
�������		
�����������������
�������������������� �
��!���"!��

��#$�!�%��
$�	��$#���������

& �
$��'� 
��
���(����
)$�#
�*�

�

•  �$�
	���+�
���
–  ,
#��
�-���
–  .$�+$��-���

�������	
�
•  ����#��*�

–  /$)$�#$�$��
�$$�
���
–  �#��+$������*�
–  01*#
	��#
+��-��#�

•  ���$��
�+$����
–  ��
+-����
�
���	�*#�2���
+�)
$#�����+$#�

•  ��	1$����*��������
–  �
�
-�-����2�	��������
1$�
��$�����-#-	�(��3#�



��	�	
������������������

�$����#�*�#
#�$+#�4��	4��������$�+$��
�
*���4�
$�	
��$�� 5$��#���
�
+$�#
���$#6�

 #��#�$��$���#���$�	+�#�*�2�$��$#��$�����



7�
$��$��
0�
��#��

0�#
-��#6����+�#6������#�

���������������

8#$��.	��
����

���-9,
$(�.�$�$���

.���	���$��8
�1-���

/��$�
�+�$#�

/$	��#���	-���
�$�1���

.��2	$�
/$4�$#$��-���

7�
$��$��
0�
��#��

0�#
-��#�
���+�#�
�����#�

0��*�����$#1���

������	��	���
��������

�����($�� *�&$�+$��*�0��	$##
���:�$;������#$<�



8#$�����$�#	��
����$)
	$#� ���-9	+$��#*#�$+#�

�������	��������	�����	�������	�

.���	���$���
�1-���#*#�$+#�

� !	�"�
�

��=�
�
��	���	
+
$���#� >#
	�#�#� �$%�
•  �?����#�*�#
#�$+#�4����	4���6�
�$	��#���		
���*�4��	$#+
$�����$�� 5$��#�$�����

•  ����+$���#���$+>-	�#6�$��4�-	�����$�
+?����#� #��#�$��	>+�#�*�4��*$	���$#�

•  /$=�$�
+
$���#�4��
+4�$+$����*�	�
 ���
#
#�$+#��$� 5��	�#���

•  �
#$@��$�
+4�$+$���6�	�+���� 5�#�4�	-	�#6�
��#�+$����#�4����	4�����$�� 5$��#�$�����

•  ��$�-�	��
�$#�4��4��5$	��#�=�$��$#���$��$��
4� �
		
��$#�



'�
����-������.	��
���(
�1�.($4�90��$#�

.���	���$��8
�1-����#
���0��5$	���9�+$��.*#�$+#�

A�$�1	$�2���# $�B�

•  ���$ ��8
�$��
•  &$�+$��
����C-	�$�����
•  &$�+$��
�����*�0��5$	-)�
•  �#���	���#��$����#�����+4�$5
���
•  �$����#���+$�
	�#�
•  0��	$#+
$�����$��+�$�$#�
•  0����+	
���$����� 6��DD�*���E)�
•  ���$�$#�$��	��#���
��*��+��:��F<��



0����$�����#��
!G  �������		
���
�G  8#���$+>-	#��$���'�
����	
���$�����
�G  ���.	��
���	������
����$�0���#��
HG  ��
 �	
����$��+$�#�*���$��$#��$�8���
IG  .�4$��	
$#6��� $#��$�0����#6����#�0��
����$#�
JG  ���+
�	
����#���	�����
�G  ��
 �	
����$�0��*$	���$#�
KG  ��+ 
�	
����$��L�-4�$#�0����#��$�,
#��
MG  /$	��#���		
����$�.�4$��	
$#�
!"G 0��	$#+
$�����$�&$�+$��
�

���#�$��������%����&���	�'��	�
	�����

�*�

4��$�

��$�#$	-���4�
���

4��5$	�������

	����
��$�
#*#�$+#�



#�$��������� ��($�	&���	�'��	�
	�����

���������	
���
��

���

pq n

}0)(:{ =−= p
t qpnpP

�����������	�������
��

p

	����	
�����
���	
���
��������

}{ vqpL L λ+==

�����������

Lq

v

	
������	�
�
����	�������
��
�	����������

}{L λ
�����������

p

pq

same 
coordinate 

system 

#�$��������� ��($�	&($�	�'��	�
	�����

���������	
���
��

���

}{ 2222 vqpL λ+==
�����������

2q

2v

�����������	��������

1q
1v

}{ 1111 vqpL λ+==

p

�	
������
���	
���������



&�*����$�.���	���$��8
�1-���

����	���
���������
$�����������	��($����)'��*���$�+,-./�
•  /$	�)$������$4�1�2���$	1�4
;$���#
����*94��$�
��$�#$	-���
•  �$�$�+
�$�	���$#4���$�	$� $�($$��	+$��4
;$�#����4��5$	����4��$#� *�

4��5$	-�����$+4����*9+��-4�$;$�� 
��*�
+�$�#$=�$�	$�
•  �	1�
+�$�
#�� 
�94��$��2��1$�&�*�	��$�2���$	1�4��5$	������(�	���+��

Point Grey Flea2 
(15 Hz @ 1024 x 768) 

Mitsubishi XD300U 
(50-85 Hz @ 1024 x 768) 

&�*����$�.���	���$��8
�1-���

����	���
���������
$�����������	��($����)'��*���$�+,-./�
•  /$	�)$������$4�1�2���$	1�4
;$���#
����*94��$�
��$�#$	-���
•  �$�$�+
�$�	���$#4���$�	$� $�($$��	+$��4
;$�#����4��5$	����4��$#� *�

4��5$	-�����$+4����*9+��-4�$;$�� 
��*�
+�$�#$=�$�	$�
•  �	1�
+�$�
#�� 
�94��$��2��1$�&�*�	��$�2���$	1�4��5$	������(�	���+��
•  ��	��
�������
�1+%�
��$�$����(�	���+��
��$;��� 
��*�	��$���&�*�	��$�

Point Grey Flea2 
(15 Hz @ 1024 x 768) 

Mitsubishi XD300U 
(50-85 Hz @ 1024 x 768) 



���!	����&��0	�����$ ������

�1�%220	
�3 ��4�3	��2��$ ������

'
+$��2���
�1�����.	��
���

ns
sm

m
c
dt 17

103
0.52
8 ≈

×
==

.
���$�.1���.���	���$��8
�1-��%��.�N
�$	��



���%��0������$��	���$
����	�������	��	���
��������
�G���3�
6�&G�'� 
�6���+4��$��&�41
	#�����+6��"!!G��

•  ���$(�+�1$+-	��2��+��-���
•  �����4�-	��������
�1+�
•  '���$	��#���	���(�$�-�1��#��2	$�
�������+��#�-	���
$��$��4�
���	�����

����������5�������67����������8$

$��������



�1�%220	
�3 ��4�3	��2

��

�$������!	��
�4�$����	
��	��$���� $�����
�



��0	�8	����
����������	������$�������
�

Shadow 

Turntable 

Backdrop 

8 Megapixel 
Camera 

Multi-Flash 
Attachment 

Multi-Flash Camera 

9	������$���	1	
%�������	��	���
��������
�
$���8��&��
��������������

�G���
#4$��6��G�8�+�6�0G�.
 �$*6�FG�O1�����&G�'� 
��P��0,'��""JQ�



�I�

�����4�

#����� 	�

9��*�����

-�8	���$7	�
��0	���

8��&��
��
�1���0	���

8��&��
����0	���

Multi-Flash 3D Photography: 
 

Capturing the Shape and Appearance 
of 3D Objects  

#����� 	�
��������

A new approach for reconstructing 3D objects 
using shadows cast by depth discontinuities, as 
detected by a multi-flash camera. Unlike existing 
stereo vision algorithms, this method works even 
with plain surfaces, including unpainted ceramics 
and architecture. 

Estimated Shape: 
3D Point Cloud 

Recovered 
Appearance: 
Phong BRDF Model 

Multi-Flash 
Turntable Sequence: 
Input Image 

Data Capture: A turntable and a digital camera 
are used to acquire data from 670 viewpoints. For 
each viewpoint, we capture a set of images using 
illumination from four different flashes. Future 
embodiments will include a small, inexpensive 
handheld multi-flash camera. 

Recovering a Smooth Surface 

�I�I�I�I�I�I�IIII�

The reconstructed point cloud can 
possess  errors, including gaps and 
noise. To minimize these effects, we find 
an implicit surface which interpolates the 
3D points. This method can be applied to 
any 3D point cloud, including those 
generated by laser scanners. 

�J�

Using the implicit surface, we can determine which points are visible 
from each viewpoint. To model the material properties of the surface, 
we fit a per-point Phong BRDF model to the set of visible reflectance 
observations (using a total of 67 viewpoints). 

Multi-Flash 3D Photography: Photometric Reconstruction 

Multi-Flash Turntable Sequence 
Images 

Phong (Specular) 

Phong (Diffuse) Estimated Phong Appearance Model 

Diffuse Specular Ambient 

�

3D Point 
Cloud

Implicit Surface 





�����������������	��($�����%��
�&�������$���4$�������������$��'�0$������
�G�8�+�6��G���
#4$��6�&G�'� 
��P�,����""MQ�

����$�������$���4$������������
���$��
�
�G�8$�R6��G�,��$����6����&G�'� 
��P�&���""KQ�

�+$��!�

�+$����8#$��4�
��$��
D�

	*�
���
	���$�#�



�����$����$����	�	��'0�	0	�������

����6
�0��	���$��
�:$
$ 	����0���	���0	���





Schedule for this week and next 

�  Introduction to 3D Scanning  
�  The Mathematics of 3D Triangulation  
�  3D Scanning with Swept-Planes | Slit scanner  
�  Camera and Swept-Plane Light Source Calibration 



Lecture Notes and Additional Resources 

�  Download Course Notes from 
�  http://mesh.brown.edu/byo3d 
�  Or just Google search for BYO3D 

�  Courses on 3D Photography taught at Brown University 
�  http://mesh.brown.edu/3DP  

�  This Course 
�  http://mesh.brown.edu/3DP-FCEN-2013  
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Introduction to 3D Scanning 

 
 
 
 
 
 
 
 

 

 

 
3D Scanning 

Geometry 
Dynamics 

(Motion, Deformation, etc.) 
Rendering 

(Illumination Model) 



Applications of 3D Scanning: 
Entertainment and Consumer Applications 

Andreas Wenger et al. Performance Relighting and Reflectance Transformation 
with Time-Multiplexed Illumination. ACM SIGGRAPH, 2005 

�  Import sculptures into a 3D modeling/rendering pipeline 
�  Capture geometric (and photometric) properties for relighting 
�  Fit clothes, track 3D interaction, free-viewpoint video (3D TV), etc. 
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The Visual Computer, 2005.  
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Applications of 3D Scanning: 
Historical Preservation 

M. Levoy et al. The Digital Michelangelo Project: 3D Scanning 
of Large Statues. ACM SIGGRAPH, 2000  

�  Preserve/restore deteriorating works and unite dispersed collections 
�  Facilitate academic study (tooling, lighting, pentimenti, revision history) 
�  Replicate collections (souvenirs, retain repatriated works, etc.) 

L. Borgeat et al. Visualizing and Analyzing the Mona Lisa. IEEE 
Computer Graphics and Applications, 2007 

Applications of 3D Scanning: 
Historical Preservation 
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P. Debevec. Making “The Parthenon”. Intl. Sym. on Virtual 
Reality, Archaeology, and Cultural Heritage, 2005 
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Applications of 3D Scanning: 
Medical Imaging and Surgical Planning 

�  Medical imaging (X-ray, CT, MRI, etc.) and surgical planning 
�  Measuring dimensions (dental impressions and hip replacement surgery) 
�  Tele-surgery (augmented virtual reality, video see-through, etc.) 
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Applications of 3D Scanning: 
Robotics (Interaction and Navigation) 

�  Motion planning (manipulation, gripping, pushing/pulling, etc.) 
�  Simultaneous localization and mapping (SLAM) 
�  Autonomous navigation (DARPA Grand/Urban Challenge) 

Applications of 3D Scanning: 
Robotics (Interaction and Navigation) 

�  Motion planning (manipulation, gripping, pushing/pulling, etc.) 
�  Simultaneous localization and mapping (SLAM) 
�  Autonomous navigation (DARPA Grand/Urban Challenge) 



Applications of 3D Scanning: 
Inspection and Reverse Engineering 

�  Manufacturing and process control (tolerances and alignment) 
�  Reverse engineering (repairing antiques and replicating designs) 
�  Remote inspection (inaccessible or dangerous environments) 

Taxonomy of 3D Scanning: 
Direct Contact 

Contact 

Non-Contact 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Taxonomy adapted from Szymon Rusinkiewicz  
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Contact 

Non-Contact 

Active 

Passive 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Taxonomy of 3D Scanning: 
Stereo/Multi-view Photography 



Contact 

Non-Contact 

Active 

Passive 
Shape-frm-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Taxonomy of 3D Scanning: 
Shape-from-Silhouettes 

Contact 

Non-Contact 

Active 

Passive Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Taxonomy of 3D Scanning: 
Shape-from-Silhouettes 

J. Starck and A. Hilton. Surface Capture for Performance-Based  
Animation. IEEE Computer Graphics and Applications, 2007 
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Non-Contact 

Active 

Passive Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Taxonomy of 3D Scanning: 
Shape-from-Focus/Defocus 

M. Watanabe and S. Nayar. Rational filters for passive depth 
from defocus. Intl. J. of Comp. Vision, 27(3):203-225, 1998  
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Taxonomy of 3D Scanning: 
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M. Watanabe and S. Nayar. Rational filters for passive depth 
from defocus. Intl. J. of Comp. Vision, 27(3):203-225, 1998  
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Active 

Passive Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Taxonomy of 3D Scanning: 
Shape-from-Focus/Defocus 

M. Watanabe and S. Nayar. Rational filters for passive depth 
from defocus. Intl. J. of Comp. Vision, 27(3):203-225, 1998  

Parallel/Fan-beam Projections 

0 50 100 150 rotation angle (degrees) 

Contact 

Non-Contact 

Active 

Passive 

Transmissive 

Reflective 

Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Computed Tomography (CT) 
Transmissive Ultrasound 

Taxonomy of 3D Scanning: 
Computed Tomography (CT) 



Contact 

Non-Contact 

Active 

Passive 

Transmissive 

Reflective 

Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Computed Tomography (CT) 
Transmissive Ultrasound 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Non-optical Methods 
   (reflective ultrasound, radar, sonar, MRI) 

Taxonomy of 3D Scanning: 
Non-optical Active Methods 

Contact 

Non-Contact 

Active 

Passive 

Transmissive 

Reflective 

Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Active Variants of Passive Methods 
   (stereo/focus/defocus using projected patterns)  

Computed Tomography (CT) 
Transmissive Ultrasound 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Non-optical Methods 
   (reflective ultrasound, radar, sonar, MRI) 

Taxonomy of 3D Scanning: 
Active Variants of Passive Methods 

M. Waschbüsch et al. Scalable 3D Video of Dynamic Scenes. 
The Visual Computer, pp. 629-638, 2005 
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Passive 

Transmissive 

Reflective 

Shape-from-X 
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Active Variants of Passive Methods 
   (stereo/focus/defocus using projected patterns)  

Computed Tomography (CT) 
Transmissive Ultrasound 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Non-optical Methods 
   (reflective ultrasound, radar, sonar, MRI) 

Taxonomy of 3D Scanning: 
Active Variants of Passive Methods 

M. Watanabe and S. Nayar. Rational Filters for Passive Depth 
from Defocus. Intl. J. of Comp. Vision, 27(3):203-225, 1998  

Contact 

Non-Contact 

Active 

Passive 

Transmissive 

Reflective 

Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Active Variants of Passive Methods 
   (stereo/focus/defocus using projected patterns)  
Time-of-Flight 

Computed Tomography (CT) 
Transmissive Ultrasound 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Non-optical Methods 
   (reflective ultrasound, radar, sonar, MRI) 

Taxonomy of 3D Scanning: 
Time-of-Flight 
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Contact 

Non-Contact 

Active 

Passive 

Transmissive 

Reflective 

Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Active Variants of Passive Methods 
   (stereo/focus/defocus using projected patterns)  
Time-of-Flight 
Triangulation 
   (laser striping and structured lighting) 

Computed Tomography (CT) 
Transmissive Ultrasound 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Non-optical Methods 
   (reflective ultrasound, radar, sonar, MRI) 

Taxonomy of 3D Scanning: 
Triangulation with Laser Striping 

M. Levoy et al. The Digital Michelangelo Project: 3D Scanning 
of Large Statues. Proc. ACM SIGGRAPH, 2000  

Contact 

Non-Contact 

Active 

Passive 

Transmissive 

Reflective 

Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Active Variants of Passive Methods 
   (stereo/focus/defocus using projected patterns)  
Time-of-Flight 
Triangulation 
   (laser striping and structured lighting) 

Computed Tomography (CT) 
Transmissive Ultrasound 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Non-optical Methods 
   (reflective ultrasound, radar, sonar, MRI) 

Taxonomy of 3D Scanning: 
Triangulation with Structured Lighting 



Challenges of Optical 3D Scanning 

�  Must be simultaneously illuminated and imaged (occlusion problems) 
�  Non-Lambertian BRDFs (transparency, reflections, subsurface scattering) 
�  Acquisition time (dynamic scenes), large (or small) features, etc. 

Challenges of Optical 3D Scanning 

Godin et al. An Assessment of Laser Range Measurement on Marble 
Surfaces. Intl. Conf. Optical 3D Measurement Techniques, 2001  

M. Levoy. Why is 3D scanning hard? 3DPVT, 2002 

�  Must be simultaneously illuminated and imaged (occlusion problems) 
�  Non-Lambertian BRDFs (transparency, reflections, subsurface scattering) 
�  Acquisition time (dynamic scenes), large (or small) features, etc. 



The 3D Scanning Pipeline 

Assign Texture 
(BRDF, etc.) 

Align 
3D Point Clouds 

Reconstruct  
3D Point Cloud(s)  Data Capture 

Extract Isosurface 
(Polyhedral Mesh) 

Commercial 3D Scanners 

Features, Limitations, and Benefits 
�  Most commercial scanners use laser striping + turntables/fiducials 
�  Cost varies (NextEngine ~$3,000 USD, others more expensive) 
�  Complete pipeline (including registration and isosurface extraction) 
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Do-It-Yourself (DIY) 3D Scanners 

Features, Limitations, and Benefits 
�  Most DIY scanners also use laser striping + turntables 
�  Relatively inexpensive (DAVID laser scanner ~$550 USD for starter kit) 
�  Incomplete pipeline (lacking registration and isosurface extraction) 
�  Most (but not all) lack proper camera and light source calibration 
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Do-It-Yourself (DIY) 3D Scanners 

Features, Limitations, and Benefits 
�  Most DIY scanners also use laser striping + turntables 
�  Relatively inexpensive (DAVID laser scanner ~$550 USD for starter kit) 
�  Incomplete pipeline (lacking registration and isosurface extraction) 
�  Most (but not all) lack proper camera and light source calibration 

Topics/Scanners in this Course 

1) Scanning with Swept-Planes 

2) Structured Lighting using Projector-Camera Systems 

3) Post-processing Pipeline: Registration and Isosurfaces 



When not to Scan? 

�  Scanning is (usually) unnecessary when output is another image! 
�  Better to use image-based rendering (light fields, QTVR, etc.) 

Marc Levoy. Stanford Spherical Gantry. On-line, 2005 

Next Class 

�  Introduction to 3D Scanning  
�  The Mathematics of 3D Triangulation  
�  3D Scanning with Swept-Planes | Slit scanner  
�  Camera and Swept-Plane Light Source Calibration 


