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RGB-D Sensors L

Size, cost
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Introduction (5min)

 Applications

Bl Registration (s min)
:  Rigid Scanning (10 min)

o 3D Geometry (25 min)

2D Images (10 min)
Combined 2D/3D (5 min)

Articulated Tracking (10 min)

Non-rigid Modeling (10 min)

Robust Registration (15 min)

Q&A (5min)

Realtime Face Tracking (10 min)

Q&A (5min)

2 D D D |

3 Outlook (5 min)
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e Scan to scan

Newcombe, |zadi, Hilliges, Molyneaux, Kim, Davison, Kohli, Shotton, Hodges, Fitzgibbon:
KinectFusion: Real-Time Dense Surface Mapping and Tracking, ISMAR 2011
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C,
EN

* Parameterized template to scan
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 Align a source model X onto a target model )

* find a transformation T'(X) that brings X into alignment with Y
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A CPr Pairwise Registration

 Align a source model X onto a target model )
* find a transformation T'(X) that brings X into alignment with Y

e [wo main questions:
 How do we measure the quality of the alignment?

« \What transformations are acceptable?
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Pairwise Registration

e |SsSues

L

missing data

Partial matching

Ambiguity

lllumination changes
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* Registration as energy minimization
source

S
argmm Ereg(T, X,))

\ / \target

transformation
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M Registration

FEDERALE DE LAUSANNE

* Registration as energy minimization

argmin Eye. (1T, X,))
T

Ereg(Ta X, y) — Ematch (Ta X, y)

Y,

Alignment Error

How do we measure the
quality of the alignment?
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* Registration as energy minimization

argmin Eye. (1T, X,))
T

Ereg (Ta X, y) — Ematch (Ta X, y) + Eprior (T)

/ \

Alignment Error Transformation Error
How do we measure the What transformations
quality of the alignment? are allowed / good?
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e Alignment Error Ereg = Emateh + Eprior

Ematch(TaAfay) :/ @(T(X),y)dX
AN

distance function

E match
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Ereg — Ematch =+ Eprior —
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Registration

Ereg — Ematch =+ Eprior

rigid motlon %‘

F A

data-driven
: prior

| ri D . '
skeletal model composite
prior
(oseudo-) elastic R .
deformation prior |
?
articulated
elastic fluid
Dynamic 2D/3D Registration 20 Sofien Bouaziz  Andrea Tagliasacchi  Mark Pauly




L

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Regis

Ereg — Ematch =+ Eprior

tration

» Registration as energy minimization argmin Fy.(1, X, ))
T

 typically non-linear

e common solution: linearize, iterate

Input

(X,))

Dynamic 2D/3D Registration

Qutput
1T =1,
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* Registration (5 min)

Overview

Introduction (5min)

* Applications

o 3D Geometry (25 min)

2D Images (10 min)

Q&A (5min)

Dynamic 2D/3D Registration

Combined 2D/3D (5 min)

Robust Registration (15 min)

Outlook (5 min)

22

 Rigid Scanning (10 min)

Articulated Tracking (10 min)

Non-rigid Modeling (10 min)

Realtime Face Tracking (10 min)

Q&A (5min)
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3D Registration

Source

target
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3D Registration

Source

transformed source
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Source

transformed source

target
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Ereg — Ematch + Eprior

Ematch(Z) — /Z?O(Z7y)dz

distance function
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EEEEEEEEEEEEEEEEE

Ereg — Ematch + Eprior

Ematch(Z):/ZSO(Zay)dZ
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Ereg — Ematch + Eprior
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EEEEEEEEEEEEEEEEE

Ereg — Ematch + Eprior

Ematch(Z):/ZSO(Zyy)dZ

v

n

_ 2

discretized matching cost based Ematcn(Z) = Z w;||z; — Py(z;)]]3
on point correspondences 1=1
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3D Registration - Matching
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* |terative Closest Point (ICP) Algorithm

=

e Step 1: find correspondences
using closest points for fixed

transformation
— efficient data structures .
lterate until
convergence
[ DEMO ]
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3D Registration - Example

» Step 2: find best rigid
transformation for fixed
correspondences

— closed form solution
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lterative Closest Point (ICP) Algorithm
* (approximate) closest points— (more) efficient data structures
» weight accounts for importance and confidence

* heuristics to prune or down-weigh bad correspondences

Convergence rate for "fractal" Convergence rate for "incised plane" scene
2 T T 2 T T T T T
\ Clo: tp int —+— : Clos tp int ——
Closest c onrl‘p tbll ;;1 int --x-- K Closest c on'l‘p tbll ph int —-x--
\ : ormal ot --X-- \ ot --¥--
| N : Normal shoot compa tbl - His Normal shoot compatible -
A : apolect =5 i Projct snaoi 6
H & : rojec wal
€ € »
£ £
c 1 c
> 2
© ©
0 0
= =
Z o5 4
[}

Rusinkiewicz, Levoy: Efficient Variants of the ICP Algorithm, 3D Digital Imaging and Modeling, 2001
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* |terative Closest Point (ICP) Algorithm
n
Ematen(Z) = Y _willzi — Py(z:)|3
i=1

e Side Remark: Error norm
e squared Euclidean distance is sensitive to outliers

e robust norms reduce this sensitivity
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Ereg — Ematch =+ Eprior

articulated

elastic

=

S Y 7
o\ J

\ é,’l
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composite
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3D Registration - Prior

‘ k Source
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‘ ‘ source

transformed source
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‘ ‘ source

transformed source

target
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* Why priors? Ereg = Fmaten + Eprior

target
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Ereg — Ematch =+ Eprior
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3D Registration - Prior

. Global Rigidity

Ereg — Ematch =+ Eprior

R,t
y

source

Eprior(Za Ra t) —
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3D Registration - Prior

Ereg — Ematch =+ Eprior

elastic
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e Local Rigidity  Ereg = Ematch + Eprior

@ R17 R27 R37 R4> R5 O 7 ,.

source

V" transformed source

EpI'IOI‘ Z {R } > >1 — Z’L — RZ(X] _ XZ)H%

i=1 jeEN;

Sorkine, Alexa: As-Rigid-As-Possible
Surface Modeling, SGP 2007
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e Local Rigidity  Ereg = Ematch + Eprior

@Rla RQ) R37 R4> R5

source

V" transformed source

[ DEMO ]
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e Local Rigidity  Ereg = Ematch + Eprior

Sumner, Schmid, Pauly:
Embedded Deformation for Shape Manipulation
ACM SIGGRAPH 2007

Bouaziz, Deuss, Schwartzburg, Weise, Pauly:
Shape-Up: Shaping Discrete Geometry With Projection
SGP 2012
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Ereg — Ematch =+ Eprior

articulated
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e Linear Blend Skinning Ereg = Ematch + Eprior

e e S Y X SRS
LAY

W
SAvavy
£l <7

TV
OSAAYS,
A/

M
o

NN ANV 2T

O AR it
g

Pl
SRR

1=1 j€B . .
rigid transformations

Chang, Zwicker: Range Scan Registration
N Using Reduced Deformable Models
8" EUROGRAPHICS 2009
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3D Registration - Prior

&7

C,
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Ereg — Ematch + Eprior —
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< |
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composite

a A\
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3D Registration - Prior

e Linear Model Ereg — Ematch + Eprior

- o ) ) « ) 9 -
Z% ¢ = dlgr +d2g,+d3€»+d4 gr + %

coefficients

/

s =Pd-+m

/ N\

basis mean shape
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e Linear Model Ereg — Ematch + Eprior

Eprior(Z,d) = Y |12: — (P(i,)d + m(@))|

$99-9 o
Blanz, Vetter: A Morphable Model Weise, Bouaziz, Li, Pauly: Realtime i, R
__for the Synthesis of 3D Faces Performance-based Facial Animation P 7
€ ACM SIGGRAPH 1999 ACM SIGGRAPH 2011 b & *ﬂﬂh
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Ereg = Imatch T+ Eprior
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e Evolving topology

Bojsen-Hansen, Li, Wojtan:
Tracking Surfaces with
Evolving Topolgy
ACM SIGGRAPH 2012

Forward i
Texture Propagations
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3D Registration - Recap

&

Ematch(

Matching

Z)=> wilz — Py(z)|3
=1

Prior

A rigid

R1 Ro, R3 R4, Rs

non- r|g|d
e —/
articulated
y) . ) 3 y y
r f
data driven
.
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* Registration (5 min)

o 3D Geometry (25 min)

2D Images (10 min)

Q&A (5min)

Dynamic 2D/3D Registration

Overview

Introduction (5min)

* Applications

Combined 2D/3D (5 min)

Robust Registration (15 min)

Outlook (5 min)
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Rigid Scanning (10 min)
Articulated Tracking (10 min)
Non-rigid Modeling (10 min)
Realtime Face Tracking (10 min)

Q&A (5min)
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2D Registration

Target

S

Source
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/N

color value at color value at
X, of image 1 Z; of image J
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C,
N

Ereg — Ematch =+ Eprior

image gradient at
Z; of image J

(xi) — [J(z) + VI(2:)" (2 — 25)]||5

initial guess
previous iteration
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EEEEEEEEEEEEEEEE

q — A Ereg — Ematch =+ Eprior

match Z HI X’L ZZ)H%

/N

color value at color value at
X; of image I Z; of image J
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EEEEEEEEEEEEEEEE

q — A Ereg — Ematch =+ Eprior
| J
2
match Z HVI Xz VJ(Z’L)H2
gradient at gradient at
X, of image 1 Z; of image J
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e |Lucas-Kanade (1981)

« Constant displacement field

\

“vertex” wants... ...to match its neighbours’

Lucas, Kanade: An lterative Image Registration Technique with an Application to Stereo Vision, |[JCA/ 1981
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e Lucas-Kanade (1981)
« Constant displacement field

Ereg — Ematch =+ Eprior

n

Eprior(Z) — S: S: H(Zj T Xj) T (Zi _ XZ)H%

Lucas, Kanade: An lterative Image Registration Technique with an Application to Stereo Vision, |[JCA/ 1981
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e Lucas-Kanade (1981)
« Constant displacement field

Ereg — Ematch =+ Eprior

n

Eprior(Z) — S: S: H(Zj T Xj) T (Zi _ XZ)H%

Lucas, Kanade: An lterative Image Registration Technique with an Application to Stereo Vision, |[JCA/ 1981
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FEDERALE DE LAUSANNE

e Lucas-Kanade (1981)
« Constant displacement field

Ereg — Ematch + Eprior

n

Eprior(Z) — S: S: H(Zj T Xj) T (Zi _ XZ)H%

O

" £
}{ % —— I-ZN+ 07 FI N 2 A+ N7+ A L+ U2 A=A ) 4] 2=

Lucas, Kanade: An lterative Image Registration Technique with an Application to Stereo Vision, |[JCA/ 1981
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 Horn-Schunck (1981)

« Smooth displacement field

...to match its
neighbours’ average

Eorior(Z) = (z; — %;)|5

vertex” wants... ...its deformation...

Horn, Schunk: “Determining Optical Flow”, Artificial Intelligence Journal 1981
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 Horn-Schunck (1981)

« Smooth displacement field

Ereg — Ematch =+ Eprior

Z x;)|13

A

Eprior(Z) = Y |[(zi — x;)
1=1

° 5
/d
;

Horn, Schunk: “Determining Optical Flow”, Artificial Intelligence Journal 1981
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 Horn-Schunck (1981)

« Smooth displacement field

pI’lOI‘ Z H i ‘ ‘

Ereg — Ematch =+ Eprior

Z x;)|13

FjEeEN;

O—>©—O\TOO~;O

% — || /-178( A 1+ At - 147

Horn, Schunk: “Determining Optical Flow”, Artificial Intelligence Journal 1981
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Prior

77
777
717 |7

constant (Lucas-Kanade)

. NP/
Ematch(Z) ZHI(Xl)_ ( )”2

«— | o | >

rnatch Z HVI Xz VJ Zz)”2 / l \

smooth (Horn-Schunck)
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* Registration (5 min)

o 3D Geometry (25 min)

2D Images (10 min)

Q&A (5min)

Dynamic 2D/3D Registration

Overview

Introduction (5min)

* Applications

Combined 2D/3D (5 min)

Robust Registration (15 min)

Outlook (5 min)
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Rigid Scanning (10 min)
Articulated Tracking (10 min)
Non-rigid Modeling (10 min)
Realtime Face Tracking (10 min)

Q&A (5min)
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2D/3D Registration

Dynamic 2D/3D Registration
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2D/3D Registration
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2D/3D Registration

[Ostlund et al. 2012]
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Ereg — Ematch + Eprior

Eratch(Z) = Z 1T(xi) — I(£(zi))l3

projection of the 3D vertex
in the 2D image
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Ereg — Ematch + Eprior

Eratch(Z) = Z 1T(xi) — I(£(zi)) 3

| - - T
Orthographic projection f(Zf,;) — |4, x Zi,y]
_ T
Perspective projection f(Zz‘) — fzi Z fzz- Zy
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A\ 4
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FEDERALE DE LAUSANNE

Ereg — Ematch + Eprior

3d matching 2d matching

/ /

Ematcn(Z) = w1 )|z = Py(@i)ll3 + wo > T(xs) = I(E(2a))I3
1=1 1=1
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2D/3D Registration - Recap

C,
N

Matching

Ematch(Z) = w1 Z ||Zl - Py(Zz)H%
1=1

+ws Z (i) — I (£(za))l3
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* Registration (5 min)

o 3D Geometry (25 min)

2D Images (10 min)

Q&A (5min)

Dynamic 2D/3D Registration

Overview

Introduction (5min)

* Applications

Combined 2D/3D (5 min)

Robust Registration (15 min)

Outlook (5 min)
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Rigid Scanning (10 min)
Articulated Tracking (10 min)
Non-rigid Modeling (10 min)
Realtime Face Tracking (10 min)

Q&A (5min)
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Robust Registration

c; = ||zi — Py(z:)]|2
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Robust Registration

Ematch(Z) — C?? Ci = Hzi - Py(zi)HQ

1=1

st if|z] <7

%72 otherwise

1 A J

0 0.2 04 0.6 0.8
C4 C8 C1
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Ematen(Z2) =Y ¢, ¢ = ||lzi — Py(z)])2

7
1=1
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: 9 :
arg 11i1n C’i |:> arg 111111 C;
1 > 3 > o)

_ \robust function —& .+ —

IRLS

oV
arg min Z w(c=) (ch)?
Zt =1

[\

weight function  previous iteration residuals

Dynamic 2D/3D Registration 84 Sofien Bouaziz  Andrea Tagliasacchi




B Robust Registration

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

n
arg min Z w(ci™ ) (ch)?
Z0 =1

£

3 72 otherwise

o
o
0.
o o T =0.80
- os \ /
o

{ 152 iflzg] < T

1 08 06 04 02 o

liflz| <7
0 otherwise

1 08 06 04 02 o o.
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Robust Registration

TABLE I
WEIGHT FUNCTION
Estimator Objective Weight
with Tuning Function Function Range Comments
Constant p 1-Function w of u
Andrews’ a?[1 — cos(u/a)) asin(u/a) (u/a)"tsin{ufa) | jul<ma ) 1.0<a <25
wave (a) 2a® 0 |u] > Ta
Tukey's | (B2/2)[1— (1= (/8P | ull— (/b | (1= /0 | [ul<b | 20<b<80
Biweight (b) b2/2 0 0 |u] > b
Talwar (t) u?/2 u 1 lu <t 20<t <80
t2/2 0 Ju| >t
Student-t(f) (1+ £)/(f +u?) Derived in 1}
by
ML analysis
Cauchy(c) (c?/2)log[l + (u/c)?] ul 4 (u/c)?]~! 14 (u/e)?}! special case of
t-distribution
Welsch(w) | (w?/2)[1 — exp]—(u/w)?]] | uexp[—(u/w)?] | exp[—(u/w)?) 1.0<w<5.0
Huber(h) u?/2 u 1 lul|<h | 10Kh <25
hlu — h?/2 h sig(u) hlu|~? Ju| > &
Logistic(]) 2 log[cosh(u/1)] Itanh(u/1) (u/1)~! tanh(u/1) 1.0<1<3.0
Fair (f) | f*(lul/f —log(1 + [ul/N] | w(i+ I/~ | (1+[ul/N)! 10< f<5.0

Mirza, Boyer: Performance Evaluation of a Class of M-Estimators for Surface
Parameter Estimation in Noisy Range Data, /EEE Transactions on Robotics and Automation
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Robust Registration

TABLE I
WEIGHT FUNCTION
Estimator Objective Weight
with Tuning Function Function Range Comments
Constant p 1-Function w of u
Tukey's | (62/2)[1-(1 - (wo)P | wll =R | (-@/o? | i< | 20<0<80
Biweight (b) b2/2 0 0 [u] > &

Mirza, Boyer: Performance Evaluation of a Class of M-Estimators for Surface
Parameter Estimation in Noisy Range Data, /EEE Transactions on Robotics and Automation 1993
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TABLE I
WEIGHT FUNCTION (@, - (b),
Estimator Objective Weight
with Tuning Function Function Range Comments (Q 2
Constant p y-Function w of u ( ) 4 L Lo cal
Andrews’ a?[1 — cos(u/a)) asin(u/a) (u/a)~'sin(u/a) | lu| < 7ma | 1.0<a <25 (b) " X
wave (a) 2a® 0 0 |u] > Ta i 10
Tukey's | (B2/2)[1— (1= (w/b) | ull = (u/o) | [1- (/PP | [u<b | 20<b<80 (c)
Biweight (b) b2/2 0 0 |u] > b
Talwar (t) u?/2 u 1 lu <t 20<t<80
12/2 0 0 [l > ¢
Student-t(f) (1+ £)/(f +u?) Derived in {1} (d)
by
ML an)alysis
Cauchy(c) (c?/2)log[l + (u/c)?] ul 4 (u/c)?]~! 14 (u/e)?}! special case of
t-distribution
Welsch(w) | (w?/2)[1 — exp]—(u/w)?]] | uexp[—(u/w)?] | exp[—(u/w)?) 1.0<w<50(e) G IObaI
Huber(h) u2/2 u 1 lul<h | 10<h<25 (f)
hlul - h?/2 h sig(w) Bl Jul > h (@) (h) .
if 1f
Logistic(]) 2 log[cosh(u/1)] Itanh(u/1) (u/1)~! tanh(u/1) 1.0<1<3.0 (g) 4t
Paic (1) | f2(ul/f ~log(1+ /9] | w(i+ [ul/NF | (L4 [ul/n)! 10< /<50 (h) % ost % ot
0 10 0 1.0 0 10 0 10

Mirza, Boyer: Performance Evaluation of a Class of M-Estimators for Surface
Parameter Estimation in Noisy Range Data, /EEE Transactions on Robotics and Automation 1993
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e Local Support o

1 ifjz| <7
w(z) = .
0 otherwise

0.5

Z
y
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e Trimmed Metrics

» Known number of inlier N

0 otherwise

w(z) = {1 if |2] < 7

0.5

Chetverikov, Svirko, Stepanov, Krsek
The Trimmed lterative Closest Point Algorithm,

International Conference on Pattern Recognition 2002

0.5

N=3

<N
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e Sparse Metrics

p(r) = [z]? w(z) = pla|P~?

plz|P~?

 Bouaziz, Tagliasacchi, Pauly
Sparse lterative Closest Point
SGP 2013
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Robust Registration 6%

e Sparse Metrics

p(r) = [z]?

-

0.5

w(z) = plaf 2

25

-0.5

0.5 1

-0.5

0.5 1
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p=2 Tukey p=0.4
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Robust Registration

L #8% Bouaziz, Tagliasacchi, Pauly
38 g 3 By Sparse Iterative Closest Point
__ap_d ,..n,L,,,Lm.uxJ_._m SGP 2013

https://github.com/opengp/sparseicp
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Robust Registration - Recap

C,
N

( N\
-
Local/Global Trimmed Sparse
» La2if|lz| < T
04 §T2 otherwise
035 P = 09
"\ T =0.80 p=0.7
025 p=0.5
) p=0.3
liflz| <7
{ 0 otherwise plz|P—2
1r 04
"? 0| o
o 10 0 10
4 4 J
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* Registration (5 min)

o 3D Geometry (25 min)

2D Images (10 min)

Q&A (5min)

Dynamic 2D/3D Registration

Overview

Introduction (5min)

* Applications

Combined 2D/3D (5 min)

Robust Registration (15 min)

Outlook (5 min)
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Rigid Scanning (10 min)
Articulated Tracking (10 min)
Non-rigid Modeling (10 min)
Realtime Face Tracking (10 min)

Q&A (5min)
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* Registration (5 min)

o 3D Geometry (25 min)

2D Images (10 min)

Q&A (5min)

Dynamic 2D/3D Registration

Overview

Introduction (5min)

* Applications

Combined 2D/3D (5 min)

Robust Registration (15 min)

Outlook (5 min)
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Rigid Scanning (10 min)
Articulated Tracking (10 min)
Non-rigid Modeling (10 min)
Realtime Face Tracking (10 min)

Q&A (5min)
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Rigid
Scanning

Non-Rigid
Modeling

Face
Tracking

Articulated
Tracking
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* Registration (5 min)

o 3D Geometry (25 min)

2D Images (10 min)

Q&A (5min)

Dynamic 2D/3D Registration

Overview

Introduction (5min)

* Applications
* Rigid Scanning (10 min)

Combined 2D/3D (5 min)

Robust Registration (15 min)

Outlook (5 min)
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Articulated Tracking (10 min)
Non-rigid Modeling (10 min)
Realtime Face Tracking (10 min)

Q&A (5min)
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EEEEEEEEEEEEEEEEE

W IMmFuUsion

A\

KSCAN3D

Artec Group
m m@ F".‘ 3D Scanning Technologies

i < SKANECT
Microsoft -
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Rigid Scanning

o
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Rigl

d Scanning - Pipeline

C,
O

Preprocessing *

Depth map

Smoothing

O

( Alignment & Accumulation

Mesh & Normals

Calibration

Matrix
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Rigid Scanning - Preprocessing

&

lterative
Smoothing

Gaussian

Bilateral

speed
AJeNno

Sparsity §

v, LO, ... g;i(i\

=~ N

filtered reference
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MW Rigid Scanning - Preprocessing

x;; =K [7-d(i,7)
vertex, /L dia)
positions - -

camera intrinsics inverse of

(device dependent)  “persp. division”

9

#
-

finite differences
(grid)

vertex
normals
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Rigl

p
Preprocessing

Smoothing

v

Depth map

Calibration

Matrix

Mesh & Normals

d Scanning - Pipeline 6%

Alignment & Accumulation
oot
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EEEEEEEEEEEEEEEE

arg min wq Z 1z; — Py(z;)||3 + wo Z 1z; — (Rx; + t)]|3
Z Rt

1=1 1=1

matching term @wg — OO rigid motion

A argmmZH (Rx; +t) — Py(Rx; + t)||3
Rt
1=1

@traditional ICP

O Step 1: find correspondences
Step 2: find best rigid transformation
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arg min wi Z 1z; — Py(z;)||3 + wo Z 1z; — (Rx; + t)]|3

Z,R,t i—1

arg min w, ZHZM Py (z;) |3

use previous iteration
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arg min wi Z 1z; — Py(z;)||3 + wo Z 1z; — (Rx; + t)]|3

Z,R.t i—1
arg min wo Z |20 — (R(R'x; + t8) + 1)
Zt+1 Rt \

linearize rotation matrix
I -y B

1 —Q
-8 « 1
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Py (z;)

Acceleration Data Structures

Q
()]
| -
N
o
x medial y-median
L)) /[ /]
o 1
wjd 1
(&)
o

build: O(nlogn),each query: O(logn)

Dynamic 2D/3D Registration
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Rigid Scanning - Optimization NS

Projective Lookup

N
= ————image plane
“‘\\ Z

build: O(1), each query: O(1)
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|z — Py(z:)]13

Point-to-Point

|2 — Py(z)|3

Pottmann, Huang, Yang, Hu: Geometry and convergence
analysis of algorithms for registration of 3D shapes, [JCV’'11
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Point-to-Plane

t—|—1 Py( )>2
| DEMO |
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« Reduce the number of points (potentially up to 9x108 V/s of data in VGA)

* Reduce noise (using already collected data)

Volume  Surface

<@
<0

Newcombe, Izadi, Hilliges, Molyneaux, Kim, Weise. Wismer. Leibe. Van Gool:

DaViSOH, KOhll, Shotton, HOdgeS, F|tzg|bbon In-hand Scanning with Online LOOp CIOSlJre,
KinectFusion: Real-Time Dense Surface Mapping and Tracking, 3DIM 2009

ISMAR 2011
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VVolumetric accumulation Accumulation Grid

Slice o |
Implicit Function

F>u

3D Scene

Newcombe, Izadi, Hilliges, Molyneaux, Kim, Davison, Kohli, Shotton, Hodges, Andrew Fitzgibbon [ DEMO }
KinectFusion: Real-Time Dense Surface Mapping and Tracking, ISMAR 2011
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« Reduce the number of points (potentially up to 9x108 V/s of data in VGA)

* Reduce noise (using already collected data)

(\olume Surface

<@
<0

Newcombe, Izadi, Hilliges, Molyneaux, Kim, Weise. Wismer. Leibe. Van Gool:

DaViSOH, KOhll, Shotton, HOdgeS, F|tzg|bbon In-hand Scanning with Online LOOp CIOSlJre,
KinectFusion: Real-Time Dense Surface Mapping and Tracking, 3DIM 2009

ISMAR 2011
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Surface accumulation

Surfel update il

Surfel addition

Surfel removal

h \__._._,Jl‘ [ DEMO }

W’ 0 Weise, Wismer, Leibe, Van Gool:
— In-hand Scanning with Online Loop Closure,
& ) s0m 2000
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Rigid Scanning - Recap

4 e A
Preprocessing Registration Accumulation
7 - d(@’ ]) Projective Lookup (reCOHStrUCtlon)
d(i, j) z  7imese e
= LT
Point-to-Plane
zt State of the Art in Surface
Q_f Reconstruction from Point Clouds
erenlen A Lo St oo S
- \ J
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* Registration (5 min)

o 3D Geometry (25 min)

2D Images (10 min)

Q&A (5min)

Dynamic 2D/3D Registration

Overview

Introduction (5min)

* Applications

Combined 2D/3D (5 min)

Robust Registration (15 min)

Outlook (5 min)

118

Rigid Scanning (10 min)
Articulated Tracking (10 min)
Non-rigid Modeling (10 min)
Realtime Face Tracking (10 min)

Q&A (5min)
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Tiny part of tomorrow’s talk: “Robust Articulated ICP for Real-Time Hand Tracking”

silhouette ~ posed model lost tracking? converged?
color image ll §E .s 00 Yyes no Y yes \ |
reinitialize \ ‘
2D correspondences /_J hnlear ? \ﬁm ﬁ \
SO1VC A \ ,
3D correspondences data fitting temporal X ) 7/\ _
* @ V / /
depth image distance trans.  point cloud bounds pose space || collision S

mein Epoints + Esilh._l_Ewrist + Epose + Ekin. + Etemporal

VO VO
Fitting terms Prior terms
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Articulated Tracking

X, - sensor point cloud

M - cylinder hand model

3D Registration

Epoints — Z HX _ HM(Xv 0)”%
xc X,
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Articulated Tracking g:%

X, - sensor point cloud

M - cylinder hand model

3D Registration

linearize trajectory of
/ closest point corresp.

Epoints — Z HX _ HM(X7 0)”%
xc X,
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X, - sensor point cloud

Epomts 56

M - cylinder hand model

3D Registration

Z | Jske1 00 —

xc X,

(Mm%, 0) — x)|3
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r

X, - sensor point cloud |

Epomts 59 Z HJskel59 (H./\/l (Xa (9) — X)H%

xc X,

8HM (X, (9)
Jskel — BY:

= VX (HM(Xv 9) - p)

/

joint rotation axis joint rotation center
i.e. [0,0,1]

M - cylinder hand model

-

3D Registration

[Buss’09] Introduction to Inverse Kinematics
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[Buss’09] Introduction to Inverse Kinematics

r

X, - sensor point cloud |

Epomts 59 Z HJskel&g (H./\/l (Xa (9) — X)H%

xE X,
Edamping (59> — “59“3

small angle
approximation

M - cylinder hand model
J

.

3D Registration
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* Registration (5 min)

o 3D Geometry (25 min)

2D Images (10 min)

Q&A (5min)

Dynamic 2D/3D Registration

Overview

Introduction (5min)

* Applications

Combined 2D/3D (5 min) 2

Robust Registration (15 min)

Outlook (5 min)

125

Rigid Scanning (10 min)
Articulated Tracking (10 min)
Non-rigid Modeling (10 min)
Realtime Face Tracking (10 min)

Q&A (5min)
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argminwy »  [z; — Py(zi)[3 + w2 > Y (25 — 25) — Rilx; — x,)]J3

ZAiRi} o [ i=1 jEN; I

matching term non-rigid prior
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(L Non-Rigid Modeling g%

arg min w Z |z; — Py (2:)]13 +wzz >l - Ri(x; —xi) 3

Z,{R;} =1 1=1 jEN;

* How to set the weight for the non-rigid energies”

* Rigid ----- > Non-rigid

[ DEMO ]

Li, Adams, Guibas, Pauly: Li, Sumner, Pauly: &
Robust Single-View Geometry Global Correspondence Optimization for 3 \ ;)

) " and Motion Reconstruction, Non-Rigid Registration of Depth Scans, - Tl
ACM SIGGRAPH Asia 2009 SGP 2008 e Wyt 1
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arg min w Z |z; — Py (2:)]13 +w2z >l Ri(x; —xi)ll3

Z,{R;} =1 1=1 jEN;

* ARAP prior: geometric energy with one rotation matrix per vertex

» How can we reduce the number of unknowns?
» Data-Driven: Statistical model (PCA)

* Physical-Based: Modal analysis of deformation energies
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« PCA model

coefficients

/ . :
s =Pd-+m %:,“+d1€2\+d2 %i,’#dgg:‘ + ... = @
/ .

basis mean shape \d| << |V\
50 7400

Blanz, Vetter: A Morphable Model
. for the Synthesis of 3D Faces
€ ACM SIGGRAPH 1999
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* Modal Analysis (subspace optimization)

* Assume smooth deformation (no high frequency)

* Eigenmodes of the Hessian of the deformation energy

coefficients
DN
basis base shape

Hildebrandt, Schulz, Tycowicz, Polthier:
Interactive Surface Modeling using Modal Analysis,
ACM SIGGRAPH 2012
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C,
EN

e Combining PCA with Modal Analysis

- . .
% :\ + d]_ gr”\ + d2 gr@ + d3 gﬁ + ...

& Bouaziz, Wang, Pauly:
Online Modeling For Realtime Facial Animation,
Y ACM SIGGRAPH 2013
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Non-Rigid Modeling - Recap

C,
N

Registration

n
arg minw; Y ||z, — Py(z:)|[3
Z7{R’Z} =1

+we Y D (7 — 7) — Rilx; —x0)]3

Advanced Prior

1) Data-Driven: Statistical model (PCA)
2) Physical-Based: Modal analysis

Dynamic 2D/3D Registration
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* Registration (5 min)

o 3D Geometry (25 min)

2D Images (10 min)

Q&A (5min)

Dynamic 2D/3D Registration

Overview

Introduction (5min)

* Applications

Combined 2D/3D (5 min)
Robust Registration (15 min) a

Outlook (5 min)
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Rigid Scanning (10 min)
Articulated Tracking (10 min)
Non-rigid Modeling (10 min)
Realtime Face Tracking (10 min)

Q&A (5min)
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M CPFL Face Tracking L

FEDERALE DE LAUSANNE

» Blendshape model

‘ | = | ' 103 1 /A ] 4051 | +0.7 |
happy smile neutral open squint smile
basis neutral

N\
e=Bd+Db
~ \

novel expression coefficients
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ML Face Tracking 6%
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argmmwlmz,,, 7:)| J+szT||Ixz f(zi) H2]+w35‘[llzz R(Bid +b:) +t)[5
1=1

A ] |

3D matching term 2D matching term blendshapes-rigid motion

[ DEMO ]
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P Face Tracking NS
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argmmwlzﬂzz Py(z ||2—|—w22||IXZ ||2+w32||zz R(B;d + b;) + t)|/3

T i |

3D matching term 2D matching term blendshapes/rigid motion

« Step 1: find correspondences e Step 2: optimize blendshape

and optimize rigid motion. @ coefficients.

lterate until
convergence
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A CPr Face Tracking
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e Until now - registration using local optimization

» Other possibility - alignment using descriptors and features
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Face Tracking - Recap

Registration

Step 1: optimize rigid motion
Step 2: optimize coefficients

Dynamic 2D/3D Registration
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* Registration (5 min)

o 3D Geometry (25 min)

2D Images (10 min)

Q&A (5min)

Dynamic 2D/3D Registration

Overview

Introduction (5min)

* Applications

Combined 2D/3D (5 min)

Robust Registration (15 min)

Outlook (5 min)
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Rigid Scanning (10 min)
Articulated Tracking (10 min)
Non-rigid Modeling (10 min)
Realtime Face Tracking (10 min)

Q&A (5min)
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* Registration (5 min)

o 3D Geometry (25 m

2D Images (10 min)

Q&A (5min)

Dynamic 2D/3D Registration

Overview

Introduction (5min)

* Applications

in)

Combined 2D/3D (5 min)

Robust Registration (15 min)

a Outlook (5 min)
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Rigid Scanning (10 min)
Articulated Tracking (10 min)
Non-rigid Modeling (10 min)
Realtime Face Tracking (10 min)

Q&A (5min)
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M CPr Outlook L
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* Registration as energy minimization
e general framework for integrating image and geometry registration
e matching cost and priors need to be adapted to input data

» fundamental challenge: correspondences
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M CPr Outlook

FEDERALE DE LAUSANNE

* Registration as energy minimization
e general framework for integrating image and geometry registration
e matching cost and priors need to be adapted to input data

» fundamental challenge: correspondences

Upper Body (336 nodes, 120k vertices)

-
L . ey "
. O
/ e

Source Target Initial Alignment

Li, Sumner, Pauly, Global Correspondence
Optimization for Non-Rigid Registration
of Depth Scans, SGP 2008
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* Registration as energy minimization
e general framework for integrating image and geometry registration
e matching cost and priors need to be adapted to input data

» fundamental challenge: correspondences

Optimization

alignment error

correspondence weights

Li, Sumner, Pauly, Global Correspondence Initial Alignment LF%egmeon
Optimization for Non-Rigid Registration min. IR 0 max
of Depth Scans, SGP 2008
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M CPFL Outlook &
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* Registration as energy minimization
e general framework for integrating image and geometry registration
e matching cost and priors need to be adapted to input data
» fundamental challenge: correspondences

e can the priors be learned?

Bouaziz, Wang, Pauly: Online Modeling For Realtime Facial Animation, SIGGRAPH 2013
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- Outlook &
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II ! ﬁ 5\

[Wei et al. 2012] [Bouaziz et al. 2013]

[Li et al. 2013] [Schroder et al. 2014] [Chen et al. 2013]
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M CPr Outlook L
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XBOX 360

[—

- cREATVE T

CREATIVE
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“Tracking the human body is obviously critical. Virtual
worlds will not seem fully real until you can see your own
body, and [...] until your brain accepts avatars as people,

which means tracking eyes, faces, hands, and bodies.”
Michael Abrash (Chief Scientist at Facebook-Oculus)
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o
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Who? Prof. Brian Wyvill and Prof. Andrea Tagliasacchi

What? MSc (... PhD)

=

University
of Victoria

Where?

Who pays? (Google
Language”? English

https://www.csc.uvic.ca/Program Information/Graduate Studies/msc program.htm
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o Position Opening

EEEEEEEEEEEEEEEEE

Topic: Augmented Reality

Real Time

Modeling
Registration
Physics

Send CV to: andrea.tagliasacchi@gmail.com
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A Thanks!!! L

http://lgg.epfl.ch/publications/2014/2d3dRegistration/

(source code, slides, course notes)

https://github.com/OpenGP/htrack

(real time articulated tracking library)

B
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FONDS NATIONAL SUISSE

o o SCHWEIZERISCHER NATIONALFONDS
of Victoria

FONDO NAZIONALE SVIZZERO

Swiss NATIONAL SCIENCE FOUNDATION Fa C e S h ' Fb

University N ')
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