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Last Lecture: Capturing Geometry
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What I1s 2D?

A Image: 2D array of pixels
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What I1s 3D?

A Voxels (volumetric representations)

i Occupancy grid in 3D: often binary; or probabilistic
r R

I 3D analog of pixeb 3D array
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What I1s 3D?

A Point Clouds
I Set of 3D points with (X, y,-gpordinates

I Associated attributes
AColor
ANormal

i5FdF I NB GBLAOFtt& anN: gé

Al.e., no inter or extrapolation
ANo surface defined
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What I1s 3D?

A (Polygonal) Meshes
I Vertices + Faces (often triangleS)\ e

i Piecewise linear SR 7
P B |

AAttributes: colorsnormals textures [= |
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What I1s 3D?

A (Polygonal) Meshes
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What I1s 3D?

A Parametric surfaces
I Splines, NURBSbdivs
I Set of points that define control grid

Control
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What I1s 3D?

, signed distance field (SDF)

A Implicit Surfaces: e.qg.
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Truncated Signed Distance Field
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What is 32 ¢ Side Note
A Mathematically:

i Explicit functioni@w)
i Implicit function:®w ®w p T

A MLRbased neural Networks are *not* implicit:

.@,"m"‘\\b{ | o
,;( W % Literature a bit inconsistent:
) |" ,l"s . (.\\ )f‘\&

—— SDFvalue e g., Neural Fields, Neural Representatio
Coordinatebased Networks, etc.

W"‘ X

Multi- Iayer Perceptron (MLP)

Query coordinate
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A Could be modeled by artist (video games and movies)

SolidEdgeNX Cati&z X

IN)

3DMaxZbrush Houd

Mudbox, Maya,

i E.g.,

/4: / !-tﬂuatﬂﬂf.f/
N WY
g /-f-—u;ﬁ.

A

Visualization / Rendering

Content Creation
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A With 3D Scanning
i MRI/CT
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A With 3D Scanning

Depth Image.(E)

l
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| 26 U2 200FAY Gob5¢K

A With 3D Scanning

Distance to object
e - -— o —

_ Depth value at pixel (,))
y-axis IS projectionto z-axis

»
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Z-axis
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Color Image (RGB)
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A With 3D Scanning

intrinsic parameters \
3 focal plane 114 frame

image plane /

—

extrinsic parameters
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A With 3D Scanning
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Depth Cameras
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Capture Devices

A Passive:
I RGB
I Stereo andMulti-view

A Active:
I Timeof Flight ToH
I StructuredLight
I Laser Scann€|DAR

3D Scanning & Motion Capture I

Prof.Nief3sner

:



Depth Cameras

Kinect.v2: time of flight stereo

omtom-=

We're mapping your world

active stereo
light detection and ranging laser scannerGyberwarég
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Building a Stereo Depth Camera

A Two RGB cameras

A Sync video capture A Intrinsics (i.e., projection)

Q&
m Q A&
m 7T P

‘ A Extrinsicgfrom A to B)
’ o [YY

Y Imaget [1-4] [ EE W D iwage (1-4] R DY et (-4 T

A Calibrate cameras
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Stereo Matching

P
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(Passive) Stereo

(x,¥,2)

/ _ Epipolar
'__-_-.-' line

-

~11 (X5, ¥p)

[ ,9,) Right Camera
A

A Triangulation usingpipolargeometry
A Finding correspondences is a hard problem!
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Stereo Matching: Rectification
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Stereo Matching: Rectification

B
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Stereo Matching: Search

for each pixel search alorgpipolarline to find match
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Stereo Matching: Search

use 2D feature descriptor of choice to determine best match
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Stereo Matching

AYYOR) B (O (R O ()

A Sparse vs Dense Stereo Matching
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Stereo Matching
A{ LI NAS TSI idz2Nkay {LC¢zZ {! wCZ

e
=
=
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Matched SIFT features in a stereo pair (red lines indicate matches)
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Stereo Matching: Search

A How blg is the search Wlnddw

W =20
A Smaller neighborhooeb more noise

A Larger neighborhooe> fewer details
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Stereo Matching: Search

A Search time correlates w/ window size
I PatchMatchStereo [Barnes et al.] [Bleyer et al.]

—( E—

Spatial propagation View propagation Temporal propagation
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Failures of Correspondence Search

_e
T RPAY DA

Non-Lambertian surfaces, specularities
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Stereo Matching with Deep Learning

A Feature matching is | FeareDsmce
N

ideal task for CNN TR " Boifened T

Convolution 16x3 Convolution 16x3
Convolution 32x3 Convolution 32x3
| FOI’ | ﬂStan ce y use Convolution 32x3 @ Convolution 32x3

Siamese Networks —Y wY ~ Pooing2

Convolution 16x2 Convolution 16x2

I Many papers recently! P pp——

input

Faeh
h\
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(Passive) Stereo

(x,y,2)

/ _ Epipolar
'__',-." line

-

~11 (X2, )

o (%, 7,) Right Camera
m

A Triangulation usingpipolargeometry

Ad —
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Stereo MatchingBaseline

A Wide baseline> harder to find matches
I More distortion
I More occlusions

A Small baseline> matches are less accurate
I Small disparity error results in large distance
I Disparity needs to be sdfmxel accurate
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Multi-view Stereo

Stanford multicamera array
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(Active) Stereo
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(Active) Stereo

3
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Stereo Camera: Real Sense

A Active mode (close range, indoor)
A Passive mode (outdoor)
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(Active) Stereo

IRProjector
Pattern

Single lens
RGBIR cameras

PatchmatchStereo [Bleyerll]
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(Active) Stereo

A Beam splitter Jisible light

cco
Caolor 30 fps

Circuit 1 j——

]q>

gl
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Structured Light
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Structured Light
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Structured Light

//
3D Scanning & Motion Captu
Prof.Niel3ner
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Structured Light: Kinect.V1

IR Emitter Color Sensor

Microphone Array

l

N
J
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Structured Light: Kinect.V1

Calibrated IR pattern Input RGB
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Laser Scanning
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Laser Scanning

A Simple version: calibrate> laser pointer + camera
A Common: Scanlinby-scanline

Baseline ;
I 4|

Projector Camera
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Laser Scanning

3D Scanning & Moaoti Wil .
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LIDAR

A Light Imaging, Detection, Aritlanging (LIDAR)

From street view to autonomous cars

3D Scanning & Motion Capture I

Prof. Niefsner

\
)



HOW UBER'’S FIRST SELF-DRIVING CAR WORKS

Top mounted LiDAR beams 1.4 million
laser points per second to create a 3D
map of the car's surroundings.

A colored camera puts LiDAR /W

map into color so the car can
see traffic light changes.

There are 20 cameras looking
for braking vehicles, pedestrians,
and other obstacles.

“Caml /\ Antennae on the roof

rack let the car position
itself via GPS.

UBERATC COM/CAR ia

- =5 O |UBER
: ADVANCED

TECHNOLOGIES
CENTER

LiDAR modules on the front, rear, and sides k A cooling system in the car makes sure
help detect obstacles in blind spots. everything runs without overheating.
SOURCE: Uber BUSINESS INSIDER
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Laser Scanning: Mapping the Environment

A Lidar in seHdriving cars

o « i n 3 5 _ I;;‘l ??’-, - ‘ h
: \ 3 Il 1 .\
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Laser Scanning for 3D Printing
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Depth Cameras

A Stereoand Multiview

I Passive: work indoors and outdoors

I Rely on features from the environment

I Computationally expensive due to feature matching step
A Timeof Flight ToB

I Active: can map featureless regions

I Often in IR spectrurye fails outdoors

I Sensitive to scattering, indirect lighting, etc.
A Structured Light

I Active: can map featureless regions

I Oftenin IR spectrum> fails outdoors

I Need precise calibration between projector and sensor
A Laser Scannekjdar

I Only a small scanline slow (if faster, only sparse points; e.g., LIDAR)

I Very precise though because feature matching is trivial
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Applications & Research Directions

A Body tracking

A Gesture control

A Face tracking

A 3D reconstruction

A Localization

A Scene understanding

A Virtual & augmented reality
A Fabrication

A Neural Rendering

A And many moreJ

3D Scanning & Motion Capture I m

Prof. Niefsner ™ N



Camera Concepts
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Camera Concepts
A Intrinsic Parameters

i Focal |ength intrinsic IJE;I].'E;IIITLJE’E_EIEH EHEEH
i Principal point v % - P
i (Skew) I o
i (Distortionparams) S5-assre gl Jfocal plane 146
A Extrinsic Parameters 2 )_
| 6 degrees of freedom f/ image plane f_,:‘if
(Do T I 1| LI_L':FLIT]EI‘II-L frame -
Rotation + translation extrinsic parameters
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Camera Concepts

IR Emitter Color Sensor

intrinsic parameters \H P IR Depth Sensor
world frame

o >< focal plane

o image plane !
¥ ~— /

camera frame —————

—_— R

Tilt Motol

extrinsic parameters Microp h(.;ne Array

Often we have mapping between depth and color (a&gtrinsicg
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Camera Concepts

A World space
I global coordinate system

A Camera space
I coordinate system within current frame
A Screen / Pixel coordinates:
I Pixel position (X, y) + depth value (z)
A Normalized Device coordinates (NDC):
I OpenGL pIp]
i DirectX| pIp] [mPp]
A Model space:
I Local coordinate frame for a given model (within a scene)
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Camerantrinsics

Pinhole Camera Q7 a
l Intrinsic Matrix:u m "Q &
m T P
Finhole
T Focal length’Qand™Q  -> distance between pinhole and image plane
' Principal pointh , & ->proj. center (often width/2, height/2)
Axis skewf BH AKSINI RAAU2NIAZ2Y O

—_ ]
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http://ksimek.github.io/2013/08/13/intrinsic/

Camerantrinsics

2

34 349
~'e)
Q- Q

Intrinsic Matrix:0

l P

Focal lengthQ, "Q

Pinhole Camera

Finhole

— - Focal length is distance between pinhol

and film (image plane).
- Focal length is measured in pixels.
- Ratioc™Qand " Qdefines aspect ratio.

¥

—~=_ |/ —
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http://ksimek.github.io/2013/08/13/intrinsic/

Camerantrinsics

01 4
Pinhole Camera Intrinsic Matrix:v m Q «
m T P

Principal pointh ,a (orw,w ;in pixels

%

Frincipal (0,07 M_ﬂ|
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http://ksimek.github.io/2013/08/13/intrinsic/

Camerantrinsics

A Projection: ) , ‘ ,
Q [ a W 0
m Q a (00> Q (L‘)
T T ot P

Need division byt to obtain pixel coordinates
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Camerantrinsics
A Screen space projection (from camera to screen)

staticinline float3 cameraToScrednoonstfloat3& pos)
{
return make_float3(
pos.Xc_depthCameraParams/pos.z+ ¢_depthCameraParams.mx,
pos.yc_depthCameraParams/fyos.z+ c_depthCameraParams.my,

P0S.2;
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Camerantrinsics
A Inverse Projection (from screen to camera space)

staticinline float3 screenToCamef(aint ux, uint uy, float depth)

{
constfloat x = ({loat)ux-c_depthCameraParams.mxg¢ /depthCameraParams;fx
constfloaty = ({loat)uy-c_depthCameraParams.myg¢ /depthCameraParams;fy
return make_float3(depth*x, depth*y, depth);
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CameraEXxtrinsics

A 6 Degrees of Freedord(B

I 3 for rotation
I 3 for translation

5 < <<
5 < <<

A 4x4 or 3x4 matrix

5 < <<

3D Scanning & Motion Capture _ _ _ o I
http://ksimek.qgithub.io/2012/08/22/extrinsi¢ —

Prof.Nief3sner

o O O O

:


http://ksimek.github.io/2012/08/22/extrinsic/

CameraEXxtrinsics

R, (6)=
Y Y1 tY 1 Y
R, (6)=
Y Y
AAQ p
R.(6)=

3D Scanning & Motion Capture
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http://ksimek.github.io/2012/08/22/extrinsic/

CameraEXxtrinsics

ALGUQa Fff NBfFUOUADS
I Does the object move or the camera?

frame O

frame 1
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Camera Calibration
A Pinhole Camera vs Real Camera

A

AR

°
“®jllustra
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Camera Calibration

A Pinhole Camera vs Real Camera
I Many approximations

A Radial distortion and tangential distortion models

Zero Tangential Distortion

Tangential Distortion

[ l‘
SIAm
e

-
S
“-=ﬂ==}

Positive radial distortion
“harrel”

Megative radial distortion Mo distortion

“pincushion”

Lensand se

nsor are parallel

Lens and senso

r are not parallel

3D Scanning & Motion Capturgyns-// de.mathworks.com/help/vision/ug/cameraalibration.htmi
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Came l.
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https://de.mathworks.com/help/vision/ug/camera-calibration.html

Camera Calibration
A Distortion coefficientSQhQhm h hQ

A For radial distortion:
i h OO dzNE& RdzS {52 S&0 ISNNBfOd1T k G FAaAK

i wp Qi Qi ko)
i W wp Qi Ko) ko)

A For tangential distortion:
I Occurs if image plane and lens are not parallel

[ W ¢cnwwn qw)
T W w N0 w) ¢hHww
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https://docs.opencv.org/2.4/doc/tutorials/calib3d/camera_calibration/camera_calibration.html

Camera Calibration

N imagel [1-4] WREl Ciwager 11-4] AR E Qinage 1-4] W E
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Example: 3[Reconstruction

Intrinsicsto obtain point cloud
for current frame

Jg
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Example: 3D Reconstruction

Move camera (or object) to obta
next frame (i.e., next view)

3
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