 96
8.1 Anatomical Insect BrainModels . . . . .. ... ... ... ... ... ... .. 96
8.2 DrosophilaStandard Brain . . . . . . ... ... 98
8.3 Drosophila Gene ExpressionAtlas . . . . . ... ... ... ... . . ... 99
8.4 Honey Bee Antennal Lobe . . . . ... ... ... ... 100
8.5 Honey Bee ProjectionNeurons . . . . . . . ... ... ... . ... 101

9 Conclusion 103
Zusammenfassung in deutscher Sprache 105
Bibliography 107



