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Abstract
A collection of novel coordinate transformations from a robot’s task
space (e.g. SE(3)) to a sensor-space enables the construction of globally
convergent, fully sensor-based, dynamic servoing systems that keep
measurements within full “view” of the sensor suite.
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Motivation: Two Dynamical Legged Robots

Sprawl running on a treadmill.
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Controlling Dynamic Robots with Sensor Feedback
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Key factors
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Controlling Dynamic Robots with Sensor Feedback

Key factors

* dynamics: most visual servoing algorithms are kinematic
* convergence: only a handful of algorithms with provable convergence
* sensor limits: features may exceed sensor range (e.g. FOV), especially

when inertia is at work!
* robots are underactuated and / or exhibit nonholonomic constraints

Controllo di Sistemi Robotici per la Manipolazione e la Cooperazione 14-16 July 2003 p. 2



Controlling Dynamic Robots with Sensor Feedback

Key factors

* dynamics: most visual servoing algorithms are kinematic
* convergence: only a handful of algorithms with provable convergence
* sensor limits: features may exceed sensor range (e.g. FOV), especially

when inertia is at work!
* robots are underactuated and / or exhibit nonholonomic constraints

RHex and Sprawl

Controllo di Sistemi Robotici per la Manipolazione e la Cooperazione 14-16 July 2003 p. 2



Controlling Dynamic Robots with Sensor Feedback

Key factors

* dynamics: most visual servoing algorithms are kinematic

* convergence: only a handful of algorithms with provable convergence

* sensor limits: features may exceed sensor range (e.g. FOV), especially
when inertia is at work!

* robots are underactuated and / or exhibit nonholonomic constraints

RHex and Sprawl

* are highly stable, fast, dynamical platforms

* exhibit stable locomotion highly dynamical running

* can generate “second order” turns while running (not kinematic turns)
* cannot run “sideways,” i.e. they are nonholonomically constrained
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Visual Servoing: Basic idea

Given

robot: ¢ € R”
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Visual Servoing: Basic idea

Given

robot: ¢ € R”

features: p1, po, p3
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Visual Servoing: Basic idea

Given
robot: ¢ € R”

features: p1, po, p3

camera image: y = ¢(q)
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Visual Servoing: Basic idea
Given
robot: ¢ € R”
features: pi1, p2, p3
camera image: y = ¢(q)

Objective
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Visual Servoing: Basic idea
Given
robot: ¢ € R”
features: pi1, p2, p3
camera image: y = ¢(q)

Objective

move robot to align current view
with a “goal” image, namely
y—y-ast— oo
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Visual Servoing: Basic idea
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Visual Servoing: Eye-in-Hand vs

For RHex and other eye-in-
hand setups, the camera is
attached to the moving robot
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Visual Servoing: Eye-in-Hand vs. Fixed Camera

For RHex and other eye-in-
hand setups, the camera is
attached to the moving robot

In the fixed camera setup,
the robot moves in front of
stationary camera
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Visual Servoing: Traditional Approach

Y e o, V] q,p
—>Q—> JT N Robot >

Camera [«

[Hutchinson, Hager, Corke 96] [Hill & Park 79]
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Visual Servoing: State-of-the-Art

dynamical blimp servo [Zhang & Ostrowski, 99]
global partial pose servo [Taylor & Ostrowski, 00]
2 1/2 D servo [Malis, et. al., 99]

partitioned visual servo [Hutchinson & Corke, 01]
epipolar servoing [Prattichizzo et. al, '02]

Camera
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Taking a step back...

Q: What is servoing?
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Taking a step back...

Q: What is servoing?
— Controlling the mechanical degrees of freedom, ¢;, 7 = 1,...n, of a
system to some desired “configuration,” ¢
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Taking a step back...

Q: What is servoing?
— Controlling the mechanical degrees of freedom, ¢;, 7 = 1,...n, of a
system to some desired “configuration,” ¢

Q: What is visual servoing?
— Controlling the “visual degrees of freedom,” y;, i = 1, ...m, to some
“desired image”, y;
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Taking a step back...
Q: What is servoing?
— Controlling the mechanical degrees of freedom, ¢;, 7 = 1,...n, of a

system to some desired “configuration,” ¢;

Q: What is visual servoing?
— Controlling the “visual degrees of freedom,” y;, i = 1, ...m, to some
“desired image”, y;

More questions:
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Taking a step back...

Q: What is servoing?
— Controlling the mechanical degrees of freedom, ¢;, 7 = 1,...n, of a
system to some desired “configuration,” ¢

Q: What is visual servoing?

— Controlling the “visual degrees of freedom,” y;, i = 1, ...m, to some
“desired image”, y;

More questions:

* What are degrees of freedom?
* How are the mechanical degrees of freedom controlled?
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Taking a step back...

Q: What is servoing?
— Controlling the mechanical degrees of freedom, ¢;, 7 = 1,...n, of a
system to some desired “configuration,” ¢

Q: What is visual servoing?
— Controlling the “visual degrees of freedom,” y;, i = 1, ...m, to some
“desired image”, y;

More questions:

* What are degrees of freedom?
* How are the mechanical degrees of freedom controlled?
* What are “visual” degrees of freedom?
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Generalized coordinates & Lagrange’s equations

the generalized coordinates, ¢;, © = 1,...n, form a local chart for the
configuration manifold QO
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Generalized coordinates & Lagrange’s equations

the generalized coordinates, ¢;, © = 1,...n, form a local chart for the
configuration manifold QO

there is one coordinate for each degree-of-freedom
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Generalized coordinates & Lagrange’s equations

the generalized coordinates, ¢;, © = 1,...n, form a local chart for the
configuration manifold QO

there is one coordinate for each degree-of-freedom

often the coordinates are hand picked, e.g. joint angles of a robot, or the
position and orientation (x, y, 8) of a body in the plane
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Generalized coordinates & Lagrange’s equations

the generalized coordinates, ¢;, © = 1,...n, form a local chart for the
configuration manifold QO

there is one coordinate for each degree-of-freedom

often the coordinates are hand picked, e.g. joint angles of a robot, or the
position and orientation (x, y, 8) of a body in the plane

equations of motion, i.e. Lagrange’s Equations, are expressed

dOL 0L
dtdq; g

=T+ Fext — M(Q)q + C(Q? Q)q + G(q) =T+ FeXt(q’ q)

where L(q, ) = KE — PE is the Lagrangian, where KE = ¢! M(q)q is the
kinetic energy and PE is the potential, and G(q) = V,PE. F represents
“non energetic” forces (e.g. friction), and 7 is a torque input vector.
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Example Lagrangian systems

mass-spring-damper;

* g = x IS the position of the mass
* KE=1iMi? = C =0

*x PE = %QK:EQ — G(x) =Kz

* Feyt = —Bx
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Example Lagrangian systems

mass-spring-damper;

* g = x IS the position of the mass
* KE=1iMi? = C =0

*x PE = %QK:EQ — G(x) =Kz

* Feyt = —Bx

dynamical equations
Mz + Bx+ Kx =0
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A simplified view of robot control

dynamical equations & control input

M(q)d+ C(q,4)qd + G(q) = T + Fext(q, q)
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A simplified view of robot control

dynamical equations & control input

M(q)d+ C(q,4)qd + G(q) = T + Fext(q, q)
T=U— Fext(Qa Q) + G(Q)
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A simplified view of robot control

dynamical equations & control input

M(q)d + C(q,9)g + G(q) = 7 + Fext(q, §)
T = U_Fext(Q7q.) +G(Q) — M(Q)Q+C(Q7 Q)q —Uu
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A simplified view of robot control

dynamical equations & control input

M(q)d + C(q,9)g + G(q) = 7 + Fext(q, §)
T = U_Fext(Q7q.) +G(Q) — M(Q)Q+C(Q7 Q)q —Uu

the virtual control « can shape the energy landscape, e.g.

u=—Vo(q) — B(q,q)

where ¢(q) is an artificial potential function and B is a damping term.
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A simplified view of robot control

dynamical equations & control input

M(q)d + C(q,9)g + G(q) = 7 + Fext(q, §)
T = U_Fext(Q7q.) +G(Q) — M(Q)Q+C(Q7 Q)q —Uu

the virtual control « can shape the energy landscape, e.g.
u=—-Vo(q) — B(q;q)
where ¢(q) is an artificial potential function and B is a damping term.

this is just like the mass-spring-damper but with our own virtual,
high-dimensional spring-damper!
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A simplified view of robot control

dynamical equations & control input

M(q)d + C(q,9)g + G(q) = 7 + Fext(q, §)
T = U_Fext(Q7q.) +G(Q) — M(Q)Q+C(Q7 Q)q —Uu

the virtual control « can shape the energy landscape, e.g.
u=—-Vo(q) — B(q;q)
where ¢(q) is an artificial potential function and B is a damping term.

this is just like the mass-spring-damper but with our own virtual,
high-dimensional spring-damper!

In general, the system will converge to the minima of ¢
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Changes of coordinates

A map g : @ — Y is a diffeomorphism if it is a smooth and smoothly
Invertible function, i.e.
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Changes of coordinates

A map g : @ — Y is a diffeomorphism if it is a smooth and smoothly
Invertible function, i.e.

x g has an inverse, ¢! on the image ¢(Q)

* the matrix G = d¢g/0q, called the Jacobian, is well defined on Q
= the Jacobian is nonsingular, i.e. |G| =0

Controllo di Sistemi Robotici per la Manipolazione e la Cooperazione 14-16 July 2003 p. 12



Changes of coordinates

A map g : @ — Y is a diffeomorphism if it is a smooth and smoothly
Invertible function, i.e.

x g has an inverse, ¢! on the image ¢(Q)

* the matrix G = d¢g/0q, called the Jacobian, is well defined on Q
x the Jacobian is nonsingular, i.e. |G| =0

Note that the Jacobian of ¢~ is just given by the matrix inverse G
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Changes of coordinates

A map g : @ — Y is a diffeomorphism if it is a smooth and smoothly
Invertible function, i.e.

x g has an inverse, ¢! on the image ¢(Q)

* the matrix G = d¢g/0q, called the Jacobian, is well defined on Q
x the Jacobian is nonsingular, i.e. |G| =0

Note that the Jacobian of ¢~ is just given by the matrix inverse G

If y = g(q), then there are as many DOF'’s of y as there are of g
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Examples of a changes of coordinates

Common transformations of R? that are local diffeomorphisms
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Examples of a changes of coordinates

Common transformations of R? that are local diffeomorphisms
* Cylindrical coordinates: if ¢ = (r, 6, z) then

[z, y, 2]" = g(g) = (rcosf,rsind, 2)

Controllo di Sistemi Robotici per la Manipolazione e la Cooperazione 14-16 July 2003 p. 13



Examples of a changes of coordinates

Common transformations of R? that are local diffeomorphisms
* Cylindrical coordinates: if ¢ = (r, 6, z) then

[z, y, 2]" = g(g) = (rcosf,rsind, 2)

* Spherical coordinates: if ¢ = (r, ¢, 0) then
]T

|z, y, z]° = g(q) = (rcos¢sinf, rsin ¢sin b, r cos ¢)
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Examples of a changes of coordinates

Common transformations of R? that are local diffeomorphisms

* Cylindrical coordinates: if ¢ = (r, 6, z) then

[z, y, 2]" = g(g) = (rcosf,rsind, 2)

* Spherical coordinates: if ¢ = (r, ¢, 0) then
]T

|z, y, z]° = g(q) = (rcos¢sinf, rsin ¢sin b, r cos ¢)

Linear change of coordinates
* Letg: R" — R"
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Examples of a changes of coordinates

Common transformations of R? that are local diffeomorphisms
* Cylindrical coordinates: if ¢ = (r, 6, z) then
]T

lz, vy, z]" =g(q) = (rcosf,rsiné, z)

* Spherical coordinates: if ¢ = (r, ¢, 0) then
]T

lz, y, 2" =g(q) = (rcos¢sin@, rsin ¢sin b, r cos ¢)

Linear change of coordinates

* Letg: R" — R"
* g(q) = Aq, where A is a square, nonsingular matrix
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Examples of a changes of coordinates

Common transformations of R? that are local diffeomorphisms
* Cylindrical coordinates: if ¢ = (r, 6, z) then
]T

lz, vy, z]" =g(q) = (rcosf,rsiné, z)

* Spherical coordinates: if ¢ = (r, ¢, 0) then

(2, y, 217 = g(q) = (rcos ¢sinf, rsin ¢sin b, r cos ¢)

Linear change of coordinates

* Letg: R" — R"
* g(q) = Aq, where A is a square, nonsingular matrix
* G = 0g/0q = A is nonsingular
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Examples of a changes of coordinates

Common transformations of R? that are local diffeomorphisms

* Cylindrical coordinates: if ¢ = (r, 6, z) then

[z, y, 2]" = g(g) = (rcosf,rsind, 2)

* Spherical coordinates: if ¢ = (r, ¢, 0) then

(2, y, 217 = g(q) = (rcos ¢sinf, rsin ¢sin b, r cos ¢)

Linear change of coordinates

* Letg: R" — R"

* g(q) = Aq, where A is a square, nonsingular matrix
* G = 0g/0q = A is nonsingular

* ¢ Is just a similarity transform!
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Back to Visual Servoing

Given: a robot with configuration
q € Q, with projection to an image

plane y = ¢(q).
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Back to Visual Servoing

Given: a robot with configuration
q € Q, with projection to an image

plane y = ¢(q).

Objective: to move robot such that
y — y*ast — oo.
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Back to Visual Servoing

Given: a robot with configuration
q € Q, with projection to an image

plane y = ¢(q).

Objective: to move robot such that
y — y* ast — oo. The goal image,
y* = ¢(q*) was recorded in the goal
State q~.
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Back to Visual Servoing

Given: a robot with configuration
q € Q, with projection to an image

plane y = ¢(q).

Objective: to move robot such that
y — y* ast — oo. The goal image,
y* = ¢(q*) was recorded in the goal
State q~.

Assumption: cIs into (one-to-one) in
some neighborhood of ¢*.
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Back to Visual Servoing

Given: a robot with configuration
q € Q, with projection to an image

plane y = ¢(q).

Objective: to move robot such that
y — y* ast — oo. The goal image,
y* = ¢(q*) was recorded in the goal
State q~.

Assumption: cIs into (one-to-one) in
some neighborhood of ¢*.This implies
(locally) that if y — y*, then ¢ — ¢*.
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Back to Visual Servoing

Given: a robot with configuration
q € Q, with projection to an image

plane y = ¢(q).
Objective: to move robot such that
y — y* ast — oo. The goal image,

y* = c(q*) was recorded in the goal
State q~.

Assumption: cIs into (one-to-one) in
some neighborhood of ¢*.This implies
(locally) that if y — y*, then ¢ — ¢*.

When Is ¢ just a change of coordinates?
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The usual definition of ¢

¢ maps rigid transformations to image feature locations. It is composed
from the action of SE(3) on R® and perspective projection, as follows.

The camera is a perspective projection camera, and thus if
p = [Pz, Py, p=, 1]" is a pointin space then y = w(p) := [ ps, py I

Pi= wixrpiy/pizrl ]T

Controllo di Sistemi Robotici per la Manipolazione e la Cooperazione 14-16 July 2003 p. 15



Rigid body motion given by

H:[R T

oT 1] € SE(3)
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Rigid body motion given by

H = [0}3} ﬂ € SE(3)

be n feature points relative to the body frame where

Let B = [bl,bg,.. , n]
]T

bi — [bLL‘Z7 byia bzz’a
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Rigid body motion given by

H = [0}3} ﬂ € SE(3)

Let B = [b1,bs,...,b,] be n feature points relative to the body frame where
[

by
bi — [bLL‘Z7 byia bzz’a T

In the camera frame, P = HB, where P = [p1,po, ..., pn] and
Pi = [pm'a Pyis Pziy 1 ]T-
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Rigid body motion given by

H = [0}3} ﬂ € SE(3)

be n feature points relative to the body frame where

Let B = [bl,bg,.. , n]
]T

bi — [bLL‘Z7 byia bzz’a

In the camera frame, P = HB, where P = [p1,po, ..., pn] and
Pi = [pm'a Pyis Pziy 1 ]T-

The image of all the pointsisY = |y1 -+ y,| where y; = 7(p;).

Controllo di Sistemi Robotici per la Manipolazione e la Cooperazione 14-16 July 2003 p. 16



Rigid body motion given by

H = [0}3} ﬂ € SE(3)

be n feature points relative to the body frame where

Let B = [bl,bg,.. , n]
]T

bi — [bLL‘Z7 byia bzz’a

In the camera frame, P = HB, where P = [p1,po, ..., pn] and

Pi = [px’w Pyis Pzi, 1 ]T'

The image of all the pointsisY = |y1 -+ y,| where y; = 7(p;).

The camera map, c: SE(3) — R*" isthe givenby c: H — Y.
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Rigid body motion given by

H = [0}3} ﬂ € SE(3)

Let B = [bl, bg, ..

be n feature points relative to the body frame where
bi — [bLL‘Z7 byia bzz’a

¢

1"

In the camera frame, P = HB, where P = [p1,po, ..., pn] and

Pi = [px’w Pyis Pzi, 1 ]T'

The image of all the pointsisY = |y1 -+ y,| where y; = 7(p;).
The camera map, c: SE(3) — R*" isthe givenby c: H — Y.

Note that, in general dim SE(3) # 2n except when n = 3.
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Rigid body motion given by

H = [0}3} ﬂ € SE(3)

Let B = [b1,bs,...,b,] be n feature points relative to the body frame where
bi — [bLL‘Z7 byia bzz’a ]T
In the camera frame, P = HB, where P = [p1,po, ..., pn] and

Pi = [pm'a Pyis Pziy 1 ]T-
The image of all the pointsisY = |y1 -+ y,| where y; = 7(p;).
The camera map, c: SE(3) — R*" isthe givenby c: H — Y.

Note that, in general dim SE(3) # 2n except when n = 3. In this case c is
not into!
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to be continued...

Click here to continue: Presentation continued in Power Point
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rrsayyan@jnu.edu

[Cowan et. al., ICRA ‘99; TRA ‘02]

Image-based coordinates: 2D world

Planar body, H1 SE(2)

Collinear features

Pinhole camera (calibrated
perspective projection)

Output y=c(H)=[y; ¥, Ya"

Goal  y* = c(H*)




Planar Servoing: visibility

Facing camera, In the workspace, All features
out of FOV but self-occluded visible, VI SE(2)

Planar Servoing: image coordinates

m The camera map y=c(H) is a
diffeomorphism

The visibility obstacles appear as
the boundary of this simple set!

variables to the image
plane!




Planar Servoing: key observations

m The image space is Z={-1<y,<y,<y;< 1}
independent of parameters

m We can use image plane
coordinates to design a
global, dynamical occlusion-
free controller

Planar Servoing: solution

= We would like a controller Z={-1<y,<Yy,<y;<1}
to keep us within Z

m “Navigation function” for
planar visual servoing is
simple!




Planar Servoing: solution

m We would like a controller Z={-1<y;<Yy,<y;<1}
to keep us within Z

m “Navigation function” for
planar visual servoing is
simple!

m Resulting controller is
global, dynamic and
occlusion-free

[Cowan, CCA ‘01, TRA ‘02]

Buehgler arm servoing

3DOF “juggling” robot b {‘
adapted for visual VAW Camere

servoing

(-1,-1)
[Rizzi, Whitcomb, Koditschek ‘92]




Buehgler: typical trials

“Cflth&' |y dam pedn gal ns Image plane trajectories

error (pixels)

Start of Navagation based control

05 1 1.5 2 25 3 35
time (seconds)

100 200 300
Generalized image position

Buehgler: typical trials

Image plane trajecteries

“Under-damped” gains
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[Cowan and Chang, CPRA ‘02]

Generalization for a 6DOF body

Spherical body

y=(Q=[6, 001, 9T I
| 03 R &




Preliminary Simulations

[Cowan et. al, CDC ‘00, TRA ‘02]

6DOF Visual Servoing




Visual Servoing on RHex

[Lopes, Koditschek et al.]

Another sensor-based coordinate
system: A Bio-inspired Antenna

[Cowan, et. al., in review ]




Tactile Orientation

Tactile Orientation: background

m Cockroach antenna
mechano-receptors
appear to encode
distance from and
angle to an object
Okada and Toh [2001]

A feedback control
hypothesis has not
been formulated for
this behavior

[Okada and Toh 2001]




Tactile Orientation: hypothesis

Hypothesis:

Behavior may be modeled
as a ‘first-order’ reflex

Reflex
Controller

!

Musculo-Skeletal System

!

External Environment

Tactile Orientation: testing

m Data in the literature [Okada
and Toh 2001] is consistent
with this hypothesis

I am now designing a set of
experiments to attempt to
refute this hypothesis

Anecdotal data seems
consistent -- stay tuned for
more rigorous experiments!




Dynamical wall following

sensing mechanics

e N N
(s) D(s) as+w 1
T\S) — = . :
U(s) s ms? + bs

Dimensionless Dynamics




Design:
a novel “distance & angle” sensor

Ermor in Estimate of d (om)

8 9 10 11 12
Actual distance, d (cm)

Design:
a novel “distance & angle” sensor

Error in Estimate of 8 (deg)

10 20 30

Actual angle, 8 (deg)




Robotic Integration: wall following

Kp

Result:
Tactile flow
IS critical

Summary

m Vision-based control

= diffeomorphism from visible set
to image space

= Visibility is naturally encoded in
image, but not in task space

Navigation Functions ensure
global, dynamical convergence
while avoiding obstacles

i N2 A
\

[N (R
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