Using 2D projective geometry to
control of robot motion from video
~___“visual servoing




hat IS vision?

Dorsal (maeno) Pat : PR o
oS arerl i,
‘to parietal lobe : N e patial vision
pathway

-spatial vision — localization in space
“WHERE”

Ventral (parvo) Pathway
-to temporal lobe

-object recognition
SWHAT

Two main ctegories Va7

xg!?
«Object recenition: Use cues in 2D 1mage panvay o "

e Spatial vision: Understand and invert the 3D to

2D Imaging process: Two subcategories:

— Full 3D scene reconstruction
— Use of partial 3D information, implicitly or explicitly



*Single view measurements

*Visual constraints: verify alignments, detect
Impossible configurations (Esher paintings)

*Visual servoing

— Lukas Kanade —like
—Deep Learning

*Visual tracking
—Features instead of image: i

*... many more
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Single View Metrology



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

Single View Metrology
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m : Current Image Features
@ : Desired Image Features
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Conventional Robotics: Motion

\ “o in basecoord\

Joint controllers Power
amplitiers

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

ci Pose 1 Feature
determination [~ extraction

*\We focus on the geometric transforms



Problem: Lots of coordinate frames

_ Cal | brate
Camera Robot
— Center of projection — Base frame
— Different models — End-effector frame

— Object




almage Formation is Nonlinear
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glnera Motlon to Feature I\/Iotlon
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gamera Motion to Feature Motion
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Problem: Lots of coordinate frames

calibrate
-y — P S B
Robot
Camera
— Base frame

— Center of projection
— Different models

— End-effector frame

Only covered one transform!



Other (easier) solution:
N con&tﬁgl |

N

Retinal
projections

Images

1 g3

Tracked features Y

Motor motions X

_ _ Achieving 3d tasks
Motor-Visual functiony=f(x) via

2d image control



Other (easier) solution:

Note: What follows will work for one or two (or B) camers
Either fixed or on the robot.

Herewe will usetwo cam

Retinal
projections

Images

Aep Q Tracked features ¥

Motor motions X

_ _ Achieving 3d tasks
Motor-Visual functiony=f(x) via

2d image control



This method is commonly used in industry machirssov

Usuallyover head camer a pointing straight down on a work table
Adjust cam position so pix@l,v] = sX,Y]. s= scalefactor (pix/mm)

Pixel coordinates are scaled world coord

Camera

P

Thresholded image |

Robot scene





















Imagebased Visual Servo

e
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*Observed features:  _, , ..
Motor joint angles:  x=1[z, ... z,]¥
eLocal linear model: Ay=1JAx

*Visual servoing steps: 1 Solve:

-y, =JAx
2 Update: S

X1 = X + AX

Reftinal
projections

O o Images Yy A
s : r o
%z Tracked features ¥
M

ofor mofions X




Find J Method 1: _
movements along hasis

ol
t"/‘,‘

Rememberdis unknownm by n matrix

of . o

0z 0x

J = . - - 1T
Ofm O, Ax, = [1,0,...,0]
Oz O n AXQ — O 1,...,O_T

*Motor moves (scale these):
: Ax, =10,0,...,1]F
e Suitable1o < Ay < 20 pixels | '

*Finite difference; : 7 1 @ ] C ]
J%T A}ﬁ Ay2 Ayn )




Find J Method 2:
ecant Constraints., ., .

.
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e Constraint along a line:

- Definesm equations Ay = JAx

e Collectn arbitrary, but different measurgs
*Solve forJ

o AyT o . AxD
/j... Ayc;r ...j\ (j... A?cc;r ...j\

\ [ A:yg 1)\ AxT )




Find J Method 3:

€ Secant Constra,mts

e Based on initial and one measure pair
e AdjustJs.t. Ay, Ax
. Rank 1 update: 2 = Jr12X
(Ay — J,Ax)AXT
AxTAx

 Consider rotated coordinates:
— Update same as finite difference foorthogonal moves

Jk:+1 Iy +




Achieving visual goals:
orated Visual Servoing

oa Retinal
Images [/ projections
7/ Images
i
P‘ Pz
Motor motions X

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

“=\ 3. Read actual visual move 2y

- . - (Ay — JAx)AXT
= 4. Update Jacobiany,,, = J, + yAX’;Ai) -

C Tracked features ¥




Achieving visual goals:
orated Visual Servoing

Retinal
projections

Images

Tracked features ¥

Motor motions X

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




t we need for VS

b ) o

« Camera(s) Place for visibility and
 Tracking

— Markerless algorithms - MTF
— Put LED on robot end-effector

— Lower brightness so LED brighterest
e Robot: Anywhere within reach

e Control command access

— Joint posiiton move
— Joint velocity
— Cartesian

— Issues with angle representation: Euler, quaternX
exp



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?






Task and Image
necifications

Task functionT(x) =0 Image encoding(y) =0

s ’
" 4
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}

task space task space
error ’ ' satisfied

Image space Image space
error satisfied



Visual specifications

Y16 _

Y16 _

Why 16 elements?




A
B

_ Visual specifications 2

st =) %

Point to Line

Buy) = | Y1

Line: yr- L

ll _ {yB X yl}
Yg X Y2

Note:y homogeneous coord.
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Parallel
om 03|t|on example

-9 1«'/#

EWrench (Y) =

o

Yo-Ys5
Ya-Y7
Yo * (1% Vo)

\

_Ys * (V3% ¥a) J

(plus e.p. checks)



aHOw to define a visual ta

sk?
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e Image commands =
Geometric constraints ir
Image space

* HRI: User points/clicks
on features in an image

 Robot controller drives
visual error to zero |




‘ 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; - (Y2 X Ya)



point-to-ellipsee,(y) = Y'; Cqjipse Y1



Now Language for visual allgnmen

- 10 VWE ee .
- ’ ; - 3 - /

Py 1 .uﬁr-\r 3

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

Feature
trackers

Registratio
trackers:




Default - rqt
Plugins Running

Trackers
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Composmg basic visual alignment:

* "
y1 y1 f Y- Y5 )
FE — : _ : _ Ya - Y7
Ewrench (Y) Vs ® (yl X yz)
Y16 | Y16 Vs (3% Ya)

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 ?ﬁ- !
(visual) conditions g

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 um‘pul:’r science



Achieving visual goals:
orated Visual Servoing

Retinal
projections

Images

Tracked features ¥

Motor motions X

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




Task ambiguity

*Will the scissors cut the paper in the
middle?



eWill t
middle?NO!



Task Ambiguity

*|s the probe contacting the wire?



Task Ambiguity

*|s the probe contacting the wirBi®!



Task Ambiguity

*|s the probe contacting the wire?



*|s the probe contacting the wirBi®!



Task decidability and

'nvanance

| - g _ _
A task T(f)= O IS mvanant underagrou.'ﬁlx of transformatlons Iff

fov', g0 Gywith gf) OV T(F)=0  T(g(f))=0

T(f ) must be 0O here,
If T(f) =0 here, if Tis G, invariant

T(f ) must be 0 here,
if Tis G, invariant

T(f ) must be 0 here,
if Tis Gy
invariant

T(f ) must be 0 here,
if Tis G invariant



_I achievable tasks...

00 o / 1100
00 110 0000
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coordinate systems

General Position



Composing possible tasks

. \ Tpp point-coincidence

Injective Cin; —
) h Task primitives
Q‘ﬂ Teol  collinearity
TN c ; Tpp Tcopl coplanarity
Projective " Tera  cross ratiosd)
AND OR NOT
T, 0T,z | ' T dT = T T, _JO fTZO
g U1 T
T, 1 otherwise

Task operators




wrench: view 2

Top(X1,X5) O
Top(X3.X7) O
Teol(Xa.%7,Xg) O
Teol(X2.X5,%6)

Twrench(xl..S) -



3 DOF long reaching move

* & DOFangular alignment

6 DOF close reach move . »

COMPQOSITE INSERTION TASK

3. Alignment???
® To match transport final to fine manipulation iaitconditions



More primitives

-y w.J s

e 7 Uy
s <
9 > & : S _a" ¥ i g

4. Guarded move

— Move along some direction until an external contraint (e.g.
contact) Is satisfied.
5. Open |OOp movements:
® \When object is obscured
® Or ballistic fast movements
® Note can be done based on previously estimated Jacobians
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e |Visual servoing: The process of minimizing a visb)adl

specified task by using visual feedback for motion
control of a robot.

e |sitdifficult? Yes.

—  Controlling 6D pose of the end-effector from 2D gadeatures.
— Nonlinear projection, degenerate features, etc.

 Is it important? Of course.

— Vision is a versatile sensor.

—  Many applications: industrial, health, service,@daumanoids,
etc.



* Not the previous examples.
— Could be solved “structured”

« Want to work in everyday unstructuretvironments




Use_ln space appllcatlons

e Space station

eOn-orbit service

*Planetary
Exploration




* A electric UAV
carrying camera flo

over the model

« Simulation: Robot arm:
holds camera

Model landscape: Edmonton railroad society




Use IN Power Line Inspectlon
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