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Vision-based controller

Accomplish the control task
using visual information

* Rich information in diversity

» Working under dynamical environments
Rely on techniques from
* Control theory + Computer vision « Image processing
Visual servo control
* Image-based visual servo control (IBVS)

* Position-based visual servo control (PBVYS)
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Introduction
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Objective
{ Survey about vision-based controller with various features ]

« Point eLine ¢ Luminance
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Visual servo control (Classical )
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T
Visual Servo Control
Part I: Basic Approaches

Y FRANCERS CRALIMLTTE A48 SET) ST

Seth Hutchinson

F. Chaumette and S. Hutchinson, “Visual Servo Control, Part |: Basic Approaches’, IEEE
Robotics and Automation Magazine, Vol. 13, No. 4, Dec., 2006, pp. 82-90.
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Controller for constrained feature set
Control objective Image # Image coordinates
Minimize the error (Ga. ) x.y
eft} = s(m(t), a) — ¢* & Pixel coordinates
8 : Visual features b.C ey (e, v}
&*: Desired values of s s H);fl (;l'stance
mfl): Image measurements Principal point
a : Parameters that represent potential {Ca.C0)

additional knowledge about the system
Image-based visua servo control (IBVS)
& : Set of features
Robust to error in calibration and image noise
Position-based visua servo control (PBVS)

5 : Set of 3-D parameters  Required exact pose estimation
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Design of the controller

Camera velocity Goal Image B
V.= (""c’ Wc) ! E
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Ve : Linear velocity Image Ve
W - Angular velocity @,
Relation between error and camera velocity
e==L.V, Eye-in-hand
L, € IR Feature Jacobian  k: Number of visual features
Control law L} € I**: Pseudoinverse matrix
— _AFT *
Ve=—ALje s 1, € Controller Veres Robot Ve
The error accomplishes

exponential decrease

e = —Xe s Feature m
interpretation Camera

Tokyo Institute of Technology




Derivation of the Jacobian

Tokyo Institute of Technology

Image-based visual servo control (IBVS) X
X =(X,Y,Z):3-D point in cameraframe
x = (x,¥) : 2-D point in the image oy
Perspective projection
x=XfZ= H— G Cane €5)
/2 = bu - col f [ : Focal length : %

y=¥IZ=56,v—c)ff
Derivative

Example of the Jacobian
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5= ¥/2-YEIT ~ (F — s}z y T @
Substitute (2) to (1)
& = —v3/Z + 20,/ Z + 2ppe — (1 + 2wy + gz
7= _%/Z+Ws/z+(1+ya)“’=_mr_mx
Fom(3), k=LVe Ve=[v & |

2= X/2— X222 — (X — )2 O {x_ oy ¥

©)]

-—=J_WZ—X?!Z’=(§E—=_Z)IZ W L= -2 0 £ x» —(1+2) y
§=Y/Z-YZ/2'=(V - p2)/Z 0 -1 Z 1+4¥ -y -x
X=—v,-wxX X=—vy—wyZ ¥ Z: unknown
ve=[v % v;]' Y =—vy—w:X +w.Z Estimation of matrices must be realized in control law
ﬁh=[ﬂ, oy n,]r Z'=—w,—w,Y+w,X ﬂ K:—Mic
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SURF (Speeded-Up Robust Features) Visual servo control (Advanced )
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SURF (Speeded-Up Robust Features) -
» One of feature extraction methods Conlloully ofinying Fealyre S Control Laws - o
« Simple and fast computation
.. ROb.ug t o rotation, scale, and N.T\;Ihan%rd,-;-{-._RemazallﬁdF. 6h;J}r;éte, C.o.r;t-ir-\uity of
illumination change Varying-Feature-Set Control Laws’, |EEE Transactions on E. Chaumett
Procedure Automatic Control, Vol. 54, No. 11, Nov., 2009, pp. 2493-2505. - Chaumette
1. Detection of interest points Point trgjectories 7 g Accele_ratllons
Hessian matrix ~ Find corner of theimage | S v e i ' E . i ' | .....
2. Derivatethe 9nentat|on and features - S Py e Lmrder T % Discontinuity®
Calculate gradient dx dy /| = = - Activation border Conti
ontinuous
Approximation with filter 25, + Initial position i g
Feature 1634 = 84dimensions 34 S 16 sub * 2‘;53:”0” i |3”
Each sub region [de Yl Yy zih{j regions Proposed e
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Common idea

Introduce a buffer area at the activation border H
Error function 1 Smooth
& = He H=dillg(h1,--- ,kg] &tiVF:itiOI’l
1 if ey —¢ function
_ /] if x>Yox<y R |
= Fx—(r -8 if F—e<z<y X ir ¢0 x

KE+o-x if F<ssx+e magel /
Previousidea Ve = —(HEL.)* He .
Not continuous : renk{HZL,~) changes 6/7 1
Activefeatureislessthan 3
Proposed control law
Ve= —.u.:”g Lg": Continuous inverse of Le subject to B
« Continuous everywhere
*ActlikeL} whenvi=1...kke{0,1}
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Experiment
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Point trajectories| —— Image border Consider both point1 and 2
- — = Activation border
+ Initia position Point2 |eave the camera FOV
nilk *  Final position . X
bl f B V.= -X#L-)*He | Consider only pointl
A\l Yoz Al Point2 enter the camera FOV

gl ‘ Dilemma
I'

T
T

-
Ferl

—RE

Accelerations of the robot

-

Oscillation

700 -\:!I lN‘lI 1K Entubon
Previous V. =-XHL.) "He Proposed Ve= —JLS' e
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Contour pose estimation
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Non-Rigid 2D-30 Pose Estimation and 21 Image Segmentation

R. Sandhu, S. Dambreville, A. Yezzi, and A. Tannenbaum. e

Non-Rigid 2D-3D Pose Estimation and 2D Image

Segmentation. In |EEE Conference on Computer Vision

and Pattern Recognition (CVPR), 2009, Allen R. Tannenbaum
Pose estimation using contour '; '

Extract the contour curvature using image statistics \\ Qi
// —

« Deal with arbitrary or complex shape m
Useful in non-rigid object &

» Not need the knowledge of specified 3D model

Camaen
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Pose estimation method
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Minimize Energy function L/
£= [ rum,om -+ [ o, a4 /'l
2 ! i m

Camers.
¥

Silhouene

Functions of poseg
R =x(5) : Region which the surface is projected

RF : Complementary region 2 : Silhouette
§ c B Surface defining the shape of the object :
So: Identical reference surface (known) e 0
S = g(So) a: Perspective projection £2 € B2: Image domain
Fa Ty : Function measuring the similarity of the image pixels f{x)
with a statistical model over the regionsR ,RF
(EX) fo= U@ -se) n =D~ )

He Hp: Average of image pixelsinside(outside) the model object m

Experiments

Update procedure Pose parameter set £ = {f1,--- &8
— & — BE _ - L]
e+ 3 =L - 6VE % = _[(r.(rcx» n(l‘(l))(aﬁ.ﬂ)d!

Experiments

Initialized contour ﬁ H m
Active contour : 3 - b -
(edge-based) q 7
Image statistics m m m
(proposed) 3 -

From the experiment '
*» Robust to occlusion and clutter

» Able to segment different shapes of teacup ﬁ
Tokyo Intitute of Technology
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Biology pose stabilization
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ot W, i 4 71

Andrea Censi, Shuo Han, Sawyer B. Fuller, and Richard M. Murray, .
“A Bio-Plausble Design for Visual Attitude Stabilization”, 1ege  ichard M. Murray
Conference on Decision and Control (CDC), 2009.

A bio-plausible control

» Realized on neural substrate » Learning

» Use pixel luminance

Work with uncalibrated camera
A new trend in robotics
Don't use landmark

_ﬂmﬁm
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Control problem

System dynamics reS0(3): Attitude
{ #=16) @ Angular velocity
Ko=) xar+3  Input torque I : Angular inertia matrix
Visual input (light intensity) at each time
¥(5, D) = m(r(D)s) Unitsphere: s€ 8 map m:8%— B
Control problem ]
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Choosethetorque r , such that ¥ = g
Goal image: g(8) = m(r®s} Godl attitude: ¥ =T

Proposed controller PD controller
Attitude stabilization (Gradient decent method)
1
Jr) = 3le—wig

w = {g{S¥)} stabilize firg-order system ne fﬂ f(eS

Estimation of angular velocity
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Optic flow equation
HeD=(Sy) 0 Sy:=axVy f=wxs
L east-sgquares estimation : 1= Zf/ ¥
$=(8¥Ww+e e:Noise ' // 1
By 2 {SyHSHT) ' (S 1 2k
Bilinear estimation (less computation) '

om 2 (SR & =(BaAIIF¥ED: Average of image contrast
Learned Bilinear estimation
Opar 2 (M) M : Linear operator

Updaterule  Given training sample (es, 3.3)

B = al(}M'y)) - ofYpy” w>0 k=123
M minimizes expected estimation error E[[{y(m*y)) - nf)z}

Tokyo Institute of Technology Fujita L aboratory
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PD controller
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PD controller of rigid body dynamics
7=k (o(E{(M}9)} — ke GE{M YY) & >0 ku>0
Using M inplaceof §
Simulation (Initial error 30deg)

Visual input : Use fruit fly model Locally stable

Tosgust
-3

o —
g _ p |
BN [:3 / | : |
£ B = 40| 1 =04 i
LI AN I5 = W ‘ﬂl :

- AN o K | 02

ol ey o o o
o 02 04 06 o o 0 N 0 & W

T (3) ] Initsal Exves {eg)

{ah Goal {nop) and start (bottom) {8) Retation Esror
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Conclusion
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Vision based controller
Accomplish the task using visual information
Task
«Control Robot Motion

*Pose estimation
Visual information
1. Feature set (point)

2. Contour (line)

3. Luminance
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Appendix
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Image-based visual servo control (IBVS)
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Image-based visua servo control (IBVS)
8 : Set of features available in the image data

. R_obus_t to error in _ Feature + & Ve
calibration and image noise s ¢~ Controller Robat
« Loca stahility S | Feature | M
i . . — Camera
« Unpredictable camera motion extraction

Example of unstable L} =Lt
Origin symmetry
* All of the feature goes to origin

Initial Image 2

» Cameramoves away from the pe
object

Tokyoinsituteot Temology _MM

Goal Image

Position-based visua servo control (PBVS)
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Position-based visua servo control (PBVS)
8 : Set of 3-D parameters estimated from image measurements

Pose+ [ -4 Ve
Controller Robot
. . . i
interpretatio extractio Camera

» Cameramoves theoretically
* Required exact pose estimation

* Not consider about image space
————> Feature goes out of cameraimage

Togoindiuteol Temology w

[Appendix] Approximate the Jacobian
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Approximation method
1 LY=LF  caculae L,
2. Lf =L L.-Vaueof L, for the desired position
3 L¥ =1/%L.+ L%)
Geometrical interpre}ati on (135deg rotation)

. Initial 5
O s

Image motion
— LI =L}
— LF=L%

——> L —1/2(L. + ng

Tokyo Institute of Technology v




Experiment of SURF

Implement SURF
& OpenCV (http://opencv.jp/)
« Open source computer vision library for C/C++
Free download

« Easy to capture the image from USB camera USB camera
Function: cvCreateCameraCapture();

 Easy to use SURF
Function: cvExtractSURF();

Tokyo Institute of Technology

Future Works p
» Use multiple camera ‘
* How to use CCD camera?

[Appendix2]Example of activation function
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Example V.= —-A{HL,)"He
1. Robust Visual Servoing

A. Comport, E. Marchand, F. Chaumette, “ Statistically robust 2-D visual servoing”,
|EEE Trans. Robot., Vol. 22, No. 2, Apr., 2006, pp. 415-420.

h = 1 Full confidence
1 9 Thefeatureis doubtlessly outlier

2. Continuous Visua Servoing Despite Changes of Visibility

N. Garcia-Aracil, E. Mdlis, R. Aracil-Santonja, and C. Perez-Vidal,
“Continuous visua servoing despite the changes of visibility inimage features’,
|EEE Trans. Robot., Vol. 21, No. 6, Apr., 2005, pp. 415-421.

H=W W=d|ﬂ§{. Wl!"':wl)
0 — 1 Featureisat the center of the image frame
*7 1 0 out of the camerafield of view (FOV)

Tokyo Institute of Technology

[Appendix2]Example of activation function
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3. Region reaching control
Bring to aregion instead of a point

C. Cheah, D. Wang, and Y. Sun, “Region-reaching control of robots’, |EEE Trans.
Robot., Vol. 23, No. 6, Dec., 2007, pp. 1260-1264.

The goal region
g(X}<0 vi=1...k X:Postion

Error function

e=8[1p¢ ... 122

By = 1 Otherwise
~ 1 0 Corresponding regions have been reached
Control law

V.= —MHI.Y He

[Appendix2]Example of activation function
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4. Qualitative Servoing
Enlarge the convergence area

A. Remazeilles, N. Mansard, F. Chaumette, “Qualitative visua servoing: application to
the visibility constraint”, in Proc. IEEE/RSJ Int. Conf. Robot. Syst. (IROS 06), Beijing,
China, on Automatic Control, Oct., 2006, pp. 4297-4303.

Error function
e = H{e—&)
By — 1 System leavesthe convergence area
~ ] 0 System entersthe convergence area
Ve=—AHL Y He-&

& : Limit of the convergence area

Tokyo Institute of Technology
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[Appendix2]Continuous Inverse

Introduce new operator
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Continuous inverse A% of amatrix A subject to an activation &
AcR¥" H —diag(h,--- k) hi€[0,1]
i We=1...k k€ {0,1} , then
AV = (HAY = (HAY'H
« Atis continuous with regard to H
Implementation of continuous inverse J&#
JeH — Z { H h:)Xp  Xp: Coupling matrix of J
PeBlE) P
B{ky=B{1...ky={P|P c 1...k} : All the subsets composed of
Proposed control law thek first integer
Ve=—aZe

[Appendix]2 Coupling Matrix

Tokyo Institute of Technology

Coupling Matrix
If P=0 X°=0,u
otherwise YP € B{k) Xp = J — E Xo
QEP
Bky=8B{(1...5)={P|Pcl...k}
: All the subsets composed of thek first integer
Jp = HJ where hg ={ lLie?

0 otherwise
From the definition

7 =Xp+ Y Xo
ogP

Tokyoinsituteot Temology _amm




[Appnendix]Integral Image and filtering
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Integral Image Iz(x)

Pixels: J
I(x) = ZZ“"J) Location: X = (x,3)7

Filtering
Image
1:10:10 A B
1018 j10| —s
5110 9 Q 73
sum
Filter ¢ D
1 1
it [o]-[e]-[c][4]
73| = - —| C[+[A
AERE 8] -Lc]+[A]

[Appendix]Key points detection
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Hessian matrix in X at scalear
Hix, o) = L%, 0) Lyy(x,0) | Lm(x.c): Convolution of ﬁc(a-)
Lytx.ay Lyx,0) G(o): Gaussian

Approximation with filter

ugw D.IID” m-gD-lJ')z g I - l
Apply Hessian detector for various scale

a

Key point det{Hppes) > T T . Constant value

_ x Maximum point within 26 neighborhood points E

[Appendix]Orientation and Features
Calculate dx ,dy within a circular neighborhood )
window
Plot dx dy
n o o o !
; e : . 3 .I
3\, ,y " Orientation
Harrwavelet filter

Maximum the sum of the points
[E" Yk Db ZW] within the window
Orientation )
[ [~ 16 Sub-region
Sum dx dy |dxl [dy about 25 points

Dimensions of the feature

16x4 =64
Tokyo Insiute ot 1 ecnnotogy _mm

[Appendix3] Caculation

Tokyo Institute of Technology

Gradient of the energy function
8E &
" _(mam—w&»{g.n)a
e _ {&=(e) C)
() - (G

N=[m % %[
: Unit normal to8 at each point

I3 ¥ Rotation matrix

s E T (8 - (e
AT ELER
ot - (2

= ﬂ "_(E N)g, K : Gaussian curvature
_ = [1-A]] Kk L4
~Em.w(x)) e ,/ ( =3 n}m 1/

ix Ky Norma curvatureinthedirection X , ¢
Tokyo Ingtitute of Technology _EMM

[Appendix3] Pose estimation method
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Trand ation parameter 'r=[p, s ,q.]r=[ﬁ & ﬁ]’

(8 - (=5
a5’ % '/ X—(X,¥,Z): Spatia coordinates

= ( ) related to cameraframe
85"
= N & X,: Pointson§g
Rotation parameter 1=n,;{;, )
Xy [ &
(& - ()
a 5 &
= (ll & 0 by x'0-1")
e TH TR

Update procedure
Kt + 60 = ) — 6V:E

[Appendix4] System dynamics
System dynamics Body velocity
o (3] (2
Iy= ) xw—go+t (4) - ol (Fim Has)
p=m V2 =8 s
mt=mvXe-6¥+f Spatial velocity
f = mp 1'=dr" V,._[ ] [—Raﬂf.mtnn
d . - {fiaB])
- EM Va =dagy
= rw® + b = E(;{r’u')
Body force = Arfe’+Ars" + dF e’
A A
X x
£o= - Bodytorque 0

= whrefxet gy P xret = o o




[Appendix4]Optic flow
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Direction #* € 82 §2:sphere
=g — s WrwXs
5 inverse of the distance to the object in direction &
Vy-{I-sa)=V,y

Chainrule j=%ﬂ

Ha ) = WA v+ (S w  Sy:=sxVy V=V,

[Appendix4]Gradient control law(P controller)

Control the system

= 1)
[.#=rv ©)

Hessianof J{g,p) o= log{n®
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Cost function
Mo = 3 [ Go)-se)as
2 ez
= 3(—o7

o £ (0] - s

Gradient control law
w={(S¥e -
v = {(Vy)g— )
2 : unknown
Approximate gradient
(Consi dered near gg )
v= (c(Vst r))
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Locally stabilize the system asymptotically
if C(y,p) ispositive definite

Except : p(s) = comst.

Locally stabilize the system asymptotically
if there exist & =@ such that ¢, pr,a@) IS
positive definite
$15Y) (B +5SHV)
Co.ma)= [ ,(
{t {uvyvr)

§+§)My’) a

[Appendix4]PD controller (derivative term)
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Control the second order system (4)
PD controller —— Choose T and f such that stabilizev, @ =0

L east-square estimates (relation betweens)

s = {SHEY) @S =0

Der = {GINEVR) " GV (=
Bilinear form (for simplicity)

&g = {{ST) More bio-plausible

Puz. = {(VF)P) Feedback tolerate uncertainties

of b >0 (Within 90deg) v'#m =0 mmmp Sufficeto estimate
Control law

T=kbm =R (S ) Asume Corpa)>0

I = —akaVp = —aka {(T)) (7) globally stabilizesw ,to 0

k>0
Tokyo Ingtitute of Technology

Simulation
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Simulation (Initial error 30deg and 3m)
Visual input : Use fruit fly model

Waw

» Sasrend i

ﬂ'-ﬁ

1) Amificisl envimsment ) Starend image

Other facades of the house can be observed

Experiment (another paper)

Helicopter with wireless camera
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1deg” !

iy Rotstson emoe and [w) (1) Tramlstion e s

_W

[Appendix4] Experiment

Experiments  Using helicopter with awireless camera

Shuo Han, Andrea Censi, Andrew D Straw, Richard
M Murray, “A bio-plausible design for visual pose
stabilization”, IEEE/RS] International Conference
on Intelligent Robots and Systems (IROS), 2010
(Submitted)
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ia) The goal image ibefore and after (b) Image at time ¢ = 26 s (before
processing) andl after ,mwmnpu
o) Customired  helicopler
with wircless cameras Cost funcsion J
0,006 T — T o T T
1 e A8 .
J@ = 3] (v(s)—gla)y'ds | ]
L= 0002 cusko o
0001 2 ; ot convorgance |
1 - g?) ] PR SRR
= = — [ 510 15 M 26 M 35 4 45
] B, wma (5

= f Flods
B
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Image

v
{€m €x)
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