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... can we automatically build a 3D model of it ?
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This lecture i1s not about

Active 3D sensing

Time Of Flight II
|

Structured Light

,||Il1'.

(MS Kinect) il m,‘

Photometric Stereo

- several light sources
- recover the normals
- integrate the position

Images courtesy of. U.of.Washington, Cambridge, Wikipedia, Microsoft

Passive 3D sensing

Point Based
Large Scale
(MS Photosynth)

Stereo
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The Middlebury datasets

Multi-View Stereo Evaluation |* Datasets * Submit * Code

Acc. Threshold: |90% ¥ Data in new window - | Open Data Window

- Provides two datasets: “Temple” and “Dino” core o (120021 owm V06 Gt T mogn s S8

[Tip: Mousing aver any portion of a method's row will show its reference

- Images corrected for radial distortion. EREE R

Acc Comp | Acc Comp | Acc Comp | Acc Comp | Acc Comp | Acc Comp

- Camera calibration ( intrinsics & extrinsics)

Auclair 0.86 962 | 1.03 925 062 967 | 074 968
Bradley 057 981 | 048 937 039 976 (038 947
Campbell 041 999 | 048 994 | 053 986
- Chang 054 980 | 073 945 051 946 | 066 B899
- Three versions for each dataset Contiuous Prova
Delaunoy 073 959 089 933
H - Deng 0.54 98.5 043 978
- Fun hemlsphere ( > 300 ImageS) ECCV_216 053 995 | 072 968 046 995 | 042 978
Furukawa 065 987 (058 885 082 943 | 052 992 042 988 | 058 969
H H Furukawa 2 054 99.3 | 0.55 991 |062 992 | 032 999 |0.33 996 | 042 992
- Rlng (48 Images) Furukawa 3 048 996 (047 996 063 993 | 033 998 (028 998 | 037 992
Gargallo 0.88 B43 | 105 819 06 929 | 076 907

980 | 061 862 | 087 566 056 800 046 578 |056 260

- Sparse Ring (16 images) oo o7 |oie s

Guillemaut 043 990 | 071 976 |0.86 962 | 0.35 100 | 0.58 99.5 | 068 98.0

Habbecke 066 980 043 997

Hernandez 036 997 | 0.52 995 |075 953 | 049 996 |045 979 | 06 985

Hongmng 083 957 (079 863 | 097 939 | 062 963 05 991 | 052 984
- They keep Ground Truth to evaluate results e e

- Jancosek-3DIM09 | 065 858 07 789 (059 749 (091 738 (071 766 | 066 749

JancosekCVWW 073 959

Kolev 079 96.0 053 969

Kolev2 072 976 | 104 918 043 994 | 053 983

Kolev3 07 983 | 087 927 042 995 | 048 986

Kolmogorov 186 904 281 860

Kun Li 081 921 047 974

Ladikos 088 950

Lambert 055 99.7 076 99.0

Lambert3 048 997 048 994

Li 064 98.2 043 997

Liu 096 896 059 983

Liu2 065 969 051 987

Massively Parallel | 078 922

Merrell Confidence 0.83 B8.0 084 831

Merrell Stability 076 852 073 734

NIPS_829 283 813 107 910

Pons 06 995 | 09 954 055 99.0 | 071 977

Sinha 079 949 069 972

Song 061 98.3 038 994 | 054 955

Sormann 069 97.2 081 952

Qtarnl 197 a77 1ns anz
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Scope of this lecture

Multi-View Stereo Evaluation |* Datasets * Submit * Code

. . . . Acc. Threshold: |90% ¥ Data in new window / Open Data Window
Multi View 3D reconstruction is a very popular problem . oimme o vemsmmsmn o e s
. [Tip: Mousing over any portion of 3 method's row will show its reference
with a vast body of literature (see the number of
Full Ring Sparse Full Ring Sparse
. . . . 312 views 47 views 16 views 363 views 48 views 16 views
Acc Comp | Acc Comp | Acc Comp | Acc Comp | Acc Comp | Acc Comp
submissions to the Middlebury evaluation).
ol (%) | (mm] (%] | ol (%] | Imm] (6] | [mml %] | fmml o [%)
Auclair 0.86 962 | 1.03 925 062 967 | 074 968
Bradley 057 981 | 048 937 039 976 | 038 947
= » Campbell 041 999 | 048 994 | 053 986
- Prellmlna! y . 3D Shal !e Chang 054 990 |073 845 051 946 | 066 899
- Continuous Probab 189 821 261 914
Delaunoy 073 959 089 933
Deng 0.54 98.5 043 978
ECCV_216 053 995 | 072 968 046 995 | 042 978
- Shape From Silhouette Furukawa 065 987 |0D58 985 082 943 | 052 992 | 042 986 | 058 969
Furukawa 2 054 99.3 | 0.55 991 |062 992 | 032 999 |0.33 996 | 042 992
. g Furukawa 3 049 996 (047 996 (063 993 | 033 998 | 028 998 037 992
- Deflnltlon Gargallo 0.88 B43 | 105 819 06 929 | 076 907
Goesele 042 980 (061 862 087 566 056 800 046 578 | 056 260
H H H Goesele 2007 042 982 046 967
- leltatlons Guillemaut 043 990 | 071 976 |0.86 962 | 0.35 100 | 0.58 99.5 | 068 98.0
Habbecke 066 980 043 997
- Approaches Hernandez 036 997 | 052 995 075 953 | 049 996 045 979 | 06 985
Hong,mng 083 957 (079 863 | 097 939 | 062 963 05 991 | 052 984
. . Hornung 0.58 987 079 951
- ApplICatIOnS Jancosek-3DIM09 | 065 858 07 789 (059 749 (091 738 (071 766 | 066 749
JancosekCVWW 073 959
Kolev 079 960 053 969
Kolev2 072 978 [ 104 918 043 994 | 053 983
Kolev3 07 983 | 087 927 042 995 | 048 986
- Photoconsistency e
Kun Li 081 921 047 974
. ng Ladikos 088 950
- Deflnltlon Lambert 055 99.7 076 99.0
Lambert3 048 997 048 994
H Li 064 8.2 043 997
= nght COlor Liu 096 896 059 983
) Liu2 065 969 051 987
= A Simple ApproaCh- Space CarVing Massively Parallel | 079 922
- Merrell Confidence 0.83 B8.0 084 831
Merrell Stability 076 852 073 734
- More Involved Approaches
Pons 06 995 | 09 954 055 99.0 | 071 977
Sinha 079 949 069 972
Song 061 98.3 038 994 | 054 955
Sormann 069 97.2 081 952
CQtarnl 197 A7 7 1n1 an7
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Representing Shape
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Representing Shape

Implicit

Represent the surface as the 0 level-set of a
scalar function f:

f(x) =0 surface
f(x) >0 inside
f(x) <0 outside

Explicit

Discretize the interface itself with a mesh:

M=(V,T)
V are the vertices
T are the triangles
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Representmg Shape

Implicit y N | Explicit , |

- heavy in memory.
In 2D: hold Nx*Ny scalar values
In 3D: hold Nx*Ny*Nz scalar values

[ - lightweight representation. euny

- easy to render on the GPU. ...
- possible refinements:

_ octrees - versatile:
- narrow band * adaptive sampling
* open meshes
- uniformity of sampling. * non manifoldness

Dealing with moving interfaces ( in time or iterations of an algorithm)

- Can maintain point
correspondence.

- Eulerian point of view. (Lagrangian)

- handles naturally changes of topology. - difficult to preserve

correct sampling.
* non uniformity

||Q|| manifoldness

3D Mesh courtesy of INRIA: http://4drepository.inrialpes.fr/
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Representing shape

I I i I { { EZM I—I 2D Marching cubes: 16 cases
3D Marching cubes: 256 cases
a i o

Marching Cubes
™ Explicit -

Implicit
mplicit _

Voxelization

|
+
L
I
t
|
<1

< 10

<03

o <00
a
00
0s
0] 1

Nice openGL algorithm for watertight oriented meshes:

Under Orthographic Projection
For z in slices :
Zfar =zmax
Znear =z
Render :
Frontface: stencil++

Backface: stencil--

The point x,y,z was inside < stencil value 1= 0

i

b
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Representing shape

- Depth Maps

- Displacement Maps (wrt. a base surface)
- Point clouds

- Patch clouds ( oriented )

10
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Reconstruction |
Shape From Silhouette

11
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SFS - Principle

The visual hull is the shape maximally consistent with the silhouettes

12
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SFS

13
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SFS - concavities

The visual hull cannot capture concavities not visible in the silhouettes

14
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SFS — concavities

This can lead to severe reconstruction artifacts such as erroneous
additional connected components.

15
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SFS — silhouette errors

All the previous slides were considering perfect silhouettes.
Many errors in the geometry are caused by errors in 2D segmentation.

Even in tightly controlled studio environments, there can be artifacts.

This gets much worse whithout the green screen, proper lighting, etc...

16

Images and 3D Mesh courtesy of INRIA: http://4drepository.inrialpes.fr/
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SFS — Volumetric Approach

- Define the scene's bounding box and discretize it.
- Evaluate for each voxel: “am | in the object ?”

17
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S I S O Ct re e S p e e d u p In the integral images of each camera,
_ these 4 points gave the same value.
/ — do not check next level
/
/

-4 + 4 $
B T~ T
Integral images ? The 1D silhouette case On 2D silhouettes

-0 02— |
Silhouette Integral Image

- O N E—
Projection of corner points

18
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SFS — Polyhedral Approach

PROS :

- silhouettes are back-projected to cones which
are intersected in 3D.

- Good performance in real-time systems

- Does not suffer from discretization artifacts. The
precision is only limited by the resolution of
silhouette images.

CONS :

- Involved implementation.

- Problematic when silhouettes contain errors
- Does not scale very well with the number of
images.

- Gives non uniformly sampled geometry

Figure taken from Grimage project website (http://grimage.inrialpes.fr) 1 9
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SFS - Applications

Provided there are no major reconstruction artifacts:
Put a texture on it... it will look good

Image courtesy of INRIA - Grimage
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SFS - Applications

Augmented Reality. Real time interaction with physical systems.

Image courtesy of INRIA - Grimage
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- 16 synchronized cameras mounted on the ceiling
- Working volume 3.5m x 3.5m x 2.5m

- Runs at 30 Hz
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Shape-from-Silhouette: CAMP system

¥y

Camera images

Silhouette images

Local Reconstruction

Local Reconstructions
Global Reconstruction

Secure Hulls
Visualization

23
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Shape-from-Silhouette: CAMP system

24
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SFS - Summary

PROS:
- Efficient and easy to implement.

- Only silhouette images are required (no need for correspondences or texture).
- Robust.

CONS:

- Cannot recover concavities not seen in the silhouette images.
- Artifacts for complex scenes and low number of cameras.

- Needs calibrated input images.

- Silhouettes have to be available

(difficult outside of controlled studio environments)

25
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Reconstruction Il
Photoconsistency

27
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Photoconsistency

A point on the surface is said to be photoconsistent if its color is consistent in all cameras
where it is visible.

In practice:
- We have two images | , |, and a current guess for the surface orientation.

- We assume that the surface is locally planar.
- We can compute the homography from | to | and compute in a small image area a

photoconsistency score:
- SSD Sum of Squared Differences
- NCC Normalized Cross Correlation

Other options :
Color histograms, statistical measure, Mutual Information

28
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Lambertian assumption

- Far away light source
- small piece of surface

Question 1:
- How much light power does it receive ? (Surface Irradiance)
— proportional to cos( incident ray, normal)
T / Question 2:
- How much light power gets reflected ? Where ?

The Lambertian model (roughly) says:
- All these cameras are going to see the same

color, no matter where they are looking from.

(i.e the surface elements equally reflects in all

directions) @
Are not modeled:

- Specularities (lat. “Speculum” - mirror)
- Cast shadows, ambient occlusion (important when matching across time)
- More complex BRDF (Bidirectional Reflectance Distribution Function)

29
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Radiometric calibration

The light flux received in the image plane is not all...

...the signal still has to go through some electronics

Scene
Radiance —)
L

Linear Function
(optical effects)
A)

Image Non-Linear Response
— Irradiance —y | (electronics or film)

f

Image
—» Brightness
B

Kodak Ektachrome-100plus Green
Kodak Ektachrome-64 Green
Agfachrome CTPrecisal00 Green
Agfachrome RSX2 050 Blue
Agfacolor Futura 100 Green
Agfacolor HDC 100 plus Green
Agfacolor Ultra 050 plus Green
Agfapan APX 025

Agfa Scala 200x

Fuji F400 Green

Fuji F125 Green

Kodak Max Zoom 800 Green
Kodak KAI0372 CCD

Kodak KAF2001 CCD

i— Cannon Optura

=7 | __ Kodak DCS 315 Green

=
n =)

=
in

40.3

b 2

1"2 sony DXC-950
40.8

AON

=
-1
(111

&
dUIYSLIG PIzI|

gamma curve, y=0.6

{051 gamma curve, y=1.0

— gamma curve, =14

0 01 02 03 04 05 06 07 08 09
Normalized Irradiance

T— gamma curve, y=1.8

Figures from “what is the space of camera response functions. Grossberg and Nayar CVPR 2003

30
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Space Carving

One of the earliest methods.

- Initialize a volume with a superset of the true scene

- Repeat until convergence :
- Project a surface voxel into all images in which it is visible.
- Remove if not photoconsistent.

- The volume we are looking for is
called the photo hull.

- It is the tightest possible boundwe et
can recover from images, in absence of e
a priori scene information. G

31
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Space Carving

Problem: occlusions

- The photoconsistency is only evaluated in the views in which a voxel is visible
- When a voxel is deleted new voxels become visible and the visibility has to be updated

- This is efficiently done using a multi-pass plane-sweep algorithm.
The scene is swept with a plane in each of the six principle directions and only cameras on

one side of the plane are considered

Figure taken from: K. Kutulakos and S. Seitz. A Theory of Shape by Space Carving, IJCV 2000

CA M?

32
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Space Carving - Limitations

- The choice of the photoconsistency measure is critical.

- The photohull is only guaranteed to be the tightest superset of the true
reconstruction.

- If a voxel is wrongly removed it can lead to the removal of other correct parts of

the object — no noise handling.

Figure taken from: K. Kutulakos and S. Seitz. A Theory of Shape by Space Carving, IJCV 2000 33
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Space Carving: Limitations

- Needs calibrated input images
- Problematic for non-lambertian objects
- No regularization (e.g. smoothing)

- The Photo Hull is only a superset of the true shape
- Greedy approach

- Removed voxels cannot be re-added to the reconstruction
- Accuracy limited by voxel resolution

- Voxels should be small

- Discretization artifacts

34
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Space Carving: Results

Figure taken from: S. Seitz and C. Dyer, Photorealistic scene reconstruction by voxel coloring. IJCV 1999 35
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Space Carving: Results

Figure taken from: K. Kutulakos and S. Seitz. A Theory of Shape by Space Carving, |[JCV 2000 36
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Reconstruction |l
“Photoconsistency is not enough”
Regularized methods

“ optimize a tradeoff between smoothness and photoconsistency”

37



