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Build 3D models from images Carry out manipulation tasks

CAMERA-BASED
3D CAPTURE

SYSTEM

http://webdocs.cs.ualberta.ca/~vis/ibmr/ Training for Amazon manipualahallenge

And many other usages...



Multl-view Geometry

" The reconstruction of 3D
models of objects from a
. collection of 2D images

Relates
« 3D world points
e Camera calibr.
2D image points

e e
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Multiple View
Geometry

in COMputer vision




I\/Iultl-V|ew Geometry




Multl-view Geometry
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lebury multi-view benchmark

nid.... © middlebur...

(- 0 wision.middlebury.edu/ Gy l I Q, search

ECCV2016_104 0.41 99.6 | 0.49
ECCV2016_624 037 989 | 0.49
Fuhrmann-SG14 039 994
Furukawa 065 987 | 0.58
Furukawa 2 054 99.3 | 055
Furukawa 3 049 996 | 0.47
Galliani 039 99.2 | 0.48
Gargallo 0.88
Generalized-SSD | 053 994 | 0.81
Geodesic GC
Goesele 0.42 98.0 | 0.61
Goesele 2007 0.42 9382
Guillemaut 0.43 990 | 0.71
Habbecke 0.66 98.0
A Comparison and Evaluation of Multi-View StereocRastruction Hemnandez 036 997 | 052
Algorithms, Seitz, Curless, Diebel, Szeliski Hongxing 0.83 957 | 0.79
CVPR 2006, vol. 1, pages 519-526. Cited by 1479 Hornung 058 987
ICCV2015_1020 045 992 | 056
] ICCW2N15 293 0.52 9?.2

Calibration accuracy on these datasets appears to be on the order of a
pixel (a pixel spans about 1/4mm on the object).



Dorsal and Ventral Pathways

Dorsal (magno) Pathway

-to parietal lobe Spatial vision
-spatial vision — localization in space pathway
.G(WHERE,,

Ventral (parvo) Pathway |
to temporal lobe ' ‘
-object recognition
SWHAT” ‘B

Object recognition
pathway

Humans don’t internalize detailed 3D maps!
*Use external world as magayhoe, Pelz, Rensink, Goodale etc)



Uses of partlal Information from

Measurements in single images

*Visual constraints: verify alignments, detect
Impossible configurations (Escher palntlngs)

Visual servoing
\Ideo tracking
*Rendering

. many more

Why’P Compact accurate
Few relative alignments vs. complete global geometry
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Single View Metrology



Estimating Height
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*The distance ||+ b || Is known
*Used to estimate the height of the man in the scene

Single View Metrology (559 citations)

A. Criminisi, | Reid, A Zisserman
International Journal of Computer Vision 40 (2)31148, 2000



G_eometry fr an{daye coordmatlon




Intro to Imagebased Visual Servoing

Initial Image

&

Desired Image

User



V|S|on-Based Control (Visual
ervoing) %a s

m : Current Image Features
@ : Desired Image Features




V|S|on-Based Control (Vlsual

m : Current Image Features
@ : Desired Image Features




V|S|on-Based Control (Vlsual

m : Current Image Features
@ : Desired Image Features




V|S|on-Based Control (Vlsual

m : Current Image Features
@ : Desired Image Features




V|S|on-Based Control (Visual
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m : Current Image Features
@ : Desired Image Features




m : Current Image Features
@ : Desired Image Features

— (@ — =
One point .
— Yo Y |

Pixel coard .
s [2]- [
Yu Yo |

Many points

gl




Conventional Robotics: Motion
mand.in Eucl. base cqord

.

. X %

Cxq + control|  |inverse
Bw = Kine—
= matics

Cf Pose 1 Feature
determination [~ extraction

*\We focus on the geometric transforms
“visual-motor kinematics”



Problem: Lots of coordinate frames

cal | brate
Camera Robot and scene
— Center of projection — Base frame
— Different models — End-effector frame

— Object




Use only camercoorc.
Jncalibratedvisual Servc%qg ‘

/ Retinal
Images projections

Only assume
Images _
3 7 C y =f(x)
% s smooth
p e, Tracked features ¥

Motor motions X

1. Solve for motion: Y -y = JAx
/2. Move robot joints: Xk = Xk + AX

e\3. Read actual visual moveay

- . o (Ay — S AX)AXT
= 4. Update Jacobian: T = Jt yAX‘;AX)

Downloadable templated library: http://ugweb.cs.ualberta.ca/~vie;(rds







Visual specifications

Y16 _

Y16 _

Why 16 elements?




_ Visual specifications 2

‘., !
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g ) s

*Point to Line Note:y’s in homogeneous coord.
o
Yi= | Y
Lk

YZ'IZ}

Line: En(:D) = {yr-l,,.

L, =[y2 X ys3], |

How to design visual specifications in a principled way?



Review of projective geometry

" 2D projective plane

- 3% -

__t"/'q.

Y : PO B T e Y
Projective Y
b oint omogeneous  _ 1 -
A P coordinates X X
equivalence
y
X X | Z ) ‘ Z ‘ S ¢ O

C » 7
LN
principal axis
camera _ 1 _ 1 X Inhomogeneous
centre image plane y Y4 Y equivalent

2D projective space models perspective imaging
« Each 3D ray is a point iR>: homogeneous coords.




Review of projective geometry

_Ihe 2D projective plane

|5 'y : PR ey
(o o) 1 N - .~ . Py
,// : Projective
Xoo S : ;Slom’r SR )
° . | Homogeneous | X X
: | coordinates
! X | N . k ‘ ‘ k ‘ sz 0

1

! ; - 7

! P \

! | rincipal axis

! camera . pHRER X _ 1 X Inhomogeneous
| centre < image plane y -k Y equivalent

1 7’

2D projective space models perspective imaging

« Each 3D ray is a point iR>: homogeneous coords. « if
e Ideal points = 0

e P2 is R? plus a “line at infinity” |_



 Projective line ~ a plane through the origin

=x 1=|8B ™ = X"l = AX+BY+CZ = 0
z | ¢
/&‘/4 | (X | (0
I ~ Xoo = | Y l.=10 |
0 L e
o Ideal line ~ the plane parallel to the image

ds
d.

I:XIXXZ X = IIXIZ

The line joining two points The point joining two lines



_Projective transformation

-9 ¥ S g 5 \;‘;'\" S
« Homographies, collineations, projectivities

e 3x3 nonsingular H (x,) [hy h, hl(x)

h21 hzz hzs X5
\Xlsj _hsl hsz hss_\x3)

x
N
[

mapsP? to P?
8 degrees of freedom
determined by} corresponding points

: : I __
e Transforming Lines? r' = Hx
subspaces preserved XTI — () x/ T]’ = (0
substitution +THIT =

dual transformation ' — H 1



Homographles a generalization of
4fine and uclldean transforms

-l ' - ’, <

Projective [ A t] |-Cross ratio
H P~ | . T * Intersection
8 DOF V' V] |.Tangency
Affine ~ At | |-Parallelism
H,=| - Relative dist in 1d
6 DOF _O 1_ e Line at infinity | o)
Metric oR t] |°Relative distances
H. = « Angles
4 DOF > {OT ]] Dual conic C
Euclidean R t] |-Lengths
3 DOE He = or 1 « Areas




e Goto slide 59



aHOw to define a visual ta

sk?
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‘ ﬁ__,‘V'suaIIy defmed allgnment basu:

point-to-point:e, (y) = ¥, - Y,
or (homogenous coord) £y) = Y, X Y,

point-to-line:e,(y) = y; - (Yo X Ya)



point-to-ellipseg,(y) = Y"1 Cqjlipse Y1



Now Language for visual allgnmen

" Se do wWe heed?.
- ’ ; - 3 - /

W ' .uﬁr-\r -

Need 1. Some way of enterlng alignments in images
2. video tracking to perform servoing!

Feature
trackers

Registratio
/™ trackers:

Thu 9:50 Abhinet

Download: -
http://webdocs.cs.ualberta.ca/~Vis




al Task spec. for I\/Iamp
th. Martin Jaae ndICRA’

ii*nﬂi'

File Plugins Running Perspectives Help
MWinterface D@ -0%

Trackers Shapes Tasks Delete Error

FIXEDPOINT| coor | mNN | P | LNE |
KT | esm | cascape |  RkL | HOLD PATCH |
se2 | ic | Kk | supporr | ELLIPSE |

Oweezty A




Composmg basic visual alignment:

* ' |
y1 y1 f Y2- Y5 )
E — : . : _ Ya-Y7
Ewrench (Y) Ve ® (y1 X y2)
Y16 Y16 (Y * (V3% Va)

Which encodinde(y) is better? Can both reaElty) = 07

Do we need 1 or 2 cameras? Why?



omposing basic visual alignment:
g 1. Parallel constrai

¢

File Plugins Running Perspectives
Winterface D@ -0ox%
Trackers Shapes Tasks Delete Error

FXeEDPOINT| coor | NN | PF LINE
__PaTcH_ |

KT |  EsM | cascapE | RKL | HoLD PATCH - Weight

se2 | ic | tk | support | ELLPSE |

-—

,!j Dynamic Reconfi...



Composmg basic visual allgnment

Many tasks divide naturally into

1. Transportation / reaching

— Coarse primitive for large movemen

— Low DOF control (e.g. of object
centroid)

— Robust to disturbances

2. Fine Manipulation

— For high precision control of both
position and orientation

— 6DOF control based on several obj=s
features




Serial Composition

INC Whole real tasks“

st f'/*\

. Linked task prlmltlve

A — (:Enrut7 ]\47 Efinal)

1. Acceptable initial
(visual) conditions ey =

2. Visual or Motor
constraints to be
maintained

3. Final desired
condition

e Task= A1A2. . Ak




Prewous alignments just examp
mvarlants for the Ievel

Projective _ t | |Crossratio
H P~ | . T * Intersection
8 DOF V' V]| | .Tangency
Affine - At | |Parallelism
H,=| - Relative dist in 1d
6 DOF _O 1_ eLine at infinity | «
Metric oR t] |°Relative distances
H. = « Angles
4 DOF > |07 ]] e Dual conic  C
Euclidean R t] |-Lengths
3DOF | €7 {oT 1} e

Multiple View
Geometry
in computer science



Use only camercoorc.

Jncalibratedvisual Ser

voing

-r e PG 03 4;—-: .,,41' A.‘~%“‘q\ ‘ 2
oa Retinal
Images [/ projections
7/ Images
| ¢
:%z C Tracked features ¥

Motor motions X

1. Solve for motion: Y -yl = JAx
/2. Move robot joints: Xk = Xk + AX

“=\ 3. Read actual visual move 2y

Downloadable templated library: http://ugweb.cs.ualberta.ca/~\4g



Visually guided
_motion control

3 -~ ~. %

Issues:

1. What tasks can be performed?
— Camera models, geometry, visual encodings

2. How to do vision guided movement?

— H-E transform estimation, feedback, feedforward motion
control

3. How to plan, decompose and perform whole
tasks?



*Will the scissors cut the paper in the
middle?



Task ambiguity

eWill t
middle?NO!



Task Ambiguity

-y ¥I%

*|s the probe contacting the wire?



Task Ambiguity

*|s the probe contacting the wirBi®!



olve the cut in the middle task?




olve the cut in the middle task?

 Compute paper midpoint.

(Are we done yet?)
Xp= (I3 X 1)




olve_the cut |n the mlddle task’P

«Compute vanishing poiix.,,
Xeo= (I3x 1) eIntersectx,. w. midpt X,

= Koo X X,)

Alternative
formulations?




Vlsual Servoing

Steps in Image-Based Visual Servoing
1. Specify image alignments

e Difficulties:

— Tracking: finding trackable regions.
Tracker robustness and accuracy

— Creating correct and complete
specifications can be tedious.




* Recognizable Locations

L

\s0

4
(B

200 m
km
2km o
100 km
7 4

« Topolag

{W}

How about arm/hand manipulation?
Almost all work use global metric world coordinates

Mobile robot navigationgrom appearance to metric SLAM

ical Maps

« Fully Metric Maps

Courtesy
K. Arras

| NN

i |
i N
i '

\J




| Underappremated topic?
— — | — & '2 ;

A Comparison and Evaluation of Multi-View

Stereo Reconstruction Algorithms 1479 citations
Seitz, Curless, Diebel, Szeliski

CVPR 2006, vol. 1, pages 519-526.

Single View Metrology 559 citations

A. Criminisi, | Reid, A Zisserman
International Journal of Computer Vision 40 (2)31148, 2000

What tasks can be performed with an uncalibrated stereo
Vvision system?P Hespanha, Z Dodds, GD Hager, AS Morse
International Journal of Computer Vision 35 (1), 65-85, 1999 34 citations

Untapped opportunity?



=l
The human by pointing instructs the robot which ingredients are to be
placed on the pizza




Beyond prOJectlve camera vision a

«\Without physical GUI. Gestures and pointing

e Combine modalities: Camera vision, RGBD,
force ...

*Use sensory feedback and calibration level most

appropriate for task

— Precise visual alignments can be combined with approximate
Euclidean, (e.g. hold glass up)

— Force feedback can maintain contact with surface, and visual
feedback define the motion on the surface.



The human by poiFwt'mg instructs the robot which in
placed on the pizza

Change a Lightbul
ICRA'97 Video |




