Contents

1.

Digital 3D Documentations in Archaeology
Clarification of the Term ‘3D Reconstruction’ . . . . . .. ... ... ... ...

1.1.

1.2
1.3.
1.4.

1.5.

1.6.

1.7.
1.8.
1.9.

1.1.1.  Reconstructive 3D Modeling . . . .
1.1.2. Methods for 3D Reconstruction . .

1.1.3. Archaeology with High Interdisciplinarity . . . . ... ... .......

1.1.4. Photo-based 3D Reconstructions .

1.1.5. Camera-Based Systems in Real-Time Robotics . . . .. ... ... ..
3D Reconstruction as a Changing Process Chain . . . . ... ... ... ...
Photos and 3D Models Alone are Meaningless . . . . .. ... ... ......
Good Reasons for 3D Reconstructions in Archaeology . . .. ... ... ...

1.4.1. Making Things Measurable . . . . .

1.4.2. Automatic Identification of Unknown Objects . . . . . ... ... ...

1.4.3. Assistance in Interpretation . . . .
1.4.4. Presentations and Publications . .
1.4.5. Exhibition in Museum Settings . . .

1.4.6. Digitization Enables Parallel Investigations . . . . . .. ... ... ...
1.4.7. Supportin Excavation and Documentation . . . . ... ... ... ...
Possibilities and Limitations of 3D Reconstructions . . . . . .. ... ... ..

1.5.1. 3D Reconstruction of a Skull . . . .
1.5.2. 3D Reconstruction of a Human . .

1.5.3. 3D Reconstruction with Smartphone Photos . . . . . ... .. ... ..
1.5.4. 3D Reconstructions Above and UnderWater . . . . ... ... ... ..
1.5.5. Limits of Photo and Videogrammetry . . . . . . ... ... .......
Software Packages for 3D Reconstruction Processes . . . . . ... .... ..

1.6.1. Programs for Data Acquisition . . .

1.6.2. Preprocessing Software for Video and ImageData . . . ... ... ..

1.6.3. Programs for 3D Reconstruction . .

1.6.4. Programs for Monitoring and Post-Processing . . . . . ... ... ...

Results of 3D Documentation. . . . . . ..
Summary and Outlook . . . . ... ... ..
Comprehension Questions and Exercises .

1.10. Practical Assignments . . . ... ... ..

Fundamentals of Digital Photography

2.1.

CameraBasics . . ... ... ........

2.1.1.  Aperture Controls the Amount of Light Entering . . . . . ... ... ..

2.1.2. Focal Length Controls Field of View

XVii



Contents

2.1.3. Focus Controls Depthof Field . . . ... ... ... ... ........ 30
21.4. DepthofField . ... ... .. ... .. ... ... .. ... 30
2.1.5. Sensitivity of thelmageSensor . . . . . ... ... ... ... ..... 31
2.1.6. Smartphone, DSLR, and MirrorlessCameras . . . . ... ... ... .. 32
2.2. German Photographylaw . ... ... ... ... ... ... .. .. .. .. .. 32
2.3. ldeas for Successful Image Composition . . . . ... ... ... ........ 33
2.3.1. Centered Compositionand Symmetry . . . . ... ... ... ...... 33
2.3.2. TheGoldenRatio . ... ... ... ... ... ... ... .. . . .... 33
2.3.3. PlacementoftheHorizon. . . . . ... ... ... .. .......... 34
2.3.4. SettingtheFocusArea . ... ... ... ... ... ... ... . .... 35
2.3.5. Balance between Foreground and Background . . . . . ... ... ... 37
2.3.6. Framingofthelmage . . ... ... .. ... ... ... ......... 38
2.3.7. Pointsand SmallColorAccents . . . ... ................ 38
2.3.8. Ruleof Proportion . . . . .. ... ... ... ... ... .. 38
2.3.9. Left-to-RightRuleand RuleofSpace . ... .. ... ... ....... 38
2.3.10. Diagonalsand Triangles . . . . . . .. ... ... ... ......... 39
2.3.11. Consider Body Posture . . . . . .. ... ... ... ........... 39
2.3.12. Intentional Overlaps . . . . . . . . . . . . . ... ... ... ... 39
2.4. Purpose as MotivationofaPhoto . . . .. ... ... ... ........... 40
2.41. PhotosinResearchProposal . . . . .. ... .. ... .......... 11
2.4.2. Photos in Work and DocumentationReports . . . . . . ... ... ... 42
2.4.3. PhotosinPresentations . ... ... ... ..... ... ........ 44
2.44. PhotosinOnlineMedia . . . .. ... ... .. ... ... ........ 46
2.4.5. PhotosinPublications . . ... ... ... ... ... .. ... ... . 47
2.5. Positioning and Lighting of Find Photographs . . . . . . ... ... .. .... 47
2.5.1. Theory of Three- and Four-Point Lighting . . . . . ... ... ...... 48
2.5.2. Colors and Temperature Perception . . . . . .. ... ... ....... 49
2.53. Hardand SoftLight . . . ... ... ... ... ... ... ........ 50
2.5.4. Automatic White BalanceUsage . . . . ... ... ... ... ...... 50
2.5.5. General Considerations for Object Photography . . . . ... ... ... 51
2.5.6. Coin Photography with a Flatbed Scanner . . . . ... ... ... ... 54
2.5.7. Recordings with Glass Plates in Daylight . . . . ... ... ....... 55
2.5.8. CapturinglmagesinalightTent. . . . ... .. ... .......... 57
2.5.9. Capturing Images in a Light Tent for 3D Reconstructions . . . . . . .. 58
2.5.10. Professional studioshots . . . . . ... ... .. ... .......... 59
2.6. The Digital Photo Capture . . . . . . . . . . .. . ... ... . . ... ... 59
2.6.1. Standard Color Spaces in Computer Graphics and Printing . . . . . . . 60
2.6.2. ColorimetricColorSpaces . . .. ... ... ... . ........... 60
2.6.3. Correction of Camera Lens Distortion . . . . ... ... ......... 61
2.7. Image EnhancementMethods . . . . ... ... ... . ... ... ... ..., 63
2.7.1. Posterior WhiteBalance . .. ... ... ... ... . ......... 64
2.7.2. Contrast and Image Sharpness Enhancement . . . . . ... ... ... 64
2.8. SummaryandOutlook . . . . . ... ... . ... 64
2.9. Comprehension Questionsand Exercises . . . . ... ... ... ........ 65
2.10. Practical Assignments . . . . . . . . . ... 66

XViii



3. Basics of Photo and Videogrammetry

3.1. Selected Aspects of Photo and Videogrammetry . . . . . . . ... ..
3.1.1.  Understanding the Complexity of the Task . . . . ... .. ..
3.1.2. Image Reduction to Relevant Features . . . ... ... ....
3.1.3. Feature Extractions from Blob Detectionto SIFT . . . . . ..
3.1.4. Model Approximation UsingRANSAC . . . . ... ... ....
3.1.5. Process Chain Structure-from-Motion . . . . ... ... ...
3.1.6. Surface Reconstruction of the 3D PointCloud . . . . ... ..
3.1.7. lllumination and Focus of Relevant Image Content . . . . . .
3.1.8. Key Aspects of Recording Strategies . . . . .. ... ... ..

3.2. Videogrammetric Measurement Criteria and Algorithms . . . . . ..
3.2.1. The Min-Max ConflicttoBe Resolved . . . . . . ... .. ...
3.2.2. Periodic, Fixed Image Selection . . .. ... ... .......
3.2.3. Image and Correspondence Evaluation Criteria . . . ... ..
3.2.4. Intelligent Image Selection Methods . . . . . ... ... ...

3.2.5. Advantages and Disadvantages of Pure Videogrammetry

3.3. Close-Range Videogrammetry in Practice . . . . . ... ... ... ..
3.3.1. Stone Bowl at Erdene Zuu Monastery (Mongolia) . .. .. ..
3.3.2. Stone with Handprint in Karabalgasun (Mongolia) . . . . . . .
3.3.3. Videogrammetric Challenge in My Son (Vietnam) . . ... ..

3.4. Archiving ReconstructionResults . . .. ... ... ... .......

3.5. SummaryandOutlook . . . . . ... ... ... .............

3.6. Comprehension Questions and Exercises . . . . .. ... ... ....

3.7. Practical Assignments . . . ... ... ... L.

4. Introduction to Handling Multicopters

4.1. Safe Handling of Multicopters . . . . .. ... .. ... ........
4.1.1. Rules for Handling Multicopters . . . . . . ... ... ... ..
4.1.2. Operation and Control of a Multicopter . . . .. ... ... ..
41.3. Communication between Pilot and Multicopter . . . . . . ..
4.1.4. Necessity of Compass Calibration. . . . . ... ... .....
4.1.5. Home Point, Go-Home, and Automatic Landing . . . . .. ..
4.1.6. Behaviorin Low Voltage Situations . . . . ... ... .....

4.2. Professional Documentation with Multicopters . . . . . . . . ... ..
4.2.1. Structure, Sensors, and Battery Indicator . . . . ... ... ..
4.2.2. Controller and Display Information . . ... ..........

4.3. Care and Storage of Batteries . . . ... ... ... ..........
43.1. ChargingaBattery. . . ... ... .. .. ............
4.3.2. TransportingaBattery . . ... ... ... ... ... ....
4.3.3. Storage of Batteries over an Extended Period of Time . . . . .
4.3.4. Logging Battery Usage and ChargingCycles . . . . . ... ..
4.3.5. DisposalofBatteries . . ... ... ... ............

4.4. Registration Requirement, Competency Certificate, and Insurance

441, AirLawinEurope . . ... ... ... ...
4.4.2. Categories and Subcategories for Unmanned Aircraft . . . . .

Contents

XiX



Contents

XX

4.4.3. Insurance Requirement for Multicopters . . . . . ... ... ... ... 119

4.5. SummaryandOutlook . . . . .. ... ... .. ... 119
4.6. Comprehension Questionsand Exercises . . . . ... ... ... ........ 119
4.7. Practical Assignments . . . .. ... 120
. Recording Strategies for Aerial Survey Campaigns 123
5.1. Flight Preparation, Safety Measures, and Team Briefing . . . . . . . ... ... 123
5.1.1. Preparing MulticopterandCamera . . . . . ... ... ... ...... 125
5.1.2. Securing and Preparing the Documentation Site . . . . . ... ... .. 126
5.1.3. Team Meeting and Task Allocation . . . ... ... ........... 126

5.2. Manual Recording Strategies|deally . . . . . . ... ... ... ... ... ... 127
5.2.1. Orthogonal versus Oriented Recording Flights . . . . . ... ... ... 127
5.2.2. Orthogonal Grid Flight and Orthogonal Double Grid Flight . . . . . .. 128
5.2.3. Oriented Grid Flight and Oriented Double Grid Flight . . . . . . ... .. 129
5.2.4. Comparison of Capture Effort and Computational Complexity . . . . . 131
5.2.5. Circle Flightand Helix Flight . . ... ... ... .. ........... 132
5.2.6. Calibration Flight for Camera Parameter Estimation . . . . . ... . .. 132

5.3. Manual Recording StrategiesinReality . . ... ... ... ........... 134
5.4. Checklists, Protocols, and Post-flight Procedures . . . ... ... ... .... 135
5.4.1. Protocol for Flight Recordings . . . . .. ... ... ........... 135
5.4.2. Post-processing Phase Immediately after an Aerial Survey . . . . . .. 137
5.4.3. Post-processing Phase of a DocumentationDay . . . . ... ... ... 138

5.5. Conducting Team Exercise Scenarios . . . . . . .. ... ... ... ...... 138
5.6. SummaryandOutlook . . . . ... ... ... ... ... .. ... 138
5.7. Comprehension Questionsand Exercises . . . . . ... ... ... ....... 139
5.8. Practical Assignments . . . . ... .. ... ... ... 139
Planning and Conducting Automated Aerial Surveys 141
6.1. Selection Criteria for Software Evaluation . . . . . . ... ... ......... 142
6.2. Easy Introduction with PrecisionFlight . . . . . ... ... ... ......... 142
6.3. Conduct Test Flights and Gain Practical Experience . . . ... ... ... ... 143
6.4. Install Pix4DCapture and Createa Project . . . . . . . .. ... ... ...... 143
6.5. PlanningviaGoogleEarth . . ... ... ... .. ... ... ..... 144
6.6. Select Recording Strategies. . . . . . . .. . . ... ... ... ... . ... 145
6.6.1. Orthogonal Grid Flight in Orkhon Valley (Mongolia) . . . ... ... .. 145
6.6.2. Oriented Double Grid Flight in Karabalgasun (Mongolia) . .. ... .. 145
6.6.3. Automated Flying in Wind and Mountainous Terrain . . . . . ... ... 147

6.7. Choosing and Positioningthe Grid . . . . . . ... ... ... ... ....... 148
6.8. Adjusting Flight and Capture Parameters . . . . . . ... ... ... ...... 148
6.9. Aerial Campaign with Multi-Missions . . . . . ... ... ... ... ...... 149
6.10. Workflow for Automated Flight Campaigns . . . . . . .. .. ... ... .... 149
6.11. Fixed-Wing UAV as Alternative Aircraft . . . . . ... ... ... ........ 149
6.12. Summary and Qutlook . . . . . . . . ... ... ... . 151
6.13. Comprehension Questions and Exercises . . . . . . ... .. ... ....... 152
6.14. Practical Assignments . . . . . . . ... ... 152



7. Georeferencing and Scaling of 3D Models

7.1.

7.2.

7.3.
7.4.

7.5.

7.6.

7.7.
7.8.
7.9.

Geodesy and Reference Systems . . . . .. ... ... ... .....

7.1.1.  Geographic and Projected Coordinate Reference Systems

7.1.2. Geographic Coordinate Reference System WGS84 . . . . . .
7.1.3. Projected Coordinate Reference System UTM . . . . . .. ..
7.1.4. Projected Coordinate System Gauss-Kriiger . . . . ... ...
7.1.5. Coordinate Transformation . . . . . ... ... .........
Georeferencing Strategies . . . . . . .. ... ... ... ...
7.2.1. Georeferencing Methods Using Photographs . . . . . . .. ..
7.2.2. Higher Precision through RTK Systems . . . . . .. ... ...
7.2.3. Georeferencing Methods with Survey Points . . . . . . .. ..
7.2.4. Georeferencing Methods with Natural Markers . . . . . . . ..
Scaling Example: Sacrificial Stone (Mexico) . .. ... ... .. ...
Georeferencing Example Steppe (Mongolia) . . . ... ... .....
7.4.1. Systematic FlightPlanning . . . . . ... ............
7.4.2. ProcessinginDroneDeploy . . . . ... ... ... ... ....

7.4.3. Extension of Existing LiDAR Data with Photogrammetry

7.4.4. Ensuring the Percentage of ImageOverlap . . . ... ... ..
Georeferencing Example "Schloss der Vogte" (Plauen) . . .. .. ..
7.5.1. Control Pointsand Sketch . . . ... ... ...........
7.5.2. 3D Reconstruction and Importof GCPData . . . ... .. ..
7.5.3. Identification and Managementof GCPData . . . . . . .. ..
7.5.4. Measuringinthe3DModel . . . . ... ... ... .......
Measurements in the Orthophoto and inthe 3D Model . . . . . . ..
7.6.1. OpenDroneMapand WebODM . . . . .. ... ... ......
7.6.2. Prepare Data and Define Workflow . . .. ... ... ... ..
7.6.3. Measurements in the Orthophoto . . . . . ... ... ... ..
7.6.4. Measurementsinthe3DModel . ... ... ... .......
SummaryandOutlook . . . . . ... ... ... ... ... .. . ...
Comprehension Questions and Exercises . . . . . ... ... .....
Practical Assignments . . . . ... ... ... ... ... .. ... ..

8. Documentation Campaigns with Mini-Submarines

8.1.

8.2.
8.3.
8.4.
8.5.
8.6.

Requirements for Underwater Imaging Systems . . . . ... ... ..
8.1.1. Freshwater and Saltwater Documentations . . . . . . ... ..
8.1.2. Accessibility of the DiveArea . ... ... ... ........
8.1.3. Fine-tuning of the Diving System forthe Task . ... ... ..
Localization StrategiesunderWater . . . . . ... ... ... ... ..
Safe Handling of Mini-submarines . . . . .. ... ... ... .....
Maintenance and Durability of Components . . . . .. ... ... ..
Checklistsand Protocols . . . . .. ... ................
Cable-based, Commercial Mini-submarines . . . . . . ... ... ...
8.6.1. The lightweight OpenROV . . . . . . ... ... ... ......
8.6.2. The Stable and Powerful BlueROV . . . . . ... ... .....

8.6.3. Cable Modifications and Necessary Cable Management

Contents

XXi



Contents

9.

10.

XXii

8.7. Recording Strategies in Theory and Practice . . .. ... ... ......... 184
8.8. Extension with Cameras and DivinglLamps . . . . . ... ... ... ...... 185
8.9. Development of a Radio Buoy for Longer Distances . . . . ... ... ... .. 185
8.9.1. Development Stages towards a Semi-autonomous System . . . . . . . 186
8.9.2. Overall Concept and Modifications to the BlueROV . . . . ... .. .. 187
8.9.3. Design and Operation of the RadioBuoy . . . . ... ... ....... 187
8.9.4. FlaggingtheBuoy . . . . ... ... . . .. ... ... .. 187
8.9.5. Improving Positioning . . . . . .. ... ... ... ... . 189
8.9.6. Adding a Sonartothe RadioBuoy . . . ... ... ............ 191
8.10. Summaryand Qutlook . . . . . . . ... ... ... 191
8.11. Comprehension Questions and Exercises . . . . . . ... ... ... ...... 192
8.12. Practical Assignments . . . . . .. ... .. ... 192
Automatic Image Enhancement of Underwater Images 195
9.1. Potential of Automatic Color Adjustments . . . . ... ... ... ....... 196
9.2. Influences of Absorption, Scattering and Caustics . . . . ... .. ... .... 196
9.3. Automatic Color Correctionwitha ColorChart . . . . . ... .. ... ..... 198
9.4. Automatic Color Correction without ColorChart . . . . . . ... ... ... .. 199
9.5. Automated Image Enhancement with JEnhancer. . . . . . .. ... ... ... 199
9.5.1. Basicldeabehind JEnhancer. . . . .. ... ... ... ......... 199
9.5.2. EstimatingtheWaterColor . . . . . ... ... ... ... ........ 200
9.5.3. Correcting the Image Color Using WaterColor . . . . . . ... ... .. 202
9.5.4. Useful Side Effect of Color Space Correction . . . . . ... ... ... .. 204
9.5.5. Result of the Color Space Correction . . .. ... ... ......... 204
9.5.6. Important Conditions for the Use of JEnhancer . . . . ... ... ... 204
9.6. JEnhancer Download and Application . . . . .. ... ... ........... 206
9.7. Data Packages and BenchmarkTests . . . ... ... .............. 207
9.8. SummaryandQutlook . . . . . .. ... ... ... 207
9.9. Comprehension Questionsand Exercises . . . . .. ... ... ... ...... 207
9.10. Practical Assignments . . . . . . . ... ... ... 208
Videogrammetry in Practice 209
10.1. Huastecian Temple Complex in Tamtoc (Mexico) . . ... ... ... .. ... 209
10.1.1. Hardware SetupasaChallenge . . ... ... ... ... ... ...... 210
10.1.2. Example of Reconstruction . . . . . .. ... ... ... ......... 21
10.2. Extreme Conditions in Kerlingarfjoll (Iceland) . . . . . . ... ... ... .... 212
10.2.1. Wind Conditionsasa Challenge . . . . . ... ... ... ........ 212
10.2.2. Example of Reconstruction . . . . . . . ... ... ... ......... 213
10.3. Excavation Monitoring at Dresden Neumarkt (Dresden) . . . . ... ... ... 214
10.4. Recording Objects in the Berlin Natural History Museum . . . . . ... .. .. 215
10.4.1. Excursion into the Field of Paleontology . . .. ... ... ....... 215
10.4.2. Example of Reconstruction . . . . . .. ... ... ... ......... 216
10.5. Tombs of the Kings of Nea Paphos (Cyprus) . . . . ... ............ 218
10.6. Images of Plaster Casts of the ToroFarnese . . . . ... ... ... ...... 219
10.6.1. Manual Recording Strategies for Exposed Structures . . . . . ... .. 220
10.6.2. Recording Conditions for Low-structure Surfaces . . . ... ... ... 220



11.

12.

Contents

10.7.Summaryand Outlook . . . . . . . .. ... .. ...
10.8. Comprehension Questions and Exercises . . . . . ... ... ... .......
10.9. Practical Assignments . . . . . .. ...

The Combination of Photogrammetry and Videogrammetry
11.1. Merging Models Subsequently . . . . . . ... ... .. ... ... ... ... .
11.2. Documentation Campaign in Bukhara (Uzbekistan) . . . ... ... ... ...
11.2.1. Aerial and Ground Surveys of the Degaron Mosque . . . . .. ... ..
11.2.2. Selecting a Candidate List for Manual Control Points . . . . . ... ..
11.2.3. Systematically Working Through the List of Candidates . . . . . . . ..
11.2.4. Merging the Models of the Degaron Mosque . . . . . . .. ... .. ..
11.2.5. Merging Models in Annaberg-Buchholz . . . . . .. ... ... .....
11.3. Combining Ground and Aerial Photography Successfully . . .. ... ... ..
11.4. Documentation Campaign in Karakorum (Mongolia) . . . . .. ... ... ...
11.4.1. Automated Photogrammetric Flights . . . . ... ... ... ... ...
11.4.2. Manual Videogrammetric Aerial Survey . . . . . . . .. ... ... ...
11.4.3. Successful Combination of Photo and VideoData . . . . . .. ... ..
11.4.4. Example of Reconstruction . . . . . . ... ... ... ..........
11.5. Summaryand Outlook . . . . . . ... ... ... . ...
11.6. Comprehension Questions and Exercises . . . . . ... ... ... .......
11.7. Practical Assignments . . . . . . . . . . . ... ...

Planning and Execution of Documentation Campaigns with Multicopters

12.1. Workflow of a Documentation Campaign . . . . . .. ... ... ... .....
12.1.1. Topographic Complexity of Documentation Sites . . . . ... ... ..
12.1.2. Rough Cost Estimation through Automated Flight Planning . . . . . .
12.1.3. Preview, Classification and Characteristics . . . . ... ... ... ...
12.1.4. Quick Technical Preview . . . ... ... ... ... ... ........
12.1.5. Logistics, Documents and Licenses . . . . . . ... ... ........
12.1.6. Detailed Cost Estimation . . . . .. ... ... ... ... ... .......

12.2. Extension and Adaptation of the Workflow . . . . ... ... ... .......
12.2.1. Fusion of LiDAR and PhotogrammetryData . . . . ... ... ... ..
12.2.2. Recording Strategy and Preparations . . . . . ... ... ... .....
12.2.3. Battery Management for Large Projects . . . . . ... ... ......

12.3.Summary and Outlook . . . . . . .. .. ... ...

12.4. Comprehension Questions and Exercises . . . . . . ... .. ... .......

12.5. Practical Assignments . . . . . . . .. ...

Epilogue

A

C.

Framework for Exercise Scenarios
Training Scenarios for Beginners

Regular Training Scenarios for Pilots

251

253

255

XXiii



Contents

D. Video Editing with FFmpeg - Useful Collection
Bibliography

List of Names

List of Documentation Sites

Index

XXiv

257
259
269
273
274



