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NONRIGID STRUCTURE

3D Structure That Deforms Over Time

4D DYNAMIC STRUCTURE



IMAGE MOTION

OBJECT MOTION CAMERA MOTION



IMAGE MOTION

OBJECT MOTION AND CAMERA MOTION



RIGID STRUCTURE FROM MOTION




NONRIGID STRUCTURE FROM MOTION




NONRIGID STRUCTURE FROM MOTION




NONRIGID STRUCTURE FROM MOTION




NONRIGID STRUCTURE FROM MOTION
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[ ONLY ONE VIEW PER 3D CONFIGURATON: ILL-POSED PROBLEM

&/

i

L 1

EQUIVALENT TO FINDING 3D FROM SINGLE IMAGE
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FACTORIZATION METHOD FOR RIGID SFM
Kontsevich et al. 1987, Tomasi and Kanade 1992

ASSUMPTIONS
* Orthographic Camera

At least 3 images

Rigid Scene
* Camera Motion

* Corresponding points available



FACTORIZATION METHOD FOR RIGID SFM
Kontsevich et al. 1987, Tomasi and Kanade 1992

NOTATION

P 3D points seen in F'frames

* X, =[X, Y, Z]is 4t 3D point
1<9< P

* X;,;=lz;;, y;;]is the projection of
X ;in it frame 1Si<F

* P is the camera projection matrix
if the ¢t frame 1< < F



FACTORIZATION METHOD FOR RIGID SFM

Kontsevich et al. 1987, Tomasi and Kanade 1992
orthographic  3p scene

2D injage projection point
point matrix /

} N
Xij :].:)Z)(J
2x1 2x4 4x1

x;; = K[R;|T"] X;

1
-Tz'j L [ 1 0 0O :?4 :
Yij N i 0 1 0 17 :




FACTORIZATION METHOD FOR RIGID SFM
Kontsevich et al. 1987, Tomasi and Kanade 1992

2 rows of a )
3D rotation Image
matrix offset

\ /
Xij — RZXJ -+ tg

2 %1 2x3 3x1 2 %1

TRICK

* Choose scene origin to be center of 3D points
* Choose image origins to be center of 2D points
* Allows us to drop camera translation



FACTORIZATION METHOD FOR RIGID SFM
Kontsevich et al. 1987, Tomasi and Kanade 1992

2 rows of a )
3D rotation Image
matrix offset -
2 x 1 2 X 3 3 X 1 . @ -.
TRICK

* Choose scene origin to be center of 3D points
* Choose image origins to be center of 2D points
* Allows us to drop camera translation



FACTORIZATION METHOD FOR RIGID SFM
Kontsevich et al. 1987, Tomasi and Kanade 1992

PROJECTION OF P 3D POINTS IN 7th IMAGE

[ xi1 X2 ... xp |[=Ri[ Xy Xp ... Xp ]
2% P 2 % 3 3 x P

PROJECTION OF P 3D POINTS IN F'IMAGES

X11  X12 X1P R,

X21] X292 Xop R [ % 5 % }
. — ; 1 9 cesens P

XF1 Xp2 XpFp | Rp |

2F'x P 2F x 3 3x P



FACTORIZATION METHOD FOR RIGID SFM
Kontsevich et al. 1987, Tomasi and Kanade 1992

PROJECTION OF P 3D POINTS IN F'IMAGES

S

3x P

W | = R

2F x P 2F %3

Wmeasurement = Rmotion X Sshape



FACTORIZATION METHOD FOR RIGID SFM
Kontsevich et al. 1987, Tomasi and Kanade 1992

. Xp] = ]
.. Yp - .

Zp

X12 X1p
X929 Xop
XF2 XFP

Image Observations Matrix, W
2EX P



FACTORIZATION METHOD FOR RIGID SFM
Kontsevich et al. 1987, Tomasi and Kanade 1992

e

Yi ¥ ... Yo

Zi 5 o Tp
X11  X12 X1P
X921 X929 Xop
Xr1 Xp2 ... XFP

Image Observations Matrix, W
2EX P



FACTORIZATION METHOD FOR RIGID SFM
Kontsevich et al. 1987, Tomasi and Kanade 1992

HOW TO SOLVE FOR Q

e Observation: The correct Q will resultin an R whose rows
are pair-wise orthonormal

R = RQ
* The " image results in the following 3 constraints on Q

3
T L . L) L
Roi 12RE 10 = Ioxz = (Rai-12iQ) (Raic12:Q)

ORTHONORMALITY A A
T _
CONSTRAINTS = | Roi—1.2QQ" Roi—1.2; = Iaxo

 Total 3F constraints on 6 terms of QQ7'
* Can be solved linearly for G = QQ? for F'> 3



FACTORIZATION METHOD FOR RIGID SFM
Kontsevich et al. 1987, Tomasi and Kanade 1992




FACTORIZATION METHOD FOR RIGID SFM
Kontsevich et al. 1987, Tomasi and Kanade 1992




NONRIGID STRUCTURE

3D Structure That Deforms Over Time

RIGID STRUCTURE

Xi Kg wow XP
Ssxp=| Y1 Yo ... Yp
Z1 4o ... Zp




NONRIGID STRUCTURE

3D Structure That Deforms Over Time

RIGID STRUCTURE NONRIGID STRUCTURE

X1 X2 ... Xp [ X1 X2 Xip j
Saxp = Yi Yo ... Yp Yiiu Yo Yip

Zy Zy ... Zp | Zu Zi2 ... ZiP [4.p

Sarsep = Yor Yoo ... Yop
| Zn Z22 ... Z2P [..p

Xr1 Xre2 XFr
Yr1 Yro Yrp
w Zp1  Zp2 Zpp laup |



NONRIGID STRUCTURE

3D Structure That Deforms Over Time

RIGID STRUCTURE NONRIGID STRUCTURE
[ Xy Ag e XP I X111 Xio

ngp = Yl Yg - Yp X X
Zi Zy o Zp ] Sapep — T

b b
[ ol %




NONRIGID STRUCTURE FROM MOTION

Comparison with Rigid Structure from Motion

RIGID SFM NONRIGID SFM
S
W (=R 3xP W
2F % P 2F x 3 2F x P 2F % 3F _

3F x P

Rank(W) < 3 Rank(W) < min(2F, P)



NONRIGID STRUCTURE FROM MOTION

Explosion of Unknowns

Example: Given a 40 second video with 100 tracked points

RIGID SFM NONRIGID SFM
* |nputs: * |nputs:
100 pts x 40 sec x 30 fps x 2 (z, y) 100 pts x 40 sec x 30 fps x 2
= 240,000 observations = 240,000 observations
* Unknowns: * Unknowns:
100 points x 3 (X,Y,Z) 100 points x 40 sec x 30 fps x 3

= 300 unknowns = 360,000 unknowns



NONRIGID STRUCTURE FROM MOTION

Explosion of Unknowns

IN GENERAL, NRSFM HAS MORE UNKNOWNS THAN CONSTRAINTS

ILL-POSED PROBLEM: Additional assumptions are necessary to constrain the solution.

HOWEVER... =
Motion is not random: T

3D points are often highly Hence their acceleration is
correlated in space and time limited by the actuating force
Points move because an Therefore, shape does not

actuator exerts force on them deform arbitrarily over time

4D STRUCTURE OFTEN LIES IN A LOW DIMENSIONAL SUBSPACE



NONRIGID STRUCTURE FROM MOTION

Two Major Approaches

Shape Basis Trajectory Basis

3D points at each time instant lie Trajectory of each point over time lies
in a low dimensional subspace in a low dimensional subspace




EXAMPLES OF APPLICATIONS
Match Moving in Movies

Akhter et al. NIPS 2008




EXAMPLES OF APPLICATIONS
Motion-Capture

Input Video Two views of the reconstruction

Akhter et al. NIPS 2008



EXAMPLES OF APPLICATIONS

Motion-Capture Cleanup

. ..-Il' -t -
% = irl-.'l“'. ':.'l'--""-‘

Video Unlabeled Data
Input

Disney Research, Pittsburgh

i_-l
e

A0 AT [jﬁ%
R

N ﬁ!ﬂff:-g

Reconstruction
Output



EXAMPLES OF APPLICATIONS
Tracking in 2D and 3D

+0.1
—— yaw

-
i

Credit: lain Matthews



EXAMPLES OF APPLICATIONS

Animation

Jain et al. SCA 2010



EXAMPLES OF APPLICATIONS

Browsing Image Collections

Credit: Hyun Soo Park
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NONRIGID STRUCTURE FROM MOTION

Tutorial Outline

Introduction to
Nonrigid SFM
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Representation
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DYNAMIC STRUCTURE

Sspxp =

;;!'j%" =

— r.p' I

A
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g 4,!
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space

Saturday, September 4, 2010



DYNAMIC STRUCTURE

UNDER ORTHOGRAPHIC PROJECTION

X1p R, X11
Xop R X271
XFp | I Rr || XF1

Saturday, September 4, 2010




LINEAR SHAPE MODEL
[T. Cootes et al. 91, Bregler et al. 97]

Saturday, September 4, 2010



LINEAR SHAPE MODEL

Saturday, September 4, 2010




LINEAR SHAPE MODEL
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Saturday, September 4, 2010



LINEAR SHAPE MODEL

UNDER ORTHOGRAPHIC PROJECTION

X11 X1P
X21 XoP
= XF1 XFP _
2F x P
R,
Ro

2F x 3F (6F)

R, X11 X1p
Ro Xo1 Xop
i Rr || XF1 XFp
2F x 3F (6F) 3F x P
W11 Wik —bl—
Wa1 Wak —bz—
Rr | | wri wrkr | | —bk— |
3F x 3k 3k x P

Saturday, September 4, 2010




KNOWNS VS UNKNOWNS

KNOWNS: 2F x P
UNKNOWNS: 6F + (3F x k) 4 (k x P)

2F x P> 6F + (3F x k) + (k x P)




LINEAR SHAPE MODEL

RIGID COMPONENT

/ i \
Yl@’) T

NONRIGID COMPONENT

Saturday, September 4, 2010



CHALLENGE

TRILINEAR ESTIMATION

Saturday, September 4, 2010




X11
X21

XF1

X1p
Xop

XFP

Nested SVD

R, W11
Ro w21
Rr | | wr
w11 R4 w1 R4 11
wa1Ro warRa
| wrRF wrkRF | |
2F x 3k

BREGLER et al. 2000

Saturday, September 4, 2010




BREGLER et al. 2000

Outer SVD
] W = H B
X111 o X1p w11 Ry wirkR1 | [ —b1—
X921 X2P | w21 R warRa —bgy—
| Xp1 o Xpp | | wriRp -+ wprRp | | —bg—
2F x 3k 3k x P
W = UDV?

W = (UDz)(D=V7)

W = HB

Saturday, September 4, 2010




BREGLER et al. 2000

Inner SVYD
W = HB

W11
w12

Wik

wi1R1 wikR1
w21 R2 war R
| wrRFp wrrR1 |
[ 1 2 3 1 2 3
h Wwi11Ty wi11Ty wi11Ty Wi1kTq W1kTq WikTq
— 4 5 6 4 5 6
1 | w11r] w11ty Wil W1kT] WikT] W1kT]
B 1 2 3 4 5 6 B
w11y Wwi1Tq w11Tq Wwi11Tq Ww11Tq w117y
1 2 3 4 5 6
h/ L Wi2Tq Wi2Tq Wi2Tq Wi2Tq Wi2Tq Wwi2Tq L
1 .
1 2 3 4 5 6
i CUlkrl CUl]g’rl w1krl CUlkrl UJlk’rl CUlk’rl i i
rank |
/

SVD

METRIC RECTIFICATION USING ORTHONORMALITY CONSTRAINTS

1

— udv?! = o1

Saturday, September 4, 2010



BREGLER et al. 2000
OVERVIEVWW

e OUTER SVD: PERFORM SVD ON W TO GET ESTIMATES OF:

e H:CAMERA PROJECTIONS AND COEFFICIENTS

e |INNER SVD: PERFORM SVD ON H TO GET ESTIMATES OF:

e OMEGA: COEFFICIENTS
e R:CAMERA PROJECTIONS
e METRIC RECTIFY USING ORTHONORMALITY CONSTRAINTS

e B:THE SHAPE BASIS

Saturday, September 4, 2010



RESULTS
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Saturday, September 4, 2010



BREGLER et al. 2000
IN PERSPECTIVE

SEMINAL WORK:SHOWED THAT FACTORIZATION METHODS
CAN BE APPLIED TO NONRIGID OBJECTS

CASCADING ERROR:ANY OUTER SVD ESTIMATION ERROR
CASCADES INTO INNER SVD ESTIMATION

AMBIGUITY ERROR:ESTIMATION OF METRIC RECTIFICATION
NUMBER OF BASIS: LARGE NUMBER OF BASIS REQUIRED

MISSING DATA: NEEDS COMPLETE W MATRIX

Saturday, September 4, 2010



METRIC RECTIFICATION

AMBIGUITY

W = HB
W = HGG 'B

N

H = HG G 'B
i 1T ’ ’ ’ ] [ wiiR1 - wirRy
= I:I o o o w21 Ra war R
— 1 2 k —
_ _ L ‘ ’ | _ i wriRp -+ wrrRy ]
G-3kX3k

Saturday, September 4, 2010




METRIC RECTIFICATION

ORTHONORMALITY CONSTRAINT

w11 Ry
w21 Ro

| wriRFp

wirR1
| :| w2kR2

A

H

8k

wirRi; = Ho;_1.2:8k

| wrkRFp |

T 2
H2i—1:2igkgk Hoi 1.9 = WikI

wixRq
warRo

wrrRq

Saturday, September 4, 2010




METRIC RECTIFICATION

ORTHONORMALITY CONSTRAINT

H2z‘—1z2igkg£ﬂ2z‘—1:2i — wZ-Q;CI — [ 0

Hzigkggﬂzz—l =0

H2z‘—1gkg£ﬂ2z’—1 = w2, qu;gkgfﬂzz- = w

H2i—1gkg£ﬂ2i—1 = Hzigkgfﬂzi

2
1k

Saturday, September 4, 2010



CHALLENGE!?

AMBIGUITY

Saturday, September 4, 2010



OPTIMIZATION

Saturday, September 4, 2010



CHALLENGE

MISSING DATA

° A.M. Buchanan and A.WV. Fitzgibbon, “Damped Newton Algorithms for Matrix Factorization with Missing Data,” IEEE International
Conference on Computer Vision and Pattern Recognition, 2005.

° L. Torresani,A. Hertzmann, and Christoph Bregler, “Nonrigid Structure-from-Motion: Estimating Shape and Motion with Hierarchical
Priors,” Transactions on Pattern Analysis and Machine Intelligence, 2008.

° SPANISH FOLKS
° CVPR 2010 BEST PAPER

° BRANCH AND BOUND

Saturday, September 4, 2010



CHALLENGES

OVERVIEW

e MISSING DATA
e BESTK

e TRILINEAR OPTIMIZATION

Saturday, September 4, 2010



LINEAR SHAPE MODEL

PERSPECTIVE PROJECTION




LINEAR SHAPE MODEL

MAXIMUM LIKELIHOOD SOLUTION
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NONRIGID STRUCTURE FROM MOTION

Tutorial Outline
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Introduction to Shape Shape Ambiguity of
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Constraints
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Trajectory Shape-Trajectory Trajectory Reconstructibility
Representation Duality Estimation and limitations



NONRIGID STRUCTURE FROM MOTION

Two Major Approaches

Shape Basis Trajectory Basis

3D points at each time instant lie Trajectory of each point over time lies
in a low dimensional subspace in a low dimensional subspace




DYNAMIC STRUCTURE

- X1 Xpo -
X921 Xa2 -
S3pxp = .

Xr1 Xpg -

Trajectory




DYNAMIC STRUCTURE

Shape Representation ) ]

Sspxp =

LINEAR SHAPE MODEL




X-coordinate of

DYNAMIC STRUCTURE

Trajectory Representation

L 3

LINEAR TRAJECTORY MODEL

=CL1><

trajectory of hand

time

[ Xy X2 -0 Xyp |
Xo1 Xz -+ Xop
Sapxp = . . .

Trajectory

| Xp1 Xp2 - Xpp

<

+CL2 )(\+ e a,kX\-/\



DYNAMIC STRUCTURE

Trajectoryv Representation - -
J y hep X1 Xy -0 Xyp >
Xo1  Xa2 Xop S
Sapxp = : o
Xp1 Xp2 Xpp |V

Contribution of kt" basis in the

LINEAR TRAJECTORY MODEL ‘_, Trajectory Coefficient

= K trajectory of 5t point
5§
8= X _ § : X pk
O +
S o k=1 |—> Kkt trajectory basis vector
< ©
time ——> Trajectory of j point (X-component only)




TRAJECTORY REPRESENTATION OF
DYNAMIC STRUCTURE

K K K
X - E X nk ) L § Y Bk VA E Z nk
k=1 =% k=1

[ X1 | - 07 ] [ 07 ] - o
Xo; 05 05 o5
_ :aﬁ _ +af2 : + 5 s +afK _
- XFj | 0F _ 0% Op

X-coordinate
of trajectory
1
In
<L
[N
bt




TRAJECTORY REPRESENTATION OF
DYNAMIC STRUCTURE

o1
| o
<l
i F}}, ]
Xi2
Xo9
X2

I Hf i
X H% X
+ o - + ...+ ajk
| 0% |
7] - .9l 2
X] P 91 91
,)(gfj ﬂé 93
Xrpp 0L 62

F K T
r?l

S

K
L o Fo

X-component of trajectory

of jth point as linear
combination of K basis
trajectories

of all point as linear

trajectories

combination of K basis

X-component of trajectory

i i X
al)(i a%& 1
@15 O3

X .
A1 A3k




X-component of trajectory of all points

[ X1 Xy
Xo1  Xa2
| X1 Xpo

Xip

"9l 92 ... 9K
ol 02 ... oK
| 6L 62 ... 6K

X, Y and Z-components of trajectory of all points

—

X1 Xip
Y Yip
211 Zp
Xai Xop
Yo, Yop
Za Zap
Xri Xrp
Yri Yrp
A Zrp
S3rx P

o1

0

K

ol ... 6K

0
0} ok

0}
O O

Op

O3rx3K

10

4 AY

AZ




TRAJECTORY REPRESENTATION

of Dynamic Structure

S

Structure

S % P

L]
L]

©

Basis

A

Coefficents

3F x 3K

3K x P




TRAJECTORY REPRESENTATION

of Dynamic Structure Under Orthographic Projection

R,

2F x P 2P %x3F

SE S P



TRAJECTORY REPRESENTATION

of Dynamic Structure Under Orthographic Projection

2F x P

Il

R,

2F x 3F

3F x 3K

A

3K x P

Structure S, in trajectory
subspace represented

by K trajectory basis

SE Y P
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NONRIGID STRUCTURE FROM MOTION

Tutorial Outline

Introduction to
Nonrigid SFM

Trajectory
Representation
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DUALITY

Weights and Bases
SHAPE FACTORIZATION

\%%

= R ﬂ\

Weights

Shape basis

TRAJECTORY FACTORIZATION

- R

Traj basis

Weights

-

Shape weights are
trajectory basis and
trajectory weights are
shape basis



DUALITY

Weights and Bases

s . \
e X, Y, Zy - X, Y, Z, }/7
e ' S* . X’).I Y71 Z?.] sz sz ZzP
Fx3Pp — :
7 ',___...:-__.______:__” _{m YFl Zy XFP YFP ZFPJ
X Y Z

* rank of columns = rank of rows

 Shape model and trajectory model has equal compaction
power



PROOF OF DUALITY
Weights and Bases

Consider rearranged structure matrix S*

_Xll Yn le XIP YlP ZIP_
S’ . le Ym Z21 o sz sz Zzp
Fx3P — .
_XFl YFl ZFl XFP YFP ZFP

Shyap = ° x B’



PROOF OF DUALITY

Weights and Bases

Consider rearranged structure matrix S*

* L * *
Fx3p =" x B

where
wir ... WK
(P = -
- WF1 WFK |
| 1, X Y Z X Y
bll bll bll R blP blP
B:{c — . ‘
X b VA X b
_ bKl bKl bKl bKP bKP

15t shape basis




PROOF OF DUALITY

Weights and Bases

8 =xh =

L

W11

W

WI1K

WFK

- X X
E]'11 bll

X Y
L bKl bK]

Z
bl]

Z
bh’l

X
b]. I.'}

X Y Z
bkp bkp bkp

Y
bl

I’J

Z
b]. ‘,l‘_‘.l

To link shape to ;" trajectory, we select the coefficients related to ;" point

[ TJX TJ'Y TJZ ] =

W11

W1K

X

Y

Z

X Y Z
_bKj bKj bKj_

-




PROOF OF DUALITY

Weights and Bases

X Y B 0
W11 W1K JE’1;,-' blj bl;,-‘
X Y 72z 7 _
[TJ Tj TJ ]_ : Z :
X_ Y. 32
| wr1 e Wik || bk bk Ok

Can be rewritten as Compare to Trajectory Representation

K K
X E X o ol X_E X nk
Tj — bkjw Tj — ajkg
k=1 k=1
K K
) § Y .-k Y § Y aqk
Tj‘ pa— bkjw Tj‘ p— a’jkg
k=1 =1
K

K
VA § Z nk
k=1



ILLUSTRATION OF DUALITY

SVD Shape and Trajectory Basis for Mocap Structure

Wi 91

time

Shape Coefficients = Trajectory Basis Trajectory Coefficients = Shape Basis
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NONRIGID STRUCTURE FROM MOTION
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ESTIMATING STRUCTURE VIA TRAJECTORY MODEL

3K x P

2F x P 2P %x3F

3F x 3K



ESTIMATING STRUCTURE VIA TRAJECTORY MODEL

3K x P

2F x P 2F x 3F

3F x 3K R |

Object Independent Basis ~—

1. Deformation constrained by physical actuation®”
2. Trajectories vary smoothly and not randomly

3. Can be compactly represented by predefined basis
e.g. Discrete Cosine Transform

Al
g
S



DCT BASsIS

ANERAVARVA
VWA WY WA
WAV VAR WA VA



PREDEFINING TRAJECTORY BASIS

* We showed that PCA approaches DCT (Discrete
Cosine Transform) on CMU’s body MOCAP database.

1st _ 6th
basis

215t —26th
basis

415t — 46th
basis

e
e

— PCA — DCT
67



COMPACTNESS OF DCT BAsIs
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DCT RECONSTRUCTION

A=OLS $=0A

pAVAVAVAVANN
AN IVATARY

T

S ZARAS Y
e ATy
NRCA
o, 2 Sl
e

i -

T e

3

ERE ) ivaral

R sl AP '_
NSRRI AREV W S
; sgﬁﬁiﬁ'ﬂﬂfiﬁfa “Eﬂﬁ; AR
DRNAT AOASTAY o
S kT ST
= o=




ESTIMATING STRUCTURE VIA TRAJECTORY MODEL

3K x P

2F x P 2P %x3F

3F x 3K

A

2P X 3K



ESTIMATING STRUCTURE VIA TRAJECTORY MODEL

A
W = | A Rank(W) < 3K
3K x P 3K < min(2F, P)
2F x P 2F x 3K
Solution
1. By SVD, compute f\,r A W = AA

2. Correct solution differs by a linear transform
A=AQ A=Q'A
.

3. SolvingforQ? *" %%



FINDING Q)

The correct (Q will yield the correct form of A

011 R4

] Or1 Rp

01k Ry

Ork Rp |

We can just estimate first 3 columns of () instead of estimating full Q

AQ =

011174

I Or1 Rp |

If Q) is known:

e Compute R

* Compute A Aypar = Rorear®sryak
« Compute A

AopusxAskxp = Wapxp



FINDING Q)

The correct (Q will yield the correct form of A

911R1 e 91KR1

QFIRF Ca QFKRF
Orthonormality Constraints

Ani12:Q Q[ A%i_1.0; = 051 o

Each image yields 3 constraints because 6 is known

F'images yield 3F' constraints
At least 3K images needed to constrain the solution
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QUANTITATIVE RESULTS

Traj Basis

Torresani

® Xiao

We use synthetic and Motion captured data for quantitative experiments






MOTION CAPTURE DATASETS

DANCE DATASET

75 points, 264 frames, K=5

Input Video Two views of the reconstruction



Torresani et al. 2005 Xiao et al. 2004




MOTION CAPTURE DATASETS

STRETCH DATASET

41 points, 370 frames, K=12

Input Data Two views of the reconstruction



MOTION CAPTURE DATASETS

PICKUP DATASET

41 points, 357 frames, K=12

Input Data Two views of the reconstruction



RESULTS ON REAL VIDEOS

CUBES SEQUENCES

14 points, 200 frames, K=2

Two views of the reconstruction



RESULTS ON REAL VIDEOS

MATRIX SEQUENCE

30 points, 93 frames, K=3

Two views of the reconstruction



RESULTS ON REAL VIDEOS

PIE DATASET

68 points, 240 frames, K=2

Two views of the reconstruction



RESULTS ON REAL VIDEOS

DINOSAUR SEQUENCE

49 points, 231 frames, K=12

Two views of the reconstruction



RECONSTRUCTION STABILITY INCREASES
AS CAMERA MOTION INCREASES

AS OBJECT MOTION DECREASES



SHAPE MODEL VS. TRAJECTORY MODEL

Model
Specificity
Ordering of frames

Ordering of points

Can be learnt

Object dependent

Irrelevant

Exploited

Hard to specialize

Generalize

Exploited

Irrelevant




NONRIGID STRUCTURE FROM MOTION

Tutorial Outline

Introduction to Shape

Nonrigid SFM

Shape-Trajectory

Trajectory
Duality

Representation

'w”’i'»"‘ i“
T l_."!! ‘..
iﬁ A \»,'h.

t*:a::;::a
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Shape
Estimation

Ambiguity of
Orthogonality
Constraints
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Trajectory
Estimation

Reconstructibility
and limitations



NONRIGID STRUCTURE FROM MOTION

Tutorial Outline

.
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Trajectory
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3D TRAJECTORY ESTIMATION

ECCV 2010

Tuesday, September 7, 2010



CHALLENGE

TRILINEAR ESTIMATION

Tuesday, September 7, 2010




SINGLE VIEW RECONSTRUCTION
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SINGLE VIEW RECONSTRUCTION
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SINGLE VIEW RECONSTRUCTION
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SINGLE VIEW RECONSTRUCTION

x; € R? Xi | _p. | X
- s =
’i xPi[}iilzo
)_ineR?’ -
Sglc;.View
Recons truction

Tuesday, September 7, 2010



SINGLE VIEW RECONSTRUCTION

x; €R? x| _p | X
er (3] [¥
B xPi[}iilzo
)_ineR?’
in:_qz
: 2x3 3x| 21
Single View

Reconstruction

Tuesday, September 7, 2010



STRUCTURE FROM MOTION
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STRUCTURE FROM MOTION

White points: feature points used for SfM

Multiple View
Reconstruction

Tuesday, September 7, 2010



STRUCTURE FROM MOTION

White points: feature points used for Sfv

Multiple View
Reconstruction

Tuesday, September 7, 2010



CHALLENGE

TRILINEAR ESTIMATION

Tuesday, September 7, 2010




CHALLENGE

TRILINEAR ESTIMATION

W = RQB

Tuesday, September 7, 2010




RECONSTRUCTION EVENTS
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RECONSTRUCTION EVENTS

Blue: measured

moving pemt

Trajectory
Reconstruction

Tuesday, September 7, 2010



RECONSTRUCTION EVENTS

Blue: measured

moving pemt

Trajectory
Reconstruction

Tuesday, September 7, 2010



RECONSTRUCTION EVENTS

Blue: measured

moving pemt

Structure from Motion

Trajectory
Reconstruction

Tuesday, September 7, 2010



RECONSTRUCTION EVENTS

Blue: measured

moving pemt

Structure from Motion

3 Q: X1 qi _ q.l
R*® K = X
o83 : :
R Qr XF ar Qr | Lar,
)— i 2Fx3 | 2Fx|
2Fx3F 3Fxl 2Fx|

Trajectory
Reconstruction

Tuesday, September 7, 2010



RECONSTRUCTION EVENTS

Blue: measured

moving pemt

Structure from Motion

3 Q: X1 qi _ q.l
R*® K = X
o83 : :
R Qr XF ar Qr | Lar,
)— i 2Fx3 | 2Fx|
2Fx3F 3Fxl 2Fx|

Trajectory
Reconstruction

Tuesday, September 7, 2010
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Trajectory Reconstruction

13rx1 — U

35 Basis

50 Basis

"B
} B>
3F Xk ] ﬁk:
65 Basis

4 kx1

©p

Tuesday, September 7, 2010



Trajectory Reconstruction

35 Basis

B
| | By

| | 3Fxk ﬁk

4 3Fx1 - \ \/\ L .

L7 R
LA

-
i

50 Basis 65 Basis

kx1

Tuesday, September 7, 2010



3Fx1

B
B2

A

4 3kx1

Op

Tuesday, September 7, 2010



Trajectory Reconstruction

Single View
Reconstruction

Tuesday, September 7, 2010



Trajectory Reconstruction

Single View
Reconstruction

Trajectory
Reconstruction

Tuesday, September 7, 2010



Trajectory Reconstruction

]RZ

L

R

Single View
Reconstruction

Trajectory
Reconstruction

Multiple View
Reconstruction

Tuesday, September 7, 2010



Trajectory Reconstruction

R? R?

J_ R J_ R

'R

Single View Multiple View
Reconstruction Reconstruction

Linear

Transform /I\

Trajectory Trajectory
Reconstruction Reconstruction

Tuesday, September 7, 2010



LINEAR SOLUTION

Y T
Qx=q
1 4

W3F  —
3Fx| 2l

QOb=a  +

363k 3kxl 2RI

2Fx3F

Tuesday, September 7, 2010



LINEAR SOLUTION

v T
QX=q
1 4

W3F  —
3Fx| 2l

X =07
= \=51

3FxI 3Fx3k 3kxI|

QOb=a  +

363k 3kxl 2RI

+ 52\ +o0e 4 5k\/\

2Fx3F

Tuesday, September 7, 2010



ALGORITHM
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ALGORITHM

e GIVEN POINT CORRESPONDENCES AND EXIF DATA

Tuesday, September 7, 2010



ALGORITHM

e GIVEN POINT CORRESPONDENCES AND EXIF DATA

e ESTIMATE THE CAMERA MATRICES USING RANSAC
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ALGORITHM

e GIVEN POINT CORRESPONDENCES AND EXIF DATA
e ESTIMATE THE CAMERA MATRICES USING RANSAC

e USING CAMERA MATRICES AND DYNAMIC POINT
CORRESPONDENCES:

Tuesday, September 7, 2010



ALGORITHM

e GIVEN POINT CORRESPONDENCES AND EXIF DATA
e ESTIMATE THE CAMERA MATRICES USING RANSAC

e USING CAMERA MATRICES AND DYNAMIC POINT
CORRESPONDENCES:

e CREATE OVERLOADED LINEAR SYSTEM USING DCT BASIS

Tuesday, September 7, 2010



ALGORITHM

e GIVEN POINT CORRESPONDENCES AND EXIF DATA
e ESTIMATE THE CAMERA MATRICES USING RANSAC

e USING CAMERA MATRICES AND DYNAMIC POINT
CORRESPONDENCES:

e CREATE OVERLOADED LINEAR SYSTEM USING DCT BASIS

® SOLVE LINEAR SYSTEM FOR DCT COEFFICIENTS

Tuesday, September 7, 2010



ALGORITHM

e GIVEN POINT CORRESPONDENCES AND EXIF DATA
e ESTIMATE THE CAMERA MATRICES USING RANSAC

e USING CAMERA MATRICES AND DYNAMIC POINT
CORRESPONDENCES:

e CREATE OVERLOADED LINEAR SYSTEM USING DCT BASIS
® SOLVE LINEAR SYSTEM FOR DCT COEFFICIENTS

e BUNDLEADJUSTMENT

Tuesday, September 7, 2010



MISSING DATA

QOS5 =q

3kx|

2Fx3F 2Fx|

3Fx3k

14
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MISSING DATA

QOS5 =q

3kx|

2Fx3F 2Fx|

3Fx3k

14

Tuesday, September 7, 2010



PARK ETAL., ECCV 2010

3D Reconstruction of a Moving Point from a Series of 2D Projections

Blue: measured
moving points

Tuesday, September 7, 2010
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NONRIGID STRUCTURE FROM MOTION

Tutorial Outline
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AMBIGUITY
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AMBIGUITY

THEOREM I: Trajectory reconstruction using any linear
trajectory basis is impossible if corr(X,C) = =1

Tuesday, September 7, 2010



AMBIGUITY

THEOREM I: Trajectory reconstruction using any linear
trajectory basis is impossible if corr(X,C) = =1

A

THEOREM 2: lim 5 =7
n—inf

L lo+s]
|6 3%

Tuesday, September 7, 2010



CORRELATED X and C

THEOREM I: Trajectory reconstruction using any linear
trajectory basis is impossible if corr(X,C) = =1

Tuesday, September 7, 2010



HYPERPLANE OF SOLUTIONS

A

X=aX+(1-a)C

SINGLE VIEW
3D RECONSTRUCTION

Tuesday, September 7, 2010



HYPERPLANE OF SOLUTIONS

: : i
X X
® Ly ®
: e A
/ LA o
Single View Trajectory
Recons truction R
econs truction

X=aX+(1-a)C ! X=AX+(1-A)C

SINGLE VIEW MDL\J(L,\T]EETC\:/ IE E;v
3D RECONSTRUCTION RECONSTRUCTION

Tuesday, September 7, 2010
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GEOMETRY OF CAND X

R3F QOS =q

= b1
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GEOMETRY OF CAND X

R3F QOS =q

= b1
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GEOMETRY OF CAND X

R3F QOB =q X =AX+(1-A)C

=5

econstruction

BN e\ /\

= b1
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GEOMETRY OF CAND X

1L ,C

=5

econstruction

+ 52\ + o0t 5;;;\/\

= b1
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GEOMETRY OF CAND X

1L ,C

=5

econstruction

+ 52\ + o0t 5;;;\/\

= b1
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THEOREM |: CORRELATED € AND X
X = aC N .L .C

23

eeeeeeeeeeeeeeeeeeeeeee



THEOREM |: CORRELATED € AND X
X = aC N .L .C
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THEOREM |: CORRELATED € AND X
X = aC N .L .C
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THEOREM |: CORRELATED € AND X
X = aC N .L .C
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RECONSTRUCTIBILITY

A

THEOREM 2: lim 8 =0

n—inf
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RECONSTRUCTIBILITY

A

THEOREM 2: nlim B=p

—inf

_le4sg
[y

1) OC HOW POORLY THE BASIS DESCRIBES € = [|©~ ¢
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RECONSTRUCTIBILITY

A

THEOREM 2: nlim b=p

—inf

_le4sg
[y

1) OC HOW POORLY THE BASIS DESCRIBES € = [|©~ ¢
1

1) OC HOW WELL THE BASIS DESCRIBES X~ = 7=
|-+ 5%

Tuesday, September 7, 2010



GEOMETRY OF CAND X

RIF X =AX+(1-A)C Bz 'L JC

=5

econstruction

ANEEIAVAN

= b1
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GEOMETRY OF CAND X

RIF X =AX+(1-A)C Bz 'L JC

=5

econstruction
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= b1
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GEOMETRY OF CAND X

RIF X =AX+(1-A)C Bz 'L JC

=5

econstruction

ANEEIAVAN

= b1
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GEOMETRY OF CAND X

= b1
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WHAT DOES THIS TELL US?

e DE-CORRELATE CAMERA AND OBJECT MOTION

Tuesday, September 7, 2010



Hand Shake
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Greeting
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Rock Climbing
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Mavigation wiew

Plavback controls

<1

Display controls
[ Trajectary [ mesh
|:| Image history |:| Tekure

[ Backaround calar [ Image behind the 30 paints

Mavigation methods
[] content based navigation [ Free-flight wiew
() Stay with this photographer (%) Move as little as possible

() Move camera through all the images ) Move as much as possible

C[%Focus an the action
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Mavigation wiew

Playback controls

(0] (@]

Display controls
[ Trajectary [ Mesh
|:| Image history |:| Texture

[ Background color - [ Image behind the 30 points

Mavigation methods

[ content based navigation [ Free-flight wview

(#) Move as little as possible

Skay with this photographer

Move camera through all the images () Move as much as possible

") Focus on the action

Tuesday, September 7, 2010



PARK ETAL.2010

IN PERSPECTIVE

e PROBLEMS SOLVED:
e PERSPECTIVE RECONSTRUCTION
e HANDLES MISSING DATA
e LINEAR SOLVE (FAST, GLOBAL OPTIMUM)
e OPEN PROBLEMS:
e HANDLING SMOOTHLY MOVING CAMERAS
e AUTOMATIC COMPUTATION OF K
e EXPLOITING DEPENDENCIES BETWEEN TRAJECTORIES

o “PHYSICS-AWARE” ESTIMATION

Tuesday, September 7, 2010
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