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New Robot Definition

* Feature for assignment 3

* Everyone will submit as a pair of students
* YOU can choose palirs or come to interactive session

* This Wednesday, February 23rd

* Every team will showcase their robot during interactive session (with pizzal)

* Push your new definition to “robots/new_robot_description.js" by the
showcase

* 1 point for working forward kinematics

* 1 point for showcasing their robot



Robot Kinematics

Goal: Given the structure of a
robot arm, compute

Forward kinematics: infer the
pose of the end-effector, given the
state of each joint (Lecture 7-8)

— Inverse kinematics: inferring /
the |oint states necessary to reach
a desired end-effector pose.

start with linear algebra

refresher (Lecture 6)
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Robot Kinematics

Goal: Given the structure of a
robot arm, compute

Forward kinematics: infer the
pose of the end-effector, given the
state of each joint (Lecture 7-8)

— Inverse kinematics: inferring
the |oint states necessary to reach
a desired end-effector pose.

start with linear algebra

refresher (Lecture 6)

Robot Applications

Robot Operating System

Operating System

Hardware
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Robot Operating System
Covered at breadth in AutoRob

Lecture 2 Lecture 5

Localization and Mapping Path Planning Feedback Control

Lecture 4

Dynamical Simulation

L ectures 7-8

Forward Kinematics

Robot Vision Motion Planning 7

Decision Making
Systems

Multi-robot Coordination Task planning

This and last Lecture

Robot Middleware Architecture (via Interprocess Communication)

Collision Detection
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Inverse Kinematics: 2 possibilites

* Closed-form solution: geometrically infer satistying configuration
(Lecture 11)

o Speed.: solution often computed in constant time
* Predictabllity. solution Is selected in a consistent manner
* Solve by optimization: minimize error of endeftector to desired pose
(Lecture 12)
e often some form of Gradient Descent (a la Jacobian Transpose)

* (Generality: same solver can be used for many different robots



What was your best score?

~ e

Tr:j Elis _ .
http://scratch.mit.edu/projects/10607750/

O 9 Instructions

- Steer blue arm
I using up/down keys

o)

- Steer green arm
using right/left keys

Touch the blue dot with the tip of the arm
as many times as you can in 60 seconds!

O

Touch this to start!
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“ 5> C [ https://scratch.mit.edu/projects/98124079/ *]

M Create Explore Discuss About Help = @ ohseejay

Confirm your email to enable sharing. Having trouble? X

2 sprltes

Robot ArmAsike http://scratch.mit. edu/pro]ects/9l 24079/ ee

by ohseejay ‘ | DRAFT ’

Instructions

=====I=II=I=ll=l=ll=l==l=l=l=ll=l=ll=l=ll=l==I=l=l=ll=ll=l=====

Mv remix

Tell people how to use your project
(such as which keys to press).
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| How did you make the project? g
| Did you use ideas, scripts, or artwork from other E
: people? Thank them here. u
I I
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Aggressively tuned IK

rgg’ |Robot Arm3ik
l;:,,-' by Yllie

Michigan Robotics 367/320 - autorob.org
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Conservatively tuned IK

rge’ |Robot ArmA3ik
'353" by Yllie

vHcInyall noDULCcs 367/320 - autorob.org
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How IS this possible”
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How IS this possible”

Jacobian Transpose
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Michigan Robotics 367/320 - autorob.org
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Michigan Robotics 367/320 - autorob.org
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Michigan Robotics 367/320 - autorob.org
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' Yes! |
convert Linear velocity at endeﬂfﬂfetﬁor
~ to angular velocities at joinks, |

Michigan Robotics 367/320 - autorob.org
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' Yes! |
convert Linear velocity at endeﬂfﬂfetﬁor
~to angular velocities at joinks, |

Michigan Robotics 367/320 - autorob.org
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HOW are linear and angular
velocity related”
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HOW are linear and angular
velocity related”

Consider the velocity of a point
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Consider the velocity of a point

..
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.......

Consider the velocity of a point

e —
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Velocity of Point Rotating in Fixed Frame

" Linear velocity

point

ngular vemt&:j

ro&a&om axLs
(oub-of-plane)
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Velocity of Point Rotating in Fixed Frame
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Velocity of Point Rotating in Fixed Frame
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Velocity of Point Rotating in Fixed Frame
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vector from
£.. Jont origin to
" endeffector

emdeﬂ:e&;)’r

Linear V@_mu&v Joint rotation axis

This is nobt what we wanked.

Michigan Robotics 367/320 - autorob.org
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Jacobian Transpose

vector from
Joint origin to
endeffector
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Linear vei.oc:i%:j Joint rotation axis

This is not what we wanked.

How to obkain jaim& angular
velocity from endebfector
Lilnear vei.a&&%v?
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Jacobian Transpose

vector from
Joint origin to
endeffector
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Linear vetm':i;&:j Jom& robtakilon axis

This is not what we wanked.

How to obkain joév& angular
vetof:i;ﬁv from endeffector
Linear v&i.o&iﬁj?

A0 = (kxr) Az
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. : : vector rrom
Joint rotation axis rfr

Joint origin to
I endeffector

Jacobian Transpose
)' Az
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AV\gu,ar R desired
displacement Jaco b.‘“““ ‘ endeffector
for joint i for joint i displacement

Procedure (for each joint):

1) Compute Jacobian

2) Update joint angles using Jacobian transpose
3) Repeat forever (or until error minimized)
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K as error Minimization
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K as error Minimization

Gradient Descent Optimization
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Inverse kinematics as error minimization

Define error function e(q) as difference
between current and desired endeffector
DOSES

Error function parameterized by robot
configuration q

Find global minimum of e(q): argming €(q)
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Inverse kinematics as error minimization

Define error function e(q) as difference
between current and desired endeffector
DOSES

Error function parameterized by robot
configuration q

Find global minimum of e(q): argming e(q)

How could we find argming e(q) it we knew
e(q) in closed form?
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Example: Find global minimum of function

f(z) = 3(z — 2)?

Take derivative

Solve for x where derivative is zero
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Example: Find global minimum of function

f(z) = 3(z — 2)?

df
dx

Solve for x where derivative is zero

Take derivative

= 6(z — 2)1
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Example: Find global minimum of function

f(z) = 3(z — 2)?

Take derivative

af
— 0(x — 2)1
- = 6(z—2)
Solve for x where derivative is zero 6(;5 _ 2) — ()
ox — 12 =0

T —
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Example: Find global minimum of function

f(z) = 3(x — 2)°

Take derivative

af
— 0(x — 2)1
- = 6(z—2)
Solve for x where derivative is zero 6(33 _ 2) — ()
oxr — 12 =0

T = 2
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Example:

cos(3mx)/x, 0.1< x <1.1

6

global maximum

local maximum

local minimum

global minimum

0.2 0.4 0.6 0.8 1 1.2
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< C' @& derivative-calculator.net s
& = UNeck your Own

e | @ ® | = Export the expre:
A )\ 2\ N
(
commendation Sl
................................................................................................................................ f(m) -
Calculus for Dummies (2nd Edition)' ......................................
An extremely well-written book for students
taking Calculus for the first time as well as COS(37T$)
those who need a refresher. This book makes
you realize that Calculus isn't that tough after £
all. = to the book
[Simplify] [Roots/zeros]
ELLIA 82 s b bilEen = Rt L RN 200 0on dd ol SRo LLEL LIS So02 He AN en o RS B.L R 2obctdes DRLS SR Ll R L 30 o8 B E A En s A EL R 2 60
FIRST DERIVATIVE:
i ? )Y d __ ! __
Did You Know —[f(z)] = f'(z) =
3rsin(3wx)  cos(3wz)
z z?
((( sxm ))) Simplify/rewrite:
SEE WHAT 3z sin(37z) + cos(3mz)
YOU'VE > >
. & | BEEN
o Hodet HEARING. [Simplify] [Show steps] [ Roots/zeros]
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cos (3mx)

L

3rx sin (37x) 4 cos (37x)
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Every zero crossing
of f(x)1s an optimum

15

10

Toggle graphs:

f(z)
f'(z)
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J/

.
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Inverse kinematics as error minimization

Define error function e(q) as difference
between current and desired endeffector
DOSES

Error function parameterized by robot
configuration q

Find global minimum of e(q),
or, argming €(q)

But, do we know ¢(q) in closed form?
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GGradient descent

From Wikipedia, the free encyclopedia

_, Error function F(x)
™ over confiqurations x

- @ ®

N
N ; )\ /‘/C (Positive gradient)
egative gradient \‘/

\
—|vi

P ,.“ y
';;:o, - .
NS’ .. '

A S
y.. N g
< ]

/] v
’ L

Goal 'Qmﬂgura&mm %=
at the basin of F(x)

Assign Initial solution guess xp
Repeat Xi+1 = Xi -V VF(Xi)

until | |xi - Xi1| | is “small”
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Gradient descent

From Wikipedia, the free encyclopedia
Current solution “Learning rate”
_, Error function F(x) \ ¢

"~ over confiqurations x

/

® .,

/ Nexk Qi.u%i;om
o B

Perivakive assumed ko be direckion

C (Positive gradient) of steepest ascent away from goal

(Negative gradient) E ® vl
—|Vv]
D
Goal confiquration is X

at the basin of F(x)
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GGradient descent

From Wikipedia, the free encyclopedia
Current solution “Learning rate”

F(x)
G ’ ° |
\ / Next solukion

Perivakive assumed ko be direckion

C (Positive gradient)

ot skeepest ascent away from qoal
v fsteep y from g

(Negativegra(ﬂient) E
vl L

Consider x such that F(x) = &
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GGradient descent

From Wikipedia, the free encyclopedia
Current solution “Learning rate”

F(x)
/

\ rate of change @ ,

G . .
gradient will / F
be neqgative Next solukiown
Derivative assumed bo be direction
- N C (Positive gradient) ot steepest ascent away rrom qoal
(Negative gradient) E ® vl “’: P 'j”f J

—Ivl :

Consider x such that F(x) = &
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Gradient descent

From Wikipedia, the free encyclopedia
Current solution “Learning rate”

F(x)
/

\ rate of change @ ,
\ gradient will /
be neqative o .

Nexk Qi.u%i;om

Derivative assumed to be direction
C (Positive gradient)

ot skeepest ascent away from qoal
v fsteep y from g

(Negativelgvrla(?ient? E ®

neqgative gradient will move next x in POSL&LV@. direckion
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GGradient descent

From Wikipedia, the free encyclopedia
Current solution “Learning rate”

F(x)

\ / Next solubiown

Perivakive assumed Fo be direcktion

C (Positive gradient)

sk sk ascent away from qoal
s o of steepest ascent away § q

(Negativegradiently E
—|v| '

X
next itteration will move closer to goal
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GGradient descent

From Wikipedia, the free encyclopedia
Current solution “Learning rate”

F(x)

\ / Next solubiown

Perivakive assumed Fo be direcktion

C (Positive gradient)

ot skeepest ascent away from qoal
v fsteep y from g

(Negative gradient)
—|Vv]

X
next itteration will move closer to goal


http://autorob.org

GGradient descent

From Wikipedia, the free encyclopedia
Current solution “Learning rate”

F(x)

Derivative assumed bo be direction
C (Positive gradient)

ot skeepest ascent away from qoal
v fsteep y from g

(Negative gradient)
—|v]

unkil converqgence
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What is the derivative of
robot configuration
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T'OLEQ. C}"f ’ (;)"f
wibh T'@.SF?@.C% to

VV h at i S t h e | @ ; 22 , i % i
robot configuration
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What Is the derivative of
robot configuration

Geometric Jacobian
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Creomebric

3D N-Link arm L Th eJ acobian

A 6xN matrix

J = |[Nida---Jy)

assuming forward kinematics:

r = f(q)

represents partial derivative:

Jor O
Each column transforms — f(CI) = J (Q)
velocity at the endeffector 0q 0q
to velocity at a DOF

Figure 5.1: Motion of the end-effector due to link <.
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i~1th frame maps to ith columin

3D N-Link arm 0 The Jacobian

A 6xN matrix

J = [J1J2"'Jn]

=0 is base frame

g —ime mmeteee e eoee - effector due to link <.

Note: fiqure talken from Spong et al,
textboolk, which assumes D-H
parameters and offset columin index
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3D N-Link arm 0 The Jacobian

A 6xN matrix

J = |y Iy

consisting of two 3xN matrices

— va
7= |

Figure 5.1: Motion of the end-effector due to link . with overall form
[ dF} dF} ]

14 .,

’: OF { Change tn an @.md@.ﬂeﬂwr
I — variable wrt. change in a] /=
C );‘1".'1 \joiv\% variable

L > —

(_)F . | () F L

AR ox,,

_f\cala
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3D N-Link arm 0 The Jacobian

A 6xN matrix

J = [JIJZ"'Jn]

consisting of two 3xN matrices

e oA qular
Figure 5.1: Motion of the end-effector due to link <.

vector of
& ongle

Linear velocity of endeffector mmmmmmde

u
S
)

angular velocity of endeffector=

||
N
o

velocities
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3D N-Link arm 0 The Jacobian

A 6xN matrix

J = [JIJZ"'JTL]

consisting of two 3xN matrices

Jts o single columin 4| o1 3 prismatic joint Ji for a rotational joint
of the Jacobian makrix

— —

: 2 . o

Z is jolnt axis in
world coordinakes
(overloaded notation)
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Zi-1: jOLM& axLs

The Jacobian

A 6xN matrix

J = [J1J2"'Jn]

Ji for a rotational joint
Figure 5.1: Motion of the end-effector due to link <. I = Zi—1 X (On _ 0’5—1)
: =
Zi—1

Ji for a prismatic joint

Zi—1

io= |
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zi-1: joint axis (Jui)
The Jacobian

A 6xN matrix

J = |[JiJy--- Ty

Ji for a rotational joint

Figure 5.1: Motion of the end-effector due to link <. J. Zi—1 X (On _ 0’5—1)
@

Zi—1

Ji for a prismatic joint

Zi—1

o= |
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zi-1: joint axis (Jui)
The Jacobian

A 6xN matrix

J = |[JiJy--- Ty

Ji for a rotational joint

Figure 5.1: Motion of the end-effector due to link <. J. Zi—1 X (On _ 0’5—1)
@

Zi—1

Ji for a prismatic joint

Zi—1

o= |
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Figure 5.1: Motion of the end-effector due to link <.

A= joint axis (Jui)

Important

All quantities must be expressed
in the world frame

Endeffector: {pt Ol}w — T,:) {ptool}n
Joint axis: {k }w — Tw{k .

Joint origin: {oi}w — T.w{oi
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HOow did we get the
Geometric Jacobian?
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Velocity of Point Rotating on N-link Arm

T(q) = [ Rﬁéq) 0%§Q) ]

Angular Velocity
RO — RORI Rn 1

n

| assumw\g vewm&es expressed i %he same ffmme |

n T — 1 n

0 _ 0
“i—1 = Ri—lk'
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Velocity of Point Rotating on N-link Arm

T(q) = [ R)(q) on(q) ]

|
~

consider effect of all frames
(0.n) on endeffector

|

.. 1
o 2
-
—_ N C

—
—
o 3
SO
=
- l |
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Velocity of Point Rotating on N-link Arm

R.(q) oy(q)
0 - n n
— TV
Linear Velocity for Rotational Joint -
= T2, 17T

0 . 0 .2 0 72— 1 0
Onp = Ri0n+Ri—1Oz’ +0i—1
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Velocity of Point Rotating on N-link Arm

Linear Velocity for Rotational Joint

0, = Rjo,+R} ,0;" +0],
0 0 ; i
8_0?.’0,% — 6_6,L [R?On —+ R?_loi 1]

Falee derivakive wrk.
itk joint angle
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Velocity of Point Rotating on N-link Arm

Linear Velocity for Rotational Joint

o, = Rjo,+ R/ 07" +0;1
9 o | B
8—0?:0% — 8_02 [R?On -+ R?_loi 1]

0:5(2_1) R}0}, + 0:S(27_1) R, 0] .
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K Prodedure Restated
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IK Procedure restaked:

AX, = X4 — Xp,
Aq, = J(q,) 'Ax,
dn+1 = dn + YAQy,

Creomebric

The'Jacobian

A 6xN matrix

J =

[J1J2 e Jn]

Ji for a rotational joint

J; =

P Zi—1 X (On — 02‘—1) -

Zi—1

Ji for a prismatic joint

Ji

Zi—1
— O e
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tumpuﬁﬁ
émdpoiv\%
eTrTOT %

\JK Procedure restated:

Agn = J(qn) " Ax,

Creomebric

The'Jacobian

A 6xN matrix

J = |[Nida---Jy)

Ji for a rotational joint

J; - zii1 X (on —0i-1)

Zi—1

Ji for a prismatic joint

Zi—1

o= |
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tumpt&@
év\cipo-i;m%
CTrTOT &

computle step N
direction &

Creomebric

The'Jacobian

A 6xN matrix

J =

[J1J2 e Jn]

Ji for a rotational joint

J =

P Zi—1 X (On — 02‘-1) -

Zi—1

Ji for a prismatic joint

Ji

Zi—1
0
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tompu%e
depo-im%
CTrTOT &

computle step o
direction %

perform step
Adirection

Creomebric

The'Jacobian

A 6xN matrix

J =

[JIJZ "t Jn]

Ji for a rotational joint

J; =

P Zi—1 X (On — 02‘-1) -

Zi—1

Ji for a prismatic joint

Ji

Zi—1
0
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J

tumpuﬁe
emdpuimﬁ
CTrTOT &

&ompu&e s%ep -
C&QT’QC&EOM ey

perform step
Adirection

Creomebric

The'Jacobian

A 6xN matrix

[J1J2 "t Jn]

Ji for a rotational joint

_ Zi—1 X (On — Oz'—l) -

Zi—1

Ji for a prismatic joint

Zi—1
0
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The Jacobian

A 6xN matrix

J = [Jljz...Jn]

Ji for a rotational joint

J; = | Zi-1 X (?n —0i-1)
Zi—1

when can we invert Z“)(q)?

AX, = Xg — X, Ji for a prismatic joint

- Zi—1

Aq, = J(qn) " Axy, S
dn+1 = dn + YAQ,
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Jacobian Transpose
revisited



~—— ‘Target

Jacobian Transpose

e Operating Principle:

- Project difference vector Dx on those dimensions q which can reduce it
the most

e Advantages:

- Simple computation (numerically robust)
- No matrix inversions

e Disadvantages:

Needs many iterations until convergence in certain configurations (e.g.,
\ Jacobian has very small coefficients)

Unpredictable joint configurations
// Non conservative


http://autorob.org

Jacobian Transpose

e Minimize cost function F = l(xm, . x)T (er = x)
N\ ~—__  Target 2 § 8
._ - | i
=~ (Xuger = FO) (X = ()
with respect to Oby gradient descent:
OF
AO=—0| —
)
1 9f®))
= a((xtarget o X) % j
91 =0 J" () (X, g — X)
\ \., =aJ' (0)Ax
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Error Minimization by Gradient Descent using Jacobian Transpose

arg min||F'(q) — x4
q

‘ Jacobian gives ma ping from
&on{éguraﬁom d&s[v acement to
| endeffector displacement

//////

_Inverse of Jacobian maps
‘endeffector cimjta&emem& to
camﬂfiguraﬁom Lsptacemem&

Bul, inverse of Jacobian is
2 rarely an option. Why?

Instead, find tamﬂfigura&am
that minimizes endeffector
error squared

where F(q) = x, denoctes endeffector pose given current confiquration, ¢
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Error Minimization by Gradient Descent using Jacobian Transpose

: ) Instead, find confiquration
al'g IIl1Il ' <Q> — dd Ehat minimizes endeffector
q error squareci

> Define cost function
o md) expressing squmec{ error

)
q) —xq)" (F(q) — zaq)
g F(q) za — 24 F(q) + 424
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Error Minimization by Gradient Descent using Jacobian Transpose

Define cost function

O — F(C])TF(C]) B QF(C])TQSd 1 ajgxd expressing squ&red error

dC Toalke cost derivative
> — QJ(Q)TF(C]) _ 2J(C]>T$d + 0 wrt, a":mwﬁgura&mm
q
=2J(q)" (F(q) — za)
— —2J (C])TA$ Take step in neqative direction of
e 9rac§wy\& to descend cost

— vJ ( )TA:E — Aq s%ep length (gamma) chosen
as upd&%e sEeF@ scale
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Matlab 5-link arm example:
Jacobian transpose

Initial configuration

 Iterations to goal

Py L TS
i | Wl T 17
s el T S
s f/»"/f-'/f_’“"_-'- g *U’WW:}" A
”%{//‘ff/} - = . MR "."! ',’"' ' J"”‘ ‘(’\\
o ol /“_/ . ,/.' .1‘1 i "{l ! .l:'J,r . J!"’ 4'7}; =" J_J:' ~ -
/{{/,..*/{r N //II';/// I‘..'rl! ff ! “{;:.' ":l"/ o, -
ST {4,

3 a-:..l l'.:l '.., . :--'f:' | Kis \"y il
o '..| .l':..«. . ; g :
S0 SR L U A0
e " 1Ry ,". L

-~..
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Jacoblan Pseudoinverse
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Pseudo Inverse

ook LF A el o EEr e AT fae B L O <20 P N BT A DTS A Lo S Lo O <20 L D el o Can SCE T a T n L E _a WA PSS 9520, <Y
g L. " = “ s L " » c _ e L y - _ - ' L o _ = 3 r -
Q .
o I
A+ '’
P d
, ‘
\ N
" J J J :
E. | — »
" a }
F" ‘
,'
H
h . 7 ) e
= = @ ="a = = ) - a7 - - - -« N =2 il = N S — = & -
g ol o o - P TRNV. RIN RNe  W PR O IO Ry e O g oA Qi o~ 1 TR G B AT TR d

B

-~ Target

7"

e Operating Principle:

Shortest path in g-space

start posture

d eSier—p osture l'“ : o Ad Va ntag eS .

BOK SO Computationally fast (second order method)

X e Disadvantages:

Matrix inversion necessary (numerical problems)
Unpredictable joint configurations
/ » Non conservative


http://autorob.org

-0.5

Matlab 5-link arm example:

Jacobian t

1 1

ranspose

DGO R E e,

W - ——

B LT
2 i o
A ,-;E::'._, ﬁ’/_’{yi_f,_-j ':.f.!".')i!llx‘. l'r;.‘.‘."?é??'

4 = o e T
i e
Z. @ i o

Vi,

AN / oFT -
:’."" ':’/ ‘s 1,/
‘,P’ .

7
Z

4
2 //- '

k)
"'m'l,ﬁ- rl f
4

"c.'.:

o

et ol

& 7 / £ ; Jﬁ ;.f '4:{

4 ‘7}:-,

LR g IV
' ‘f.-%s._ ‘. 4

-~

-0.5

Jacobian Pseudoinverse

Jacobian pseudoinverse

.“‘:A_A-._A,_.i:. . L
Vv ee — " - -2
M o U 17
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Error Minimization by Jacobian Pseudoinverse

Define cost function
expressing squared error

C =Aq" J(qQ)" J(q)Aq — 2Aq" J(q)' Ax + Ax' Ax

Talke coskt derivakive

o — 2J(q)"J(q)Aq — 2J () Ax + 0

dAq

Set ko zero and solve for confiquration displacement

0=2J(q)" J(q)Aq — 2J(q)" Ax
J(q)" J(q9)Aq = J(q)" AX €
Aq = (J(q)" J(q))"J(q)" Ax

Normal form
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FItting polynomials to data



;1.72 A

Pseudoinverse,
More Generally e

® Pseudoinverse of matrix A: A*=(ATA)~!AT approximates solution
to linear system Ax=b

® The pseudoinverse A* is a least squares “best fit” approximate
solution of an overdetermined system Ax=b, where there are
more equations (m) than unknowns (n), or vice versa

® Often used for data fitting, as a singular value decomposition
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(- () @ | http s://herojeanpierre.github.io/Least_Squared_Best_Fit/ 133% (G Search

Y = (3.523e+0)X +(-2.548e-2)XA2+(1.290e-4)XA3+(-3.141e-7) X M+(3.402e-10) X5

Julien’s Demo

https://herojeanpierre.qgithub.io/l east Squared_Best_Fit/

Clear



http://autorob.org
https://herojeanpierre.github.io/Least_Squared_Best_Fit/

Which Pseudoinverse

® For matrix A with dimensions N x M with full rank

® | eft pseudoinverse, for when N > M, (i.e,,"tall”, less than than 6 DoFs)

—1 AT 4\ T —1
‘—ll«:eft — (‘—1 ‘—1) A S.t. ‘_llcfft A= ]’?

® Right pseudoinverse, for when N < M, (i.e.,“wide”, more than 6 DoFs)

—1 T i s —3 -1
.'l - - ..'1 (.,'l..'l ) S.L. ‘_1‘_1right — ])n

right
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Optimization considerations
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Optimization considerations

How to add constraints: joint limits, multiple endeffectors, preferred poses

Null-space optimization: hierarchical application of additive constraints

Resolved rate: constant magnitude control of endetfector velocity

Stochastic gradient descent: one randomly chosen column at a time

Downhill simplex optimization: no derivatives required

Manipulability: ar

scaling ellipsoid for resulting endef

alysis of Jacobiar

to relate configuration velocity to

‘ector velocities
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Maybe there Is a simpler
approach to IK”
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Cyclic Coordinate Descent

[Wang, Chen 1991]

O Target Current Position

ﬁ\\

Rotate joint s.t.
endeffector Lies within
Ptama cowntaining target
Current Joint  |ocakion and JQEME origin

Optimal Position

http://www.ryanjuckett.com/programming/cyclic-coordinate-descent-in-2d/
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Cyclic Coordinate Descent

O Target Bo:ii-—" O O O
Bone 2 / /
I n| t| al Rotate bone 3 Rotate bone 2 place end Rotate bone 1 place end

effector as close to target as possible. effector as close to target as possible.

(to place end effector as
close to target as possible)

Repeat until convergence

http://www.ryanjuckett.com/programming/cyclic-coordinate-descent-in-2d/
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Vector from Rotating Joint to Target Status
e Wi@CTOr from Rotating Joint to End-Effector Rotating Joimt2  by: 23

P P ) 009,031

Inverse Kinematics CCD's concept demo

esadako

I3 Subscribe K 3,276

Add to Share eee More I 11 I 1
+ raio A ¢ 9

https://www.youtube.com/watch?v=MvuO9/HGrek



Pros and Cons

* Cyclic Coordinate Descent
+ Fast to compute and simple to iImplement
- Smoothness over time not considered
» Jacobian-based methods
+ General transform of velocities and wrenches between frames

- Slower and subject to numerical issues and local minima
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- 3 | Next topic:
| [ Motion Planning

http://people.csail.mit.edu/aperez/www/files/rrt_timelapse.j

Michigan Robotics 367/320 - autorob.org


http://autorob.org
http://people.csail.mit.edu/aperez/www/files/rrt_timelapse.jpg
http://autorob.org

