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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.

/&;

Necessary steps: Selectk adequate visual features
to controlm dof (K > m,m < 06)
Determine the goal*
Regulate the errgs — s™) to 0
Image processing (matching and tracking
near video rate)
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Control

Perception
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Pedestrian tracking using a pan/tilt camera
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Positioning task
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2D visual features 3D visual features

Visual featuress = s(p(t)) = s = 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
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Principle of the control law
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If we want s = —\(s — s™) (exponential decoupled decrease):

vV=—A i\s+(s — S*) with f‘;(s,p,a)

Closed-loop systeng = Lg v = —\ Lsij(s — s¥)

o if Lsf,? = I, perfect behavior
oif LiLs >0,

o |f Lsi;+ < O,

R

s — s*|| decreases

s — s™|| increases...

(throughLg andi\s)
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Example 3: reaching a singularity ofLg

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

© o o e o @

- O @ - @

o o o e o o

‘ .
Using ij Using f‘;\—;:s* Usingf;+ Orf‘\S|—;:s*

At singularity, rankLg = 2.

Perfect behavior i§ 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 ranl.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 thatl.g = I

e one feature for each robot dof

e perfect decoupling, same behaviorsadndv

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

> 3D visual features

> Omni-directional vision sensor, vision + structured light

2) Control issues
3) Visual tracking
4) Applications
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Change of frames
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posep € SEjs

X—C — CRO X—O + Ct'O
M, 0
/\)? X : coordinates oX in F.

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

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

- - p. 11




Kinematic screw (instantaneous velocity)
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v = (v,w) : Kinematic screw between the camera and the scene
expressed &€ in F,
w : rotational velocity : w|x = °R)°R. = —°R/ °R.
v : translational velocity a€ :  v(X) = v(C) + [w]x CX

R, [°t]x°R.
03 “Re

Toexpressr atO in F,: v =V . v with°V, =

We can decomposeasv = v, — v,

where v. . camera kinematic screw, expresse@an F.
v, . object kinematic screw, expressedain F.
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The interaction matrix
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A sets of k visual features is given by a function frofFs; to R :

s = s(p(?))
wherep(t) is the pose between the camera and the scene.
We get
. Os |
S = % p=Lgv

whereLg IS theinteraction matrix related tos
(Jacobiarg? ~ Ls sincev = My, p with My, & Iy)
Usingv,. andv,, we obtain :

S — LS (VC — VO)

p. 13




Robot Jacobian
Geometry of a robot arm defined by &Y
kinematics equationsp(t) = f(q(t)) W
q : joint positions § € R") /)?
p ~ "M, : end-effector posep(€ SE3) — "™,

End-effector kinematic screw given by :

vy, = "Jn(q) g whereJ,(q) = Mp g—g IS the robot jacobian

For velocity control, one computég = "J,,(q*) " v*

Robot singularities 4 qs, det("J,(qs)) = 0}

p. 14
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Eye-in-Hand system Eye-to-Hand system

@
<0 o>
. . Os . . Os
5= Ls"Vn"Jnla) a+ s = —Ls"Vy,"Jn(q) g + —;
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e Modeling issues

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

p. 16
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2D visual features: image point coordinates

Perspective projectionx = (z,y)

v=X/Z y=Y/Z

t=1[1/Z2 0 —-X/Z?]X
“Yy=1 0 1/Z —v/22 X

X

c 1

<L
\N]

~U

Using a mobile camera and a fixed point:

/X

X = v(X) = —v(C) — [w]xCX = I (X« | v

\We obtain:

1/7

x = Ly v whereLy = 0

0 z/Z zy —(1+2%) vy
—1/Z y/Z 1+9°> —zy —x

p. 17
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2D visual features: image point coordinates

Whenxz = y = 0 (principal point):

“1/Z 0 00-10]
0 —1/Z01 0 0

A single point is adequate to contre} or w, andv,, or w;

LX:

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

Y
o ] ) N
X1 Lx
s=| i | = Lx= : 1 @
Xn an
S ) ) N
~_

Be careful to singularities in the interaction matfsx n > 4)
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Image point expressed in pixels
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x = ( x,y )= image point coordinates expressed in meters
xp = ( zp,yp ) = image point coordinates expressed in pixels

Tp=Tet T, Yp=Yet fyy
wherex. = (x¢, yc) = principal point
and f,, f;, = ratio between focal lengtfi and pixel size.

TS
_ -fx 0 _—1/Z 0 z/Z7 zy —(1+2°) y_
0 fy| | O —1/Z y/Z 14+y> —ay —

Useful for stability analysis wrt. calibration errors
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Image point expressed in pixels
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when focal length is an available supplementary dof

_yp_
[0
_O fy-

Useful redundancy wrt. motion along the optical axis

y/ly

_1/7

0

0 x/Z wy —(1+22) y z/f]|v

‘|_Z£CC ) yp_yc‘l_liy

v y
- v _(xp_%)/f_
J =l vt (yp—ye) /[

—1/Z y/Z 1+y> —uxy

Jé

~z y/f || f
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Image point in cylindrical coordinates [Iwatsuki 02]
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Use of(p, 8) for an image points instead of, y):

p = \/11:2+y2, § — arctan 2
x

Corresponding interaction matrix:
L, =] _(})SG _%M % (14 p?)sin® —(1+ p?)cosf 0]

_ sinf —cosb cos 6 sin 6 B
Lo =1 %7 =z ¥ p p L]

Better decoupling betweean andw.

Be careful for the principal pointe(= y = p = 0, 6 undefined)
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Image point for a stereovision system

Xr = Lxr Vi

X
= | . N = Lixx, Ve
Xr
_ - lVC _
whereLy,x. = l
X7 | L, "V

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

e Generalization to multi-cameras systems immediate

p. 22




2D visual features: geometrical primitives
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P, . configuration of arobject feature parameterized b¥,
p; = w(FP,) : configuration of anmage feature parameterized byp;

Noting Po = ¢(F) andp; = ¢(p;), we get
pi = v(Po) = omop ' (Po)

We also havéPy, = o d(p) = pj=vomod(p) =vopod(p)

W CSE; — UCTP, — V CP;
(p) o () ™ (pi)
© (0
R"™ SN I\ém BN Rk
(Py) v=vomoyp ' (pj o (s)
Os Opj

Finallys = o(p;) = Ls = op. 9P LP,

p. 23




2D visual features: case of a segment
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—xm_ rxm:(ml‘FiUZ)/Q
Ym : Ym = (yl =+ 92)/2
S = with ¢
l [ = /(21 — 22)% + (y1 — 12)?
o | a = arctan(y; — yo) /(71 — 2)
L. | [ 1/2 0 1/2 0 | [|Lg |
Ly, 0 1/2 0 1/2 Ly,
L; Ax/l  Ay/l —Ax/l —Ay/l Ly,
Lo —Az/l? Ax/l* Ay/l? —Axfl* | | Ly,

with Az = 21 — 9o andAy = y1 — 9.

Using{

r1 =Ty, +lcosa/2, y; = ym + Isina/2
r9 = Ty — lcosa /2, yo = ym — lsina/2

, WE gEtLS<Sa Zla ZQ)
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2D visual features: case of a segment

Ly, =1 —1/Zm 0 Tm/ZmtDer  Tmwe —1-— Lmwy  Ym
Ly, =1 0 =1/Zm ym/Zm+Dey 1+ Ymyz — Ymwy  —Tm
L; =| —Dc¢c —Ds 1/Zy+Deg luz Ly 0 |
Lo =| Ds/l —Dc/l De,, o Qapy —1 ]

with 1/Z = (1/Z1 + 1/Z2)/2 andD = 1/21 — 1/22
Nice triangular form for a segment parallel to the image el@n = 0)

Exercise: Better parameterizatios:= (x,,/l, ym /1, 1/, a)

p. 25
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Modeling a geometrical primitive

s limbs

. Limb surface
1/Z — ,M(.T,y, Pla e PZ)

3D primitive : h(X, Pg) = 0
2D primitive : g(x, p;) = 0
Limb surface = 1/7 = u(x, Py)

p. 26
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2D visual features : case of the sphere

3D primitive : h(X, Po) = (X — X0)? 4+ (Y =Yy’ +(Z — Zy)> — R?> = 0
v=X/7,y=Y/Z = Ky —2Xoz+Yoy+ Zy) 5+ 2> +y*+1=0

w /

A

C

Azoj%:u(x,Po)_X%qL y+ (eq. of a 3D plane)
A=0< (Xgr+ Y+ 2))? —K@*+y>+1)=0
@g(x,pi)::1:2+a1y2+2a2my+2a3x+2a4y+a5:O

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

p. 27
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Direct computation of the interaction matrix

op;
Lp. = L L
Pi 8P0 Po
( a1:(R2—X3—Z§)/<R2_Y02_Zg> o, a-lz(_QXOXO_QZOZO)/(Rz—YOQ—YO2)—...
| @ = XoYo/ (R = Y7 — 22) TP, |7
_XO_
LPO: XO: Y() :[—Hg [Xo]x} vV = LPOZ[_HB [XO]X}
A

We always have rankp. = rankLp_=3

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

p. 28
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Other (better) method

. 0 . 0 .
g(x,pj) =0=g(x,p;) =0 a—g,(x, Di) Pi = —a—i(x, pPi) X, VX € p;
1

0 . 0
= 2 (x,pj) Pi = — 52 (%, Pi) Lay(x,Po) v , Vx € py
op; Ox

If dim(p;) = dim(p;) = m, usingm points ofp;,
we obtain an x m linear system:

( _ g -_
- 1—1r - a;(Pi) = 75 (X, Pi),t = 110Om
( ) o (pi) B1(pi, Po) (Pi) = 0 P
Ly (p;, Po) = : : with <
pPi\Fp + O (P, Po) = —28(x;, pi) Ly (%, Po),
| (p) B (01 Po) Bi(pi, Po) z':afi};mp) y(%i, Po)
\

p. 29
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2D visual features : case of straight lines
= A1 X + BY Z =
h(X,Pg) = hi=A1X + BY +(C} 0
ho = Ao X + BoY + (94 + Dy =0
We obtain :

o function, = u(x, Po) fromhy : 1/Z = Az + By + C
with A= —A9/Dy, B=—By/Dy,C = —C9/ D>

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

Minimal parameterizatiop; = (p,0) 7 ;

g(x,pij) =xcosf +ysinf —p=0 & A0 s
with § = arctan (B1/A1) % - |
andp = —C1//A? + BY. o

p. 30




Computation of the interaction matrix
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g(x,p;) =0=p+ (rsinh —ycosh) § =icost +ysinf , Vx € D
Fromg(x, p;) = 0, we writex = f(y, p,0) to get :
(—0/ cos0) y+(p+ptand 0) =y K1(p;, Po) v+ Ko(p;, Po) v, VyER

We obtain{ = ~Ki(pi, Po) costv |
p = (Ka(pi, Po) + Ki(pi; Po)psinf) v
N L,=[ Apc A\ps0 —Xpp (14 p*)s —(1+ p*)ch 0 ]
Lg = | Mgl AgsO —Xgp  —pch —pst —1 ]

with A\, = —(Apch + Bpst + C) and g = Bc — Asf

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

p. 31
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2D visual features : case of a circle

= (X=X (Y = Y)2 (2~ Zy)? — R? =0
B(X, Po) {hz&(XXo)+ﬁ(YYo)+V(ZZO) =0

1 .
Fromhs : E:ASC—FBy-FO with <

y

\

A = a/(aX)+ Yy +720)
B = 3/(aXy+ B +1%)
C = v/(aXy+ BYy +v2)

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

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

A=B=0 or {

A=2Xy/(X5+ Y]+ 25— R?)
B =2Y/(X{ + Y§ + Z5 — R?)

p. 32
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2D visual features : case of a circle
Better parameterization for ellipsep; = (x4, yg, 1120, 1111, 102)
Centerednoments: y;; = ffD T —x0)(y — Yy dady

Lp. Is always of full rank 5, but for the centered circle
(zg =yg =11 = A= B=0,puy = g2 = r*) where:

o O O O O

p. 33
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Summary
3D primitives 2D primitives| Parameterization
point point (xz,y) or(p,0)
segment segment | (z1,y1, 9, y2)
(@m/lym/1 11, )
straight line | straightline (p,0)
circle ellipse | (zg,yg, 120, p11, 102)
sphere elipse | (z4,yq,a = 71
cylinder |2 straight lines(py, 01, po, 02)

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

moments m;; = ffD(t) rlyl dxdy
widely used in pattern recognitighlu 1962]

related to intuitive features:
areaa . myy
center of gravityxe : from myg andmy

object orientationv and inertial axes : frommsg, m11, andmgo
skewness : fromng) andm;s

Interest in visual servoing: objects of complex or simple shape

p. 35
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Computation of the interaction matrix L,
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it / Fo, ydady (f(z,y) = 2'y)

= M; = ]{ f(x,y) x'n di
0

Using Green’s theorem :

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

oz @)]
Ox 8y

[/ Z]yw+0xw @+wy(&v aﬂimy

= 1M = / —:c+ —y+ flx,y)(=— dxdy

oxr 0Oy

p. 36
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Computation of the interaction matrix L,

// lyli 4 gaty?) 1y+:vy(gx gy)]dwdy

{:i:[—l/Z 0 x/7 zy —-1-—2° y]lv

g=1 0 =1/Zy/Z14+y> —zy —-z]v

Forplanarobject: 1/7 = Ax + By + C from which we deduce:
(%:[—A 0 Az +By+C) y —2x0]v
<\g—z—[ 0 —B (Az+2By+C)2y —x 0]v

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

p. 37
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Interaction matrix for moments

Lmij = [mm: Myy Myz Mz My mwz]

Myy = —i (Amj; + Bmy_q j11+Cm;_q ;) — Amy;
Myy = —J (Amjyy j—1 + Bmgj + Cm; j_1) — Bmy
Myz = (i +J +3)(Amgt1 5 + Bmy j1 + Cmgj) — Cmyy
Mz = (0+7J+3) my g1 +Jmij—1

My = —(i+J +3) Mip1j — 1 mi—1

( Mwz =2 M1 41— J Myit] j—1

with <

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

p. 38




Area, Center of gravity
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Area a = myy
La:[ —aA —aB &(3/Zg—0) Sayg —Sagjg 0 ] x>%
Object cog z; = myp/moo, yg = mo1/moo
Ly,=[ =1/Zg 0  xg/Zgter zgygting —(1 —|—I§—|—4n20) Yg |

(generalization of the pure point case)
1/Zy = Azy+ By, + C
€1 = 4(Anog + Bnyq) nij = ,LLZ']'/CL with <
€9 = 4(Anq1; + Bnga)

—Tgyg—ini1  —xg ]

( 2
o0 = M) — Cw?g

fl2 = mp2 — ayy

| #11 = 11 — AgYg

p. 39
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Centered moments;; = [[p(z — 4)'(y — yg)’ dxdy

Lmj = [Mm: Hoy Hvz Hwz Hwy sz]

Object orientation a = 5 arctan (—=£1_)

H20— 102

Lo = [Oéfux Qyy Cyz Cuz Ay _1}

Oévx :Oévy :Oévz :OWhenA: B :O
Qg = 0 Whenfcg =Yg =10 andpz = p12 = po1 =0
awy = 0whenz, =y, = 0 andusy = po1 = p12 =0

p. 40




Cooking moments

e Normalization ofs = (4, y4, a):

——
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Sn = (Zn, Yn, an) With a,, = 1/\/57 Ln = xg/\/aa Yn = yg/\/a

—x 0 0 an€ll

_an<1 T E12) Un

= Lln = 0 —x 0 CLn<1 + 621)

0 0 —k —3yp/2

—Gn€l]  —Tn (A=B=0)

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:

H 0007
LTZ’TJ' —

Tiwy

0

000 Tij Tjwy 0

(A=B=0)

p. 41
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Interest of cooking visual features

I sysinmes aleatnines

Using the coordinates of 4 points fer
(condLg ~ 180)

10 0

5t —

ol . - 100 | S

-5t VX 4
-10 | v : 200 | X /\pl
-15 W P2

P3
20 ‘ ‘ L — 300 ‘ ‘ Pa
0 100 200 300 400 500 0 100 200 300 400
Initial image Using adequate moments §aicondLg ~ 2)

10 ‘ ‘ ‘ ‘ 0 ‘ : ;

i TN

100 | /
200 | /W

xx
y
Ve \ Py
L X 2
15 P3
W -
-20 . . . z 300 . . p4‘
0 100 200 300 400 500 0 100 200 300 400

Desired image  Camera velocity  Image trajectories a2

dior rechinche on Tealicpul e



From moments to simple objects: ellipses
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Ellipse defined by moments of order less than 3
(moments of order 3 are all 0)

e Image of a circle or an ellipse:

- SE|eCTSg — (3377,7 Yn, Qn, O, MO0 — TLOQ)

- Lg always of rank 5,
but when a centered circle appears in the image
whereLg IS of rank 3.

e Image of a sphere: ks, always of rank 3
= SG'ECtSS — (ajn, yn, an>

p. 43




From moments to simple objects:

A segment is a particular ellipse with:

e length of minor axisi, = 0

e length of major axigi,; = 1/2

Segment parameterized by:

s = (2g,Yg,l, ) (I =4y/nog+ ng2)

Lxg
Ly
L
La

g

—1/Z
0
—Dc

: Ds/l

0

—Dc/l

xgvz

ygvz

Day

X9

xgwx
]‘+_y9wx
hux

Dyx

——
it

segments

X1

_J‘_'wguw yg:

ygwy —Lyg |
by 0]
Qapy —1 ]

(D = 0 for a segment parallel to the image plane)
Better parameterizatios:= (z4/l,y,/1,1/1, o)

p. 44
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From moments to simple objects: straight lines

A straight line Is a particular segment
(with infinite length) y
parameterized witk = (p, 0)

D :xcosf+ysinf —p=20

0 =a+5
where .
p = xgcosl + ygsinb

L, = [Apch M5O —App (1+p?)s0 —(1+ p?)cf 0]
Lg = [Agct MgsO —Xgp  —pcl —pst  —1]

where), = —(Apct + Bpst + C) and g = Bcl — Asf.

(\g = 0 for a straight line parallel to the image plane)

p. 45




2D visual features : unknown complex objects

Analytical form of Lg not available

Off-line learning: eigenspacdor appearance[Nayar 96, Deguchi 97]
neural networks [Suh 93, Wells 96]

Off-line or on-line learning also possible for geometrifsdtures
[Hosoda 94, dgersand 94, Piepmeier 02, LapeeGt]

In that case, theoretical stability impossible to analyse
(since no analytical form dktg available)

p. 46
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e Modeling issues

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

p. 47
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3D visual features with one camera

Based on pose estimatignt) from F. to F, using
e an image of the object(¢)
e the knowledge of the object 3D CAD modéX \

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

ﬁ<t> — ﬁ(X(t)a Xa Ley Ye, f[lﬁa fy)

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

p. 48
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3D visual features with one camera
Estimated posé(t) = p(x(t), X, z¢, Ye, fz, [y)

ﬁp ~Jp op

et | P
ax  Ox xV. = P 9x

whereLy Is known butap IS unknown (and sometimes unstable)

p. 49
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3D visual features

Under the strong hypothesis that 3D estimation is perfect:

op L
%zl6z>p:p:1\/[pv

e rotationfu to realize

Lo, = [ 03 L, | whereL,, such thafL,0u = L' fu = 6u

sind
Y
sinc’g

Lo =T;— 2 fuu + (1— 29 2

2

e coordinates of a 3D poirK : X = —v — [w]|x X

:>LX: [—13 [X]x}

p. 50
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3D visual features for an eye-in-hand system
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3D visual features for an eye-to-hand system

Leg,“Vo = [ =R, 03] 0%, = [15 03] Ov,

p. 52
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e Modeling issues

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

p. 53
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Modeling for omnidirectionnal vision [Nayar 01]

Single viewpoint systems

X X

T p— T = &=
O nZreV XY 2+ 22 (r=7)
_ Y Y

Jo = nZ+&V X24Y2+ 22 =7

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

p. 54




Interaction matrix for a point
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Using perspective projection:

L,, =

-1/Z 0 z/Z xy —-1-—2° y
0 —1/Z y/Z 1+y* —zy —x

Using omnidirectionnal vision [Barreto 2002]:
i =& §ToYo ToY =& .2
- ( — &1, ) ; o MZoo S T NT, Yo

0J0 1 o —
_ ol ; ("7 : €yo) Ly e

withy = n? — &2, p = VX2 + Y2+ Z2 andy = /1 + v(z2 + 42).
O 0

onyo —

e For a parabolic mirror:

— 1+x2+y2 — 1—:L’2—y2
nzl,ﬁzl,uz(),v:l,mygz 5 0,77V€7: 5 0

For the image of a straight line, i.e. an ellipse, see [Megd&®DS 04]
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Modeling for spherical projection (n=0,£=1)

e can be used from a perspective sensor or an omnidirectienabs

(o) e om0y
L= | 22 H0-®) w0
S<S S<S
i % yT —5(1—23) ~ys x5 0
Passivity property|(x;|| independent ofy) [Hamel-Mahony 02]

Invariance property: for instandg,, = [ax ay ay 00 O}
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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

[

7
e Structured ligth rigidly linked to the camera:

- Points, straight lines, ellipses, see [Motyl 92]
- Points revisited, see [Pag, IROS 04]
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dir rechin che on
whinmes aleatoines

1) Modeling issues
= 2) Control issues

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

p. 58
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Control in visual servoing
Regulation of a task functiore(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&to)|
e Predictive controller [Gangloff 98]
e Robust controllei , [Khadraoui 96]
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Visual task function
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With £ visual features, one constraints: robot dof (n = rankLg)

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

e 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.
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Control law

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

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

oy de
©=LeVgt o, v, = —V, for eye-to-hand system

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

0 . e
Vg = Lo (—he— a—(z) with Le = CLg if C is constant

SincelLe and% are not perfectly known, one uses

1 De
Vq — Le <—)\ e — E)

p. 61
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Stability analysis

Behavior of the closed-loop system :

___10e e

. Oe —~—1
e:Lqu‘FE:_)\LeLe e — Lele E—FE
If % — % = 0, ||e|| always decreases (global stability) if
—~—1
LeLe >0

To suppress tracking errors and obtain the desired behawior e :

T

~ e Oe
L. =L =
© e and ot Ot

p. 62




In practice (m =n)
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—~—1 —~—10 . ——1
vi=-ALs (s—s)—Ls — stableif LgLgs >0

o If £ > m, C:i\s‘zzs*(l)orC:i?(Z) : I/;:]In,

—

Vg=—Ae— %stable If :

(1) EE‘ZZS*LS > (0 (only arounds™)
(2) f,\:LS > () (only locally sinceC not constant)

If translational dof are controlled and 2D visual features#sed,
an estimatiorP or P* is necessary to compuig
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A simple casek =m =n =2

——
it

Case of a pan-tilt camera observing a point :

S:(Qj‘,y)7 8*2(070)7 C:]IQ

o il | ay —(14+27) Wy
_y’_ _1+y2 -y | Wy
ve=—-ALg (s—5s7) f
o N -
S I el B
Wy l+z2e+y= | —2

If no error occurss = — A\ s . trajectory = straight line in the image
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Controlwhenk=m=n=256

1 1

C=I = vq:—)\f;_ (s — s*) stableif LsLg > 0

e Impossible with only 2D visual features

Using 3 pointsLg IS 6 x 6)

- pose ambiguity (4 solutions)

- possible singularity of.g
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Controlwhenk=m =n =6

e Possible with 3D visual features

For instance, I =

Advantages

*
C
te

u

(¥
W

- Lg block-diagonal and never singular

— * -

du

- Translational and rotational motions decoupled

- Camera trajectory : straight line in 3D space

Drawbacks

——
it

- No control in the image (the target may get out of the image)
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Control when £ =m =n =6: 2 1/2 D visual servoing

ldea : Combine 2D image data and 3D data

Advantages :

x
Y

log Z
O,
Oy
O,

Image point
coordinates

— rel. depth Lg triangular
) rotation ~ and never singular
R (0]

realize

e Decoupled control scheme (image point trajectory : stitdigh)

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

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

——
i)
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Results

0.2

0.15
0.1f

0.05r

4001
-0.1f , 1 -20¢ , , 1 as0l

i i i i i _ ; ; ; ; ; 500¢ ; 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
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AT TS Cp 2

Coarse calibration

0.2 10

0
0.15 1 80 4 sor |
100F 1
0.1 T 60 4 1501 i
0.05 i 40 1. 2001 1
g '© 2501 8
a
O 20 7 300 L -
-0.051 . 0 3501 B
4001 A
-0.1 1 20 1 4s0f ]
~0.15 ; ; i i i —40 i i i i i 500¢ ‘ ; ; 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
0.15 . 80 | 50 ]
01 100+ A
60 7 150 |- -
0.05 1 | 200} ]
o 40 P
0 ks L 2501 8
a
-0.05 ] 2 | %o |
350+ A
-0.1F 1 0
400r 1
-0.15F 1 -20F : : i 450l |
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Other 2 1/2 D VS scheme

——
it

. translation
C*tcy to ] )
o t,.. | reallze. L. o f*RC 03
T image point 7Low Ly
Y } coordinates _ )
0 | — orientation

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

= analytical conditions for global stability difficult to cdon
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Control when £ > m, m = n = 6 using 2D visual features

—~
- Control lawvy = —X Lgjg_g+ (s — s*) O

No real control of the image trajectories

.
O
stable ifi\sgzs* Ls > 0 (only arounds®) U ?
J ‘
O
O
I
O

—~+
- Control lawv, = —A Lg (s — s¥)
. . ‘\‘
tries to ensuré@ = —\ (s — s™)
Possible local minima f
—~+ .
because&” (= Lg ) is not constant ®
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Reaching a local minimum usingLg

0
ook
B
.8
-0,05 e
L
L] @ L]
0.1
® o ol ®a ® o
-0.15
0,2
-0.25
0 50 100 150 200

Gnuplot

Gnuplot

IRISA/INRIA Rennes  vue camera

_IRISA/INRIA Rennes _vue camera

0 —— w0 —
! — vl ——
05 2 0.8 L
£33 —— Wi —
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IRISA/INRIA ies vue exteri

Gnuplot

IRISA/INRIA Rennes vue camera

IRISA/INRIA Rennes vue camera
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Geometrical interpretation of the behavior obtained

e

+ .\R

e 4’

Rotation of45°

S A

D. 74



Reaching a singularity ofLg

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

© o o e o @

- O @ - @

o o o e o o

‘ .
Using ij Using f‘;\—;:s* Using f,j or f‘\Sr;: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)
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Target tracking
Pl Controller
Integral term classical in Automatic Control to reduce tragkerrors

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

Iy = I +peg with I = 0
k
=n_ e
J=0

Efficient to track a target at constant velocity :
Ik—l—lzlkif ek:O
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Target tracking by estimating the target velocity

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

—

e ~ —~
— =e—LevV
ot €
with . .
Le — CLS
\
= ep—€er_1 Si—Sk—1
ek =—nar = C

A Kalman filter may then be used.
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dior rechinche on
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= Control iIssues

> Control of visual tasksi, = n)
= Classification of the visual tasks
> Hybrid tasks (n < n)

p. 78




Classification of the vision-based tasks

——
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S* = 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=s=0
classof the virtual link = dimensionV of S*.

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

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

= S

= Link of class 4

s = (,y)
_—l/Z 0 x/Z zy —(1+2°)
0 —1/Zy/Z 1+y> —uxy
"z 0 Z(14 2%+ 37 0
y 0 0 Z(1+ 22 + 12
10 0 0
0 x — XY 1+ 22
0y —(1+y°) Y
01 0 0

Case of a point

——
= I RI
Y
—X

SA

fche on
atnines
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Name Class T |R| Geometric symbol
Rigid 0 00 AP

A A
Prismatic 1 10 e g
Rotary 1 01 EAWBAC?B
Sliding pivot 2 11 = A 5\
Plane-to-plane| 3 2|1 =
Bearing 3 03 %D*B
Linear rectlinear 4 (2|2 ﬁ

B

Linearannular | 4 1|3 ﬂiBA A

Point 5 23 D AdB
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Rigid link
S*=1(0,0,0,0,0,0)
Using 3 points :

—1/Z, 0 m/Zy wy —(1+z]) wm
0 —1/21 yl/Zl 1+ y% —I1Y1 —I
—1/Zy 0 wa/Zy woyp —(1+a3) o

Ls =
0 —1/Zy yo/Zs 1+y; —xayp  —
—1/Zs 0 w3/Z3 wyys —(1+13) s
0 —1/Z5 ys/zs 14y;  —wsys  —ag

Isolated singularities exist N
4 poses are solution of tHESP problem @
Solution : Using at least 4 points N
N~
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Prismatic link
S* = (1,0,0,0,0,0)

Using 3 (horizontal) straight lines

3D straight lines h;(X, P) = { Zi 7 i=1,2,3

2D straight lines p; = Y.* /27, 0, = 7/2
o —1/zF pijzr (1402 0 0
Pi%i = Lo 0 0 0 —p; —1

= L

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

Using a sphere with cent€ = (0, 0, 7))
= Image of the sphere = centered circle

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

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

0 —zy 0 000 ]

2 0 0 000

0 0 0 000
= S* = =

1 0 0 100

0 1 0 010

00 1]z L001] 4
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= Control iIssues

> Control of visual tasksi, = n)
> Classification of the visual tasks
= Hybrid tasks (n < n)
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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, itis possible to consider a supplementary task
(trajectory following, joint limits avoidance, etc.).

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

e e . secondary task, expressed as a cost function to be mindmize
under the constraint that Is satisfied.
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Global task function

——
= IRISA

A task functione minimizing the objective functioh
under the constrairt; = 0 Is given by :
e =Wte + (I, - WW) gl
-~ W'C (s—s")+ (I, - W™W) gl
where :
_ : _ Ohg
e g = gradient ofh, (gs = %)

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

= (I, - W"W) gl e KerLg , vg!
-ifm=n, W=1I,, e=e; =C (s —s")
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Control law (similar as before)

Since we have

6T v. + Je where d Vi = Ve for eye-in-hand system
R Y vy = —V, for eye-to-hand system
we obtain ideally for an exponential decrease of(e = — ) e)
_ Oe
Vq:Lel (—)\e—g)

T
With Le = W CLs + (I, — WHW) %

If C andW are constant

SinceL. and % are not perfectly known, one uses

1 De
Vq — Le (_)\ e — g)
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Stability analysis (same as before)

Behavior of the closed-loop system :

= L — — ALeLe e — Lele — + —
e e Vg T elle € elie 8t+8t

ot
If % — % = 0, ||e|| always decreases (global stability) if

~—1
LeLe >0

To suppress tracking errors and obtain the desired behawior e :

A

—~—1 de Oe
Le . Le and E — E
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In practice (similar as before)

olf k=m=n, W=C=1,,, e:elzs—s*iLe:Ls,I/;:f;

—~—1 1 0s . —~—1
vo=-ALs (s—s")—Lg ﬁ_j stableif LgLs >0

A

olf k >m, C=WLgg_g, Le=1In

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

If translational dof are controlled and 2D visual featuressed,
an estimatiorP or P* is necessary to compulg,
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Target tracking (same as before)

Pl Controller

Integral term classical in Automatic Control to reduce tragkerrors

If 1. 1s the estimation of% at iterationk, we have :

Ik—I—l = Ik+,ue1k WithIOZO
k
= 1) el
7=0

Efficient to track a target at constant velocity :

Ik+1:Ikifelk:O
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Target tracking by estimating the target velocity

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

—_—

a —_—
a_l = €] — Le; ve
with - .
Lel — CLS
0 Clk—Clk—1 Sk—Sk—1
el ="n = C

A Kalman filter may then be used.
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