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Requirements

e Basics in linear algebra (Moore-Penrose pseudo-inverse)
e Basics in automatic control (PID controller)

e Basics in computer vision (pose estimation, epipolar geome
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Overview

e Introduction

e Modeling visual features (p. 13)
e Control (p. 59)

e Applications (p. 95)
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Aim of visual servoing: to realize robotics tasks (i.e. to control robot
motion) using visual data embedded in a closed-loop system.

ﬂ;

Necessary steps: Selectk adequate visual features
to controlm dof (k > m, m < 6)
Determine the goal*
Regulate the errgis — s™) t0 0
Image processing (matching and tracking
near video rate)

Control

Perception

p. 5
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Pedestrian tracking using a pan/tilt camera




Positioning task
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2D visual features 3D visual features

Visual featuress = s(p(t)) = § = Lg v where:
e Lg = interaction matrix (similar to a jacobian matrix)

e v = (v,w) = instantaneous velocity (or kinematic screw)
with 3 translational and 3 rotational components

. i __:_...._F TTTTTTTTTTTTTTTT
= E_',._-:_ '-'i-. EEEEEEEEEEE W (
unit == 0 o e i INRIA ©:|RISA

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

p. 7



Principle of the control law

If we want s = —\(s —s™) (exponential decoupled decrease):

V= —)\ i\s+(s — S*) with i;(s,p,a)

Closed-loop systems = Lg v = — A Lsi\;(s —s*)

o if LSL/\S+ = I, perfect behavior
o |f LSL/\S+ > O,

oif LLs <0, s —s

\

s — s*|| decreases

Increases...

2D and 3D behavior directly linked by the choiceso
(throughLg andLyg)
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Example 1: reaching a local minimum usingLg
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Example 2: reaching the global minimum usingf,\s|+szs*
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Example 3: reaching a singularity of Lg

Example : rotation of 180 around the optical axis
s composed of image points coordinates Other choice

© o o o o @
o o o | o

¢ o o e o o

| .
Using f;+ Using f‘\S|::s* Using L/\S+ or LAS’Z:S*

At singularity, rankLg = 2.

Perfect behavior 1§ is composed of 2D straight lines parameters
(or composed of exact pose parameters)
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Main goal: select adequates for a given task

At least : selects such that ranlL.g = m arounds™
and such that KeL.,g = §* (virtual linkage:
plane-to-plane, bearing, ball joint, etc.)

At most (yet a dream for 6 dof!) : selects such thafl.g = I

e one feature for each robot dof

e perfect decoupling, same behaviorscdndv

e none singularity nor local minima (global stability)
e ideal condition number

e control of a linear system
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= 1) Modeling issues

> Basics

> 2D visual features (p. 19)

> 3D visual features (p. 48)

> Omni-directional vision sensor, vision + structured light 54)

2) Control issues (p. 59)

> Control of visual tasks (p. 59)
> Classification of the visual tasks (p. 79)
> Hybrid tasks (p. 86)

3) Applications (p. 95)
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Change of frames

posep € SEjs
X—C — CRO X—O —|_ CtO

/\ fo X..: coordinates oKX in F.

X, : coordinates oKX Iin F,
“t, . position ofO in F,
‘R, : rotation matrix betweetf,. andF,

R = cosf I3+ sinf [u]x + (1 — cos) uu
u : rotation axis (u|| = 1) ¢ : rotation angle around
) O _UZ Uy |
[u|« : skew symetric matrix related to: juj]x = | v, 0 —uy

= = e (
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Kinematic screw (instantaneous velocity)

v = (v,w) : kinematic screw between the camera and the scene
expressed dC in F,
w : rotational velocity : w]x = R/} °R. = —°R/ °R,
v : translational velocity a€:  v(0) = v(C) + [w]x CO

R, [t]xRe
03 “Re

To expressr atO in F, : °v =V, v with °V,. =

We can decomposeasv = v, — v,

where v, . camera kinematic screw, expresse@ahn F.
v, . Object kinematic screw, expressedain 7.
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The interaction matrix

A sets of k visual features is given by a function frofe; to R” :

s = s(p(?))

wherep(t) is the pose between the camera and the scene.

We get
0s

app LSV

whereLg IS theinteraction matrix related tos
(Jacobiarg? ~ Ls sincev = My, p with My, & Ty)

Usingv. andv,, we obtain :

S — LS <VC — V0>

TTTTTTTTTTTTTTTT
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Robot Jacobian

Geometry of a robot arm defined by
kinematics equationsp(t) = f(q(t))

q . joint positions § € R") \
~ "M, : end-effector posey(€ SE . Jan
P n pose( 3) T

End-effector kinematic screw given by :

vy, = "Jn(q) g where"J,(q) = My g—g IS the robot jacobian

For velocity control, one computég = ”Jn(q*)_l v,

Robot singularities 4 qs, det("J,(qs)) = 0}
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Eye-in-Hand system Eye-to-Hand system

>
<@ o>
0s , 0s
S = LSCVnan<q) q -+ a S — _LSCVnan<q) q + a
0s
ot
Unit 2= SR Y INRIA &:IRISA




e Modeling issues

> Basics
= 2D visual features
> 3D visual features
> Omni-directional vision sensor, vision + structured light
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2D visual features: image point coordinates

Perspective projectionx = (x, y) / X
v=X/7 y=Y/Z sl
L le=lyz 0 —x/27 X o7
y=[ 0 1/Z =Y/Z? X ¥
Using a mobile camera and a fixed point:
X =v(X)=-v(C) - [w]xCX = [ -I3 [X]«] v
We obtain:
: —1/Z 0 z/Z zy —(1+2%) vy
= Lx v whereLy =
* x Y * 0 —1/Z y/Z 14+vy*> —zy —=x
ifitZ  soR g BIINRIA  (95|RISA a0




2D visual features: image point coordinates

Whenx = y = 0 (principal point):

LX:

/7
0

0 00-10
—1/Z01 0 0

A single point is adequate to contre} or w, andvy or wy

Using several points (at least 3) allows to control the 6 dof.

X1
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Image point expressed in pixels

x = ( x,y )= image point coordinates expressed in meters
xp = ( zp,yp ) = Image point coordinates expressed in pixels

wherex. = (x¢, yc) = principal point
and f,, f;, = ratio between focal lengtfi and pixel size.

T
= L, = ng Ty b

_ _fa: 0 _—1/Z 0 x/7Z7 wxy —(1+$2) y_

ERARE —1/Z y/Z 1+vy> —xy =3

wherexr = <5Cp - xc)/f:l: y Y= <yp — yc)/fy
Useful for stability analysis wrt. calibration errors

i T g
unit = EHH s BJINRIA &:IRISA ;2
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Image point expressed in pixels

when focal length is an available supplementary dof

przﬂfc‘i_émy yp:yc‘|‘£y
_5’31)_ _x/lx_ : _<5Cp_5’50>/f_ :
Pl=Lx v+ — Ly v+
Yp P Y/l | f =L, (Yp—ve)/ /

_fg; 0 —1/Z 0 x/Z «xy —(1—|—£1?2) Yy :z:/f_ \%
0 fy|| O SYZy/Zl+y —ay —wy/f

~.

Useful redundancy wrt. motion along the optical axis
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Image point in cylindrical coordinates [Iwatsuki 02]

Use of(p, 8) for an image points instead of, y):

p= \/x2+y2, 0 — arctan 2
x

Corresponding interaction matrix:
L, =] _?SQ _S%ne = (14 p?)sinf —(1+ p*)cosf 0]

_ 1 sinf —cosf cos 0 sin 6 B
Lo =1 %z =z ¢ p p L]

Better decoupling betwean andw,

Be careful for the principal points(= y = p = 0, ¢ undefined)
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Image point for a stereovision system

}.(l = LXZ V]

Xy = Lx, vy

X
= | . = Lxx, Ve
Xr
_ L. lVC _
whereLy,x. = l
[&r LXTTVC

Ly x, Is of rank 3 because of the epipolar constraint

e Generalization to multi-cameras systems immediate

= = e (
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2D visual features: geometrical primitives

P, . configuration of arobject feature parameterized b¥’,
p; = m(P,) : configuration of anmage feature parameterized byp;

Noting Po = ¢(Fo) andp; = ¢(p;), we get
pi =v(Po) =¢omo 90_1<P0>

We also havédP, = 9 0 §(p) = pj =Y omod(p) =vopod(p)

WQSE3—>U§7?O — VQPZ
(p) o (F,) 0 (pi)
v Y
R™ N Iém N Rk
(P,) v=1omoyp ! (pi) o (s)
68 6p1

TTTTTTTTTTTTTTTT
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2D visual features: case of a segment

Tm, ( Tm = <5C1""5’72)/2
Ym | ym = (y1 + 12)/2
S — with <
l L =/(z1— 22)° + (y1 — 12)°
o o= arctan(yl — 92)/(5171 — 5132)
L. | | 1/2 0 1/2 0 | [Lg |
L, | 0 1/2 0 1/2 L,,
L | Azl Ay/l —Ax/l —Ay/l Lz,
L, _—A:E/ZQ Az /2 Ay/l? —Am/ﬂ_ | Ly, |

with Az = 21 — 9 andAy = y1 — v9.

,we getlg(s, 771, Z9).

Usin r1 =Ty +lcosa/2, y1 = ym + [sina/2
J T9 = Ty — Lcosa/2, yo = ym — lsina /2

¥ st ..-':-:"‘. TTTTTTTTTTTTTTTT
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2D visual features: case of a segment

Lz, = —1/Zp 0 Tm/Zm+tDer  Tmype —1— Lrmwy  Ym
Ly, =1 0  —1/Zm ym/Zm+Dey 1 +Ymuwz  Ymwy  —Tm |
L; =| —Dc —Ds 1/Zy+De Lo Ly 0 |
Lo =| Ds/l —Dc/l De,, o Qapy —1 ]

with 1/Zm = (1/21 + 1/22)/2 andD = 1/Zl — 1/22
Nice triangular form for a segment parallel to the image elén = 0)

Exercise: Better parameterizatios:= (z,, /1, ym /L, 1/, )

i & - e &
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eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee




Modeling a geometrical primitive

-1 limbs

. Limb surface
1/Z — /L(ZC,y, P17 AL Pl)

g(.ﬂf, Y, P1, pm) =0

3D primitive : h(X, Py) = 0
2D primitive : g(x, p;) = 0
Limb surface = 1/7 = u(x, Po)
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2D visual features : case of the sphere

3D primitive : h(X, Po) = (X — X()?+ (Y =Y +(Z — Zy)> - R?> = 0
v=X/7,y=Y/Z = K5 —2Xoz+Yoy+ Zp) 5 +2°+y°+1=0

f /

-

C

A:O:%:M(X,PO):%IJr%er% (eqg. of a 3D plane)
A=0s (Xoz+ Y+ 29— K(z2+vy>+1) =0
< g(x,py) = :C2+a1y2+2a2xy+2a3x+2a4y+a5 =0

Image of a sphere = ellipse (circleX; = Y; = 0)

. i ___-:___;F TTTTTTTTTTTTTTTT
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Direct computation of the interaction matrix

op;
L, = L L
pl aPO P0
(a1 = (R* - X§ — Z3)/(R* = Y§ — Z5) o, a; = (—QXoX() — QZOZO)/(R2 Y@ = Y5) — ..
| = XY/ (R2 - Y~ 2 M R
)
Lp,: Xo= | Yy | = [-I3 [Xolx ] v = Lp, = [ T3 [X|x ]
2

We always have rankp. = rankLp_=3

Results inLp,. are function of 3D dat®, = (X, Yy, Zy, R)

TTTTTTTTTTTTTTTT
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Other (better) method

. 0g . 0g .
g(X7 p1> = 0= g(X7 pl) =0« a_pi<X7 p1> Pi — _a_X<X7 p1> X, Vx € Pi

0g . g
- 3—Pi(X, Pi) Pi = — ~(X, Pi) Luy(x, Po) v, Vx € p;

If dim(p;) = dim(p;) = m, usingm points ofp;,

we obtain an x m linear system:
)

( ) el T B:(pi, Po) | . a;(pi) = g0 (%, pi), i = 1 tOm

P bt o (e _ _%(x. pL..(x. Py).

i | ou(pi) | B(pi, Po) Bi(pi, Po) | :8f(t§:’5 L., (x. Py)
\

i, 22 = e l
unit = SOR L &Y NRIA ©9:IRISA =




2D visual features : case of straight lines

h(X, Pg) — { hi = A X +BY +CZ =0

ho = Ao X + BoY +CoZ + Dy =0
We obtain :

o function, = u(x, Po) fromhy : 1/Z = Az + By + C
with A = —AQ/DQ,B = —BQ/DQ,C = —CQ/DQ

e 2D straight lineD : Az + By + C{ =0

Minimal parameterizatiop; = (p,¢0) 1,

g(x,p;) = xcosf +ysinh —p =0 s

with 6 = arctan (B /A1) %

andp = —01/\/14% + B2, T AN I S W

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee
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Computation of the interaction matrix

g(x,p;) =0= p+ (zsinf —ycosh) § = icosf+ysinf , Vx € D
Fromg(x, p;) = 0, we writex = f(y, p,0) to get :
(—8/ cos8) y+(p+ptand 0) = y K(p;, Po) v+Ka(p;, Po) v, YyER

0 = —K1(p;, Po) cosf v

We obtain<{ ,
{ p = (Ks(py, Po) + K1(ps, Po)psin ) v

L,=[ Apct ApsO —App (14 p?)s —(1+p?)c 0 ]
Lo = [ AgcB MgsO —Xdgp  —pch —pst  —1]

with A, = —(Apct + Bpst + C') and\y = Bct) — As

—

Exercise : obtain the same result using 2 pointsiaf
for example(p cos 8, psin ) and(p cos 6 + sin 6, psin @ — cos 0)

. i ___-:___;F TTTTTTTTTTTTTTTT
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2D visual features : case of a circle

_ hi = (X — X0)? + (Y = Y0)? + (Z — Zy)* — R* =0
h(X>P0){hza(XXo)Jrﬁ(YYO)JW(ZZO)O

1 A = af(aXy+ BYy +72)
Froth:E:AerBynLO with ¢ B = g/(aXy+ 6Yy + 7%2))
C' = v/(aXy+ B8Yy +v2)

Usinghy : g(x,p;) = x’ + a1y2 + 2a0xy + 2a3x + 2a4y + a5 =0

Image of a circle =llipseand a circle ifa; = 1 etay = 0, that is

A=2Xy/(X2+ Y2+ 22— R?),

A=B=0 or
{Bﬂwugmﬁ+%3%

TTTTTTTTTTTTTTTT
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2D visual features : case of a circle
Better parameterization for ellipsep; = (:cg, Ygs 120, 4115 MOQ)

Centerednoments: ;; = ffD (2 — 29)"(y — yg) dady

Lp. Is always of full rank 5, but for the centered circle
(29 =yg =11 =A=B=0,uy = pg2 = r°) where:

o O O O O

~1\‘;‘l‘a\“
o
C
)
~—
Z
A
~—
AN
O
Py
(0))
>

EEEEEEEEEEEEEE
EEEEEEEEEEEEEEE
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Summary

3D primitives 2D primitives| Parameterization
point point (xz,y) or(p,0)
segment segment | (1, y1,x9,y2)
(@m/l ym /1, 1/1, @)
straight line| straight line |(p,0)
circle ellipse | (wg,yg, 20, 1111, 102)
sphere elipse | (x4, yg,a = 7r?)
cylinder |2 straight lines(py, 61, p2, 62)

Lg also avallable for distance from a point to a straight line,
angle between two straight lines, etc.

EEEEEEEEEEEEEEE
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Moments definition

moments m;; = ffD(t) iyl dxdy
widely used in pattern recognitighiu 1962]

related to intuitive features:
areaa . my
center of gravityxe : from myg andm

object orientatiorry and inertial axes : fronmog, mq1, andmgo
skewness : fromns) andms

Interest in visual servoing: objects of complex or simple shape

= = e (
Unit = DR L IINRIA 9:IRISA s
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Computation of the interaction matrix Lo,

mitt) = [[ Ty (70) = ') <

= mw = ]{ f(m, y) XTH dl
C(t)

Using Green'’s theorem :

/ div|f(z,y)x| dxdy

or 0Oy
= Myj = /D_37"|‘_ + flz, y)(@aj 6y)]dajdy

— // z:cz_ly :i:+j:czy]_1y+:vzy ( ’ + y)]dazdy
D

oxr Oy

EEEEEEEEEEEEEEE

p. 39
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Computation of the interaction matrix Lo,

. el . il 4,0 Oy
mij://p[zajz byl i+ jaty’ 1y+x2y3(%+8—y
i=[-1/Z 0 z/7 xzy —-1—2a2°> y]lv
g=[ 0 =1/Zy/Z14+y*> —ay —zx]vV

)dxdy

Forplanarobject: 1/7 = Ax + By + C from which we deduce:
GI—[-A 0 (2Az+By+C) y —220]v

g—g:[ 0 —B (Az+2By+C)2y —x 0|v

(A = B = 0 when the object is parallel to the image plane)

. i ___-';-.:F TTTTTTTTTTTTTTTT
= N R 7 (
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Interaction matrix for moments
Lmzj = [mm: Myy Moz Mwxr Moy mwz}
Myr = —1 (Amij + Bmi—l,jJrl + Omi—l,j) — Amij
myy = —J (Amjyq j—1 + Bmgj + Cmy j_1) — Bmy;
Myz = (1 + 7 + 3)(Ami+1,j + Bmi,j+1 + Omij) — Omij
Muwr = (Z + 7+ 3) m; j+1 + m; j—1
My = —(1+7+3) Mip1j —1m_1

( Mz = L MG—1 41 — J M1 j—1

with <

Ly,,;; can be computed from moments of order less thary + 2
and from plane parametess B and(' for translational components.

TTTTTTTTTTTTTTTT
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Area, Center of gravity

Area a = myy

L,=| —aA —aB a(3/Z,—C) 3ayy —3azxy 0 |

Object cog =, = m1g/mqo, yg = mo1/ Mmoo

L, =[-1/Zy 0 x¢/Zgter zgygting —(1+zi+dng) yg |
Lyg:[ 0 —1/Zy yq/Zg+€ 1+y§+4n02 —Tgyg—4ny1  —x4 |
(generalization of the pure point case)
1/Zy = Axg+ Byg + C /LQO:mQO—QZCg
€1 = 4(Angg + Bnyy)  nij = pij/awith S pgo = moy — ay;
€9 = 4(Any1 + Bngp) [111 = M1 — aTgYg

i, 2 - L (
unit = GER . A4 | NRIA ©:IRISA
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Centered momentsy;j = [[p(z — 24)'(y — yg)? dudy

L,uz-j = [,Uv:c Moy Moz Hwr Hwy sz}

: : : 1 2011
Object orientation o = 5 arctan (-~

Lo = [Oév:c Qyy Az Cur Cwy _1]

(Offvaj:Oévy:OfoZ:OWhenA:B:O

awy = 0whenzg =y, = 0andpugs = 19 = poy =0

/"

\ Oy = 0 Wheﬂmg =Yg = 0 and,ugo = o1 = 19 =0

e = e L (
unit=2 SRR | o Ad | N RIA ©:IRISA
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Cooking moments

e Normalization ofs = (x4, y4, a):

Sn = (fna Yn, an) with a,, = 1/\/57 Ln = $g/\/aa Yn = yg/\/a

—k 0 0 an€ll _an(l + 612) Yn
= Ll’(n =1 0 —x 0 ap(l14+e€q) —apeyr —xp (A=B=0)
0 0 —k —3yp/2 3xp,/2 0

Pure image-based, but so near from position-based...
e Moment invariants: some combinations of moments are ianano

2D translations, scale, and 2D rotation, so that by selg@&@dequately
two of such combinations; andr ;.

QE en e p
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Interest of cooking visual features

Using the coordinates of 4 points fer
(condLS 180)

100 | 2
200 | X /\pl
P2
P3
300 ‘ Pa
0 100 200 300 400
Initial iImage Using adequate moments $ojcondLg ~ 2)
10 ‘ ‘ ‘ ‘ 0 ‘ ‘
100 | / :
W : 200 | /\l
15 W T \ Eg
20 ‘ ‘ L — 300 ‘ ‘ Pa
0 100 200 300 400 500 0 100 200 300 400

Desired image  Camera velocity  Image trajectories

Fandatine ..".-':__';.__. INST;TEU:,EZAHT;ROZQE W
= (ol
unit = o0 L INRIA (&:IRISA

p. 45
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Other approach: direct numerical estimation

Using N measurements of. and corresponding arounds™

o Off-
Wit
Wit

N N(> 06),

o Off-
Wit
Wit

N N(> k),

Ine learning ofLg
N 1 measurementlg v = $ : k£ equations and x 6 unknowns

Ls A = B whereA € RO*N andB ¢ RF*V
— Ls=BAT

ine learning of LS (better method):
n 1 measurementl.] § = v¢ : 6 equations and x k& unknowns

L B=A=1LJ=AB"

e Other methods: neural networks,...

Methods valid locally around* only sinceLg is not constant.

Stability impossible to d

A

unit =

oy
cJ

]
L
m
[=]
=3
[
LY

UE

emonstrate

TTTTTTTTTTTTTTTT
EEEEEEEEEEE
EEEEEEEEEEEEEE
EEEEEEEEEEEEEEE

p. 46
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Other approach: direct numerical estimation

On-line iterative estimation (based on Broyden update):

(é — i;(t)vc) ve !

La(t + 1) = La(t) + ——

Ve Ve

Be careful to initial valuef;(tO)
Stability impossible to demonstrate
May be useful for unknown complex objects or unmodeled syste

TTTTTTTTTTTTTTTT

p. 47
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e Modeling issues

> Basics
> 2D visual features
= 3D visual features
> Omni-directional vision sensor, vision + structured light

i, 2 - L (
unit=2 SRR | o Ad | N RIA ©:IRISA s
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3D visual features with one camera

Based on pose estimatigit) from F. to F, using
e an image of the objeck ()
e the knowledge of the object 3D CAD modé&X: P

e an estimation of the camera intrinsic parametersy., fx, fy

f)(t) — ﬁ(X(t)a X) Lcy Ye, f£U7 fy)

Pose estimation problem camera calibration problem
(intrinsic camera parameters already known)

( tin -'.:"_":r- TTTTTTTTTTTTTTTT
i 2 e | %N R
unit == EH e VA TN RITA ©:IRISA
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3D visual features with one camera
Estimated posé(t) = p(x(?), X, z¢, Ye, [z, fy)

A (9p 81) 813

whereLy Is known butap IS unknown (and sometimes unstable)

Lix

v IRISA/INRIA Rennes vue exterieure

Fandatio '.-ﬁ TTTTTTTTTTTTTTTT
i 2 e | %N R
unit == EH e VA TN RITA ©:IRISA

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee
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3D visual features
Under the strong hypothesis that 3D estimation is perfect:

Jp
=15 = Myv
(9p 6 P p= p
e parametergu that represent rotationR .

0 sind
Ly, = hereLy = Is + — 1 —
ou = | 03 L | whereLg, 3715 ufx + ( Sind?

e parametergu that represent rotatioiR .+

v sing’
Ly, = L hereL,, = —Is + — — (1 —
fu [03 w] W @3) 3+2[u]>< < SII’]CZH

) [u],

In both casesl., such thafLg,fu = L' fu = +0u

e coordinates of a 3D poiX : X = —v—[w]xX = Lx = [ —I3 [X]« |

¥ 2 b ___T__-.-!-‘ TTTTTTTTTTTTTTTT
- ~mo . of reonsnone W R (
unit == IR L INRIA ©:RISA

p. 51
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3D visual features for an eye-in-hand system

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee
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3D visual features for an eye-to-hand system

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

p. 53



e Modeling issues

> Basics
> 2D visual features
> 3D visual features
= Omni-directional vision sensor, vision + structured light

i, 2 - L (
unit=2 SRR | o Ad | N RIA ©®:IRISA ;=
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Modeling for omnidirectionnal vision [Nayar 01]

Single viewpoint systems

X X

To = T =
O nZreV XY 22 (r=7)
_ Y %

Jo = nZ+&V X24+Y 2422 =27

-n=1,&£=1: parabolic mirror
-n=1,&£=¢& . planar mirror
-n=1,&£=¢& . hyperbolic mirror
-n=1,&£=0: perspective projection
-n=0,&£=1: spherical projection

A

TTTTTTTTTTTTTTTT
EEEEEEEEEEE

EEEEEEEEEEEEEE LWINRIA (o) :

EEEEEEEEEEEEEEE $) : p. 55
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Interaction matrix for a point

Using perspective projection:

L, =
Y 0 —1/Z y/Z 1+vy* —ay —x

_—1/Z 0 x/7 xy —1-—2° y]

Using omnidirectionnal vision [Barreto 2002]:

i 1 — 2 oYo 0 — 2 |
L oYo olo 1 — 2 0 — 2 _ —
_ §xpy - (Lyg _ é“yo) % @ + ny? NT Yo Ty |

withy =n? — €2, p = VX2 + Y2+ ZZandy = /1 + v(z2 + 42).

e For a parabolic mirror:

_ 1‘|‘£U2—|—y2 . 1—x2—y2
77:175217”:073/:1’777”6: 5 O’UV§7: 5 0

For the image of a straight line, I.e. an ellipse, see [MegdRDS 04]

i, 2 - L (
unit=2 SRR | o Ad | N RIA ©:IRISA s
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Modeling for spherical projection (n=0,£=1)

e can be used from a perspective sensor or an omnidirectienabs

xs = X /pwith p = VX2 + V2 + 72

(el L0z oy
Lx, = % _% (1 - yg) 1 yspzs , zs 0 —xg
S<S S<S
i % yp _;(1_2’5) ~ys s 0 |
Passivity property|(xs|| independent ofv) [Hamel-Mahony 02]

Invariance property: for instande,, = [ag; ay az 00 O]

- . awm. | INSTITUT NATIONAL
( » T e e am | DE RECHERGCHE
iR 2= o o S R et 7‘(11\/1{1/\ o) &
= LR S 9 : p. 57
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Modeling for coupling vision and structured light

e Structured ligth rigidly linked to the objec \

- no change at all in the modeling =
4

e Structured ligth rigidly linked to the camera:

[
>

- Points, straight lines, ellipses, see [Motyl 92]
- Points revisited, see [Pag, IROS 04]

i, 2 - L (
unit=2 SRR | o Ad | N RIA ©:IRISA s
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1) Modeling issues
= 2) Control issues

> Control of visual tasksih = n)
> Classification of the visual tasks
> Hybrid tasks {n < n)

. e ___-';-.; TTTTTTTTTTTTTTTT
- ‘:-._..’-;- '-ﬁ EEEEEEEEEEE W R
unit == SN e VA4 TN RTA
= ] u

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee
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Control in visual servoing
Regulation of a task functiorg(p(t)) = C (s(p(t)) — s¥)

Numerous solutions:
e P, Pl, PID controller [Weiss 87]
e Non linear control law [Hashimoto 93, Reyes 98]
e Optimal control (LQ, LQG) [Papanikilopoulos 93, Hashim&i©)|
e Predictive controller [Gangloff 98]
e Robust controller o, [Khadraoui 96]

i T
unit = S0k e VA TN RIA &:IRISA .«
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Visual task function

With £ visual features, one constraints: robot dof (n = rankLyg)

o If m < n, Itis possible to consider a supplementary task
(trajectory following, joint limits avoidance, etc.)
= Hybrid tasks

o If m = n, all the robot dof are controlled
using thevisual task function:

e(p(t)) = C (s(p(t)) —s7)

whereC Is am x k combination matrix of full rankn.

i, 2 - L (
unit=2 SRR | o Ad | N RIA ®:IRISA e
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Control law

Sincee(p(t)) = C (s(p(t)) — s™), we have

de where { v, = v for eye-in-hand system

> =L + =
e e Vg o v, = —V, for eye-to-hand system

We obtain ideally for an exponential decrease of(e = —\ e)

Vg = Lgl (—\e— %) with Le = CLg if C is constant

SincelLe and% are not perfectly known, one uses

r il 1 2
UNIT =
. ‘= f"FPWw | ET EN AUTOMATIQUE

p. 62
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Stability analysis

Behavior of the closed-loop system :

/\—15/95 oe

, de —~—1
e:Lqu—i_E:_)\LeLe e_LeLe E—i_a
If % — % = 0, ||e|| always decreases (global stability) if
—~—1
LeLe >0

To suppress tracking errors and obtain the desired behawor \e :

—

—~ Oe Oe
L. — =
e =Le and ot Ot

i, 2 - L (
unit=2 SRR | o Ad | N RIA ©:IRISA o
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In practice (m =n)

oelf k=m, C=1,,, e=s—s" = Le=Lg, I/;:i\s

] 1 0s . 1
vg=—-ALs (s—s%) — L a—j stable if LgLs >0

elf k>m, C=TLysg ()orC=Ls (2), Le=1,

T

Vg = —)\e—%stable If .

(1) f,;rS:S*LS > (0 (only arounds™)
(2) f,jLS > ( (only locally sinceC not constant)

If translational dof are controlled and 2D visual featuressed,
an estimatior or P* is necessary to compuleg

: v W, | INSTITUT NATIONAL
= 5'.__ '-'i-. EEEEEEEEEEE W
unit = o0 e INRIA 9:IRISA
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A simple casek =m =n =2

Case of a pan-tilt camera observing a point :

SZ(IE,y), S*:(an)a C:]IQ

o i B _ Ty —(1+$2)_ _wg;_
_y’_ _1+y2 —ry | | wy
| B}
ve=—-ALg (s—s") 47
- N -
o | =- 3 .2 ’
Wy l+zc+ys | —x

If no error occurss = —\ s : trajectory = straight line in the image

i, 2 - L (
unit=2 SRR | o Ad | N RIA ©:IRISA e
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Controlwhenk=m =n =206

1 1

C=Is = vy=-ALg (s—s*) stableifLgLs >0

e Impossible with only 2D visual features

Using 3 points L is 6 x 06)

- pose ambiguity (4 solutions)

- possible singularity of.g

( tin --'.:"'_':r- TTTTTTTTTTTTTTTT
ndati = "o m 1 = D A W (
unit == 0 e e e INRIA ©:IRISA
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Controlwhenk=m=n==6

e Possible with 3D visual features

- . - _ - _ . -
¢ tc (¥ CRC*C tc

For instance, Ik =
du w du

Advantages
- Lg block-diagonal and never singular
- Translational and rotational motions decoupled
- Camera trajectory : straight line in 3D space
Drawbacks

- No control in the image (the target may get out of the image)

= = e (
Unit = DR L IINRIA 9:IRISA e
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Controlwhen £ =m =n =6: 2 1/2 D visual servoing

ldea : Combine 2D image data and 3D data
[+ ] | iImage point
Y } coordinates
log Z | — rel. depth N Ls triangular

O ) rotation and never singular
Oy > to
| Ouy | J realize
Advantages :

e Decoupled control scheme (image point trajectory : stitdigh)

e Analytical conditions for global stability possible
In presence of calibration errors

e No 3D CAD model needed, only one scalar unknown

i, 2 - L (
unit=2 SRR | o Ad | N RIA ©:IRISA o
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Results

0.2 10
0.15 B 80 i
0.1 s 60 4
0.05 b 40 1w
o %
S %
Us 20 { =
-0.051 b 0
-0.1r ] -20r b
~0.15 ‘ ‘ ‘ ‘ ; -40 ; ; ; ; ;
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500

iterations number

Fandating ZZeme
unit = oo
- ROBOTIGUE

iterations number

INSTITUT NATIONAL
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centre de recherche RENNES - BRETAGNE ATLANTIQUE
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Coarse calibration

0.2 10

0
0.15 1 80 7 S0 |
100F A
0.1 ] 6o 1 150t 1
0.05 1 40 1. 200¢ )
o 0
2 % 2501 A
0 20 1 300t i
~0.05 i 0 3501 A
4001 b
-0.1 1 -20f 1 50l |
~0.15 ; i i i i —40 ; i i i i 500t ‘ ; ‘ i i
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 0 100 200 300 400 500
iterations number iterations number pixels
0.2 100 0
4 50+ A
0.15 80 |
100f b
0.1 A
60 1 1s0f .
0.05 ] 200l |
40 1 o
o 0
0 — 8 % 250} R
20 7 L 4
-0.05 1 300
3501 b
-0.1f | 0
400+ A
-0.151 4 -20- : : i asol |
0.2 i i i i i i -40 ; ; ; ; ; i 500t i i ‘ i i
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 0 100 200 300 400 500
iterations number iterations number pixels

—_ INSTITUT NATIONAL
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UI.'”[: Eé EE EN INFORMATIQUE ‘ I N RIA (. %
_",‘_ ET EN AUTOMATIQUE = p 70
1 M centre de recherche RENNES - BRETAGNE ATLANTIQUE



Other 2 1/2 D VS scheme

" ¢ ] ] translation
tCZC
C tcy > tO ) _
c* realize “R. 0
g — tCZ J | | — LS _ . C 3
T image point 7Low L
Y coordinates
0 | — orientation

Advantages:
- Camera trajectory : straight line in 3D space
- Trajectory in the image of the selected point : straigha lin
Drawback:
Lg only block-triangular

= analytical conditions for global stability difficult to odin

: v W, | INSTITUT NATIONAL
= E_'.__ '-'i-. EEEEEEEEEEE W
unit = o0 e INRIA 9:IRISA
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Control when £ > m, m = n = 6 using 2D visual features

—~+ K °
- Control lawv, = —A Lgjg_g+ (s — s¥) ® a
stable ifi\Sr;:s* Ls > 0 (only arounds™) U
No real control of the image trajectories J :7
- Control lawv, = —\ f;+ (s —s*) o /.
~~—~
tries to ensuré = —\ (s — s*) ® O
Possible local minima /. /.
® ®

—~+ .
becausé€ (= Lg ) is not constant

i, 2 - L (
unit=2 SRR | o Ad | N RIA ©:IRISA %
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. .. N
Reaching a local minimum usingLg

IRISA/INRIA Rennes vue exterjeure [v] : IRISA/INRIA Rennes vuie exterieure. (~]

-0.05

-0.15

0,25

Fandatin ‘_-:ﬁ INSTITUT NATIONAL
LS e DE RECHERCHE
unlt E“,.."::' [ i n EN INFORMATIQUE (I N RIA . x
_‘:.':_- 'JL. ET EN AUTOMATIQUE | ) % p 73
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Reaching the global minimum usingi\sgzs*

IRISA/INRIA Rennes vue exterieure

IRISA/INRIA Rennes vue exlerjes

IRISA/INRIA Rennes vue exterieurd [~}
0.08
] LapBl
i
LB —
-y
0,05 Lt
= ) i L] = )
@ @ @ 0.4
- 4 @ ﬂ -
0,15
-0.2
-0,25
o 50 100 150 200

IRISA/INRIA Rennes  vie camera

IRISA/INRIA Renn; [~]

150

200

— INSTITUT NATIONAL
randatin — DE RECHERCHE
s
- ol |
—— EN INFORMATIQUE
== (R
—r

ET EN AUTOMATIQUE

.
L=
m
[=]
=
(=
=%
=

™

JINRIA

centre de recherche RENNES - BRETAGNE ATLANTIQUE
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Geometrical interpretation of the behavior obtained

.

toen

o /”

Rotation of45°

ntaiae 22 - L (
unit = SOR ol /AY I N R1A ©:|RISA .=
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Reaching a singularity of Lg

Example : rotation of 180 around the optical axis
s composed of image points coordinates Other choice

© o o e o @

- O @ = @

¢ o o e o o

* .
Using f;+ Using i;|+s:s* Using fj or LAS,Z:S*

At singularity, rankLg = 2.

Perfect behavior i§ is composed of 2D straight lines parameters
(or 2D moments, or 2.5D VS, or 3D VS)

i, 2 - L (
unit=2 SRR | o Ad | N RIA 9:IRISA %
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Target tracking

Pl Controller

Integral term classical in Automatic Control to reduce kiag errors

If 1. 1S the estimation o%‘; at iterationk, we have :

Ik+1 = 1. + p ey with I =0
k
=np_e
7=0

Efficient to track a target at constant velocity :

Ik+1:Ikifek:O

EEEEEEEEEEEEEEE
eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

(:IRISA
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Target tracking by estimating the target velocity

If it IS possible to measure the camera velocity, we get:

—

e -~ =
a = e — Le VC
with . .
Le — CLS
9

o CECk—1 _  SE—Sk-1
( k= 7 A7 C x5

A Kalman filter may then be used.

EEEEEEEEEEEEEEE
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= Control issues

> Control of visual tasksih = n)
= Classification of the visual tasks
> Hybrid tasks {n < n)

EEEEEEEEEEEEEEE
eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee
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Classification of the vision-based tasks
* = set of motions such that= 0 : S* = Ker Lg

A virtual link between the camera and the scene is defined by a set of
compatible constraintss(p(t)) — s™ = 0

A virtual link is characterized by ™ sinces(p(t)) —s*=0=s8=0
classof the virtual link = dimensionV of S*.

The k constraints involved by the visual features are indepeinden
if k=6—N.

If £k > 6 — N, the visual features are redundant.

i, 2 - L (
unit=2 SRR | o Ad | N RIA ©:IRISA ;e

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee




*

= S

= Link of class 4
unit = SOR

.
m
[=]
=
(=
=%
™

Case of a point

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

s = (z,y)

_—1/Z 0 /7 zy —(1+2% y_
0 —1/Zy/Z 1+y*> —zy —ux
0 Z(1+z°+9°) 0 ]

y 0 0 Z(1+4 2%+ y?)
10 0 0

0 x —xY 1+ z?

0y —(1+y%) y

01 0 0 _

(:IRISA

p. 81



Name Class T |R| Geometric symbol

Rigid 0 00 AP
A A
Prismatic 1 [1/0 e H%
Rotary 1 |01 EAWBA%
Sliding pivot 2 1]1 o 5
_I_B A

Plane-to-plane| 3 2|1

B
Bearing 3 |03 m

A A
Linear rectlinear 4 |22 /B
B
A
Linearannular | 4 1|3 T @?A
Point 5 123 o Ale

unit =

EEEEEEEEEEEEEE
EEEEEEEEEEEEEEE

p. 82
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Rigid link
S*=(0,0,0,0,0,0)
Using 3 points :

Isolated singularities exist

[ —1/Z, 0 x/Zy iy —(1+2) oy
0 —1/Zy w/Zy 1+y? —myr —xy
—1/22 0 ZCQ/ZQ ToY9 —(1 + x%) (7
0  —1/Zy yo/Zy 14+y; —xoys —2
—1/23 0 5(33/23 WIRYVE —(1 + 33%) Y3
0 —1/Z5 y3/z3 14+y; —axsys —as |

Y
~

4 poses are solution of ti&3P problem

Solution : Using at least 4 points

M

Foy iTe0 5
=
=
=

UrliL =
e fe P FWw | ET EN AUTOMATIQUE

par wmielegs o ————— centre de recherche RENNES - BRETAGNE ATLANTIQUE

'.“",.
Y
cJ
Y
~—
2
A
~—
pN
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Prismatic link
S*=(1,0,0,0,0,0)

Using 3 (horizontal) straight lines

. . — 2 Z =0
3D straight lines h;(X,P) = Z; i=1,2,3
/ — Z;k =0

2D straight lines p; =Y." /27, 0, = 7/2
0 —1/ZF pi/ZF (1+p2) 0 0O
0 0 0 0 —p; —1

= Lo, =

With a 3 dof mobile robotv,, v.,w,), 1 straight line is sufficient.

. i ___-:___;F TTTTTTTTTTTTTTTT
= N R 7 (
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Bearing

Using a sphere with cent€ = (0,0, Z))
= Image of the sphere = centered circle

L, =[-1/Z. 0 0 0 —1—720"
Ly, = 0 —1/Z. 0 14+7> 0 0]
L, =[ 0 0 2r%/Z. 0 0 0]

with Z. = (Z5 — R?)/Zy andr? = R?/(Z5 — R?).

0 —zy 0 000 ]

0 0 0 000

0 0 0 000
= S* = =

1 0 0 100

0 1 0 010

00 1]z LO01] &

. i ___-:___;F TTTTTTTTTTTTTTTT
= N R 7 (
unit == IR L INRIA ©:IRISA e
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= Control issues

> Control of visual tasksih = n)
> Classification of the visual tasks
= Hybrid tasks {n < n)

EEEEEEEEEEEEEEE
eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee
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Visual task function
With £ visual features, one constraints: (=n — N < k) robot dof
using thevisual task function e(p(t)) = C (s(p(t)) — s*)

whereC Is am x k combination matrix of full rankn.

= If m < n, 1tis possible to consider a supplementary task
(trajectory following, joint limits avoidance, etc.).

Problem : How to combine both tasks ?
e e . primary task

e e . Secondary task, expressed as a cost function to be mindmize
under the constraint thaf is satisfied.

TTTTTTTTTTTTTTTT

p. 87
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Global task function

A task functione minimizing the objective function
under the constrainrt; = 0 is given by :
e=Whe + (I, - W W)g/
-~ W'C(s—s)+ (I, —WW) g/
where :
_ : _ Ohg
e g. = gradient ofhs (g = %)

e W Is am x n matrix of full rankm such that
Ker W = Ker Lg

= (I, - W"W) g/ e KerLg, Vg,

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee
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Control law (similar as before)

Since we have

. Oe v, = v for eye-in-hand system
=L — wh e
€= e Vg, WHETe { v, = —V, for eye-to-hand system
we obtain ideally for an exponential decrease of(e = — )\ e)
_ de
Vq:Le1 (_)‘e_a)

T
with Le = W+CLg + (I, - W W) 2

If C andW are constant

SincelL, and % are not perfectly known, one uses
] De
Vg = —Ae— —

TTTTTTTTTTTTTTTT

unit = EHE s BIINRIA &:IRISA o
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Stability analysis (same as before)

Behavior of the closed-loop system :

/\—15/95 oe

, oe —~—1
e:Lqu—i_E:_)\LeLe e_LeLe E—i_a
If % — % = 0, ||e|| always decreases (global stability) if
—~—1
LeLe >0

To suppress tracking errors and obtain the desired behawor \e :

—

—~—1 de Oe
L =L and 5 = By

r il 1 2
UNIT =
. ‘= f"FPWw | ET EN AUTOMATIQUE

p. 90
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In practice (similar as before)

olf k=m=n, W=C=1,,, e:elzs—s*éLe:LS,Iz:f;

1 1 s . 1
vg=-ALs (s—s*)—Le 6-? stable if LsLg >0

elf k >m, C=WLgs_g, Lo =1

—

Vg=—Ae— % stable if Wf,;rS:S*LSW+ > (| (only arounds™)

If translational dof are controlled and 2D visual featuressed,
an estimatior or P* is necessary to compuieg
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Example of secondary tasks

e Trajectory following:
for instance, constant velocity alongcamera axis

|
hs = 5 (2(t) — 2(0) - vot)?
] ; i -
0 0
T
T 2(t) — 2(0) — vyt 09, —V,
= g, = = —
Js 0 ot 0
0 0
L O - L O -

P e W, | INSTITUT NATIONAL
= —_ | e %
unit == 0 e e e INRIA ©:IRISA
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Target tracking (same as before)

Pl Controller

Integral term classical in Automatic Control to reduce kiag errors

If 1. 1S the estimation o% at iterationk, we have

I, 1 = I+ peqg with Iy =0
k
=p) el
J=0

Efficient to track a target at constant velocity :

Ik+1:Ikifelk:O

EEEEEEEEEEEEEEE
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Target tracking by estimating the target velocity

If it IS possible to measure the camera velocity, we get:

5\ —_—
5»_1 =e] — Le, ve
with . e
Lel — CLS
T ©lg—€lk—1 _ (v Sg—Sk—1
e =""nrn =0 g
A Kalman filter may then be used.
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1) Modeling issues
2) Control issues

= 3) Applications

b G2 = e (
unit = DR L IINRIA 9:IRISA s
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Target tracking by gaze (pan-tilt) control

“ Direct link between visual features (cog) and pan-tilt

“ No 3D data at all required in the control scheme

© Trying to reduce the tracking errors due to the unknown target motions
“ Image processing: image motion-based estimation

1 D
90N
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6 dof positioning and target tracking task

Using a robust 3D model-based visual tracking




Manipulation in space environment

ESA Vimanco project: using Eurobot on the ISS
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Satellite rendezvous
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.
Micromanipulation femto

Assembly of MEMS compounds

Size 400 pm x 400um
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IBVS with structured lights 2

In collaboration with Glrona UnlverS|ty, Spaln and Cemagref, Rennes

- Eye-in-hand system

Desired image Image sequence
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Parallel robots ,‘L\L%\
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Navigation of mobile robo}(l\A\
. : LASMEA
in indoor environment

1 Use of straight line in omnidirectional images
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Navigation in a urban environment
Classical approach:

teaching: global 3D reconstruction and accurate 3D localization (SLAM)
following a specified 3D trajectory through accurate 3D localization

Approach developed: Accurate localization and mapping not mandatory
teaching: topological description of the environment with key frames

poses to be reached)

only local 3D reconstruction (points tracking and points transfer)
navigation expressed as visual features to be seen (and not successive

simple IBVS for navigation

point corresp., point corresp.,
3D geometry 3D geometry
S previous s Sa next .~ S next—next
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Autonomous navigation and obstacles avoidance

Using a laser-range finder for obstacles localization
obstacles

Using a pan-tilt camera to observe the visual path while avoiding

g

Occupancy Grid

\

Safe path
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IBVS for X4-flyer positioning

In collaboration with CEA List, I3S and ANU
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VTOL aircraft landing -
Iss and terrain following = st

Optical flow used to estimate the ratio translational velocity/depth
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Multi-modal visual servoing

1 Task specified on one image modality (a map for instance)
1 Task realized with another image modality

using the mutual information between the two modalities

Current image

v x"‘
Desured image

e

O_verlald images
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IBVS for fixed wing aircraft landing

In collaboration with Dassault Aviation (Paris)
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Task sequencing (catching a ball)

1 Idea: to give as much freedom as possible to take constraints (joint limits,
occlusions, obstacles) into account
B Scheme more reactive than reactive path planning
B Scheme more versatile than classical visual servoing

 Visual elementary task managed by a stack
B Remove the good task for ensuring the constraints

M Put the task back when possible
Application to a humanoid robot
(in collaboration with AIST/CNRS, Tsukuba)
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Medical robotics

Visual servoing for laparoscopic surgery

Goals: Development of semi-autonomous control modes using visual servoing to help the
surgical gesture.

instrument
with laser

point

Autonomous tasks:
B Automatic retrieving of surgical instruments which are out of the field of view.
B Automatic 3-D positioning of surgical instruments.
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Medical robotics

Compensation of complex physiological motions
B Motions of organs induced by heart beating or respiration.

1 Compensation of respiratory motions :
B Organs tracking (liver)

B Use of a repetitive predictive control scheme which learns the periodic

cycle of the perturbation motions.

1 Beating Heart Tracking : »
B Combination of cardiac and respiratory motions.

Use of an adaptive filtering to estimate separate contributions of breathing
and heartbeats.

B Predictive control scheme which anticipates the perturbation due to an
adaptive disturbance predictor.
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Visual servoing with 2D ultrasound images

Considering soft tissues and 2D moments as visual features
Modeling revisited:

Complete observation available in the probe plane

No observation at all outside the probe plane

Potential clinical applications in medical robotics:
image stabilization for diagnosis
biopsies and therapy procedures: needle insertion
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Computer animation

1 Control of camera motion in virtual environments

B Task specification in the image
B Obstacles avoidance thanks to redundancy framework

Museum visit

Cinematographic
constraints (dialog)

- Control of synthetic humanoids
B Gaze control of a humanoid
B Locomotion control

- Applications: video games, films,...
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