FECS 367
Intro. to Autonomous Robotics

7/ ' :
/6 ,' \G ROB 320
“ o, ' Robot Operating Systems
| -~
- ” 0, / Winter 2022



http://autorob.org
http://autorob.org

Robot Kinematics

Goal: Given the structure of a
robot arm, compute

— Forward kinematics: inferring

the pose of the end-effector, given
the state of each joint.

— Inverse kinematics: inferring )

the |oint states necessary to reach
a desired end-effector pose.

But, we need to start with a linear
algebra refresher (full slides online!)
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<& C & youtube.com/watch?v=rHLEWRXxRGiIM&list=PLZHQObOWTQDPD3MizzM2xVFitgF8h

3 YouTube Search

Recommended:
Linear Algebra
Tutorials

P> Pl o) 2:11/4:45

3BLUETBROWN SERIES S1+ES
Three-dimensional linear transformations | Essence of linear algebra, chapter 5

580,568 views * Aug 9, 2016 8.1K 46 SHARE SAVE

3Blue1Brown
@ 2.12M subscribers SUBSCRIBE
Home page: https://www.3blue1brown.com/

What do 3d linear transformations look like? Having talked about the relationship between
matrices and transformations in the last two videos, this one extends those same concepts
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Robot Kinematics

Goal: Given the structure of a
robot arm, compute

— Forward kinematics: inferring

the pose of the end-effector, given
the state of each joint.

— 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: inferring

the pose of the end-effector, given
the state of each joint.

— 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

This lecture and next lecture

Forward Kinematics

Lectures 11-12

Robot Vision Motion Planning 7

Decision Making
Systems

Collision Detection

Inverse Kinematics

Multi-robot Coordination Task planning

Robot Middleware Architecture (via Interprocess Communication)
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Can our robot
build a

champagne tower
?
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We can model and control any
open-chain rigid body robot
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SCARA Arm

Selective Compliance Assembly Robot Arm
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https://youtu.be/7><‘5Nmk8‘5k
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https://youtu.be/Wj17z5iSzEQ
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Biped Hopper (MIT Leg Lab)

http://www.al.mit.edu/projects/leglab/robots/robots.htmli
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Retnhinking
Assignment 2

(4 advanced extension points)

Hodgins and Raibert - “On the run” (1991)
http:/www.ai.mit.edu/projects/leglab/simulations/otr/otr.html
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Quad Rotor Helicopter

Safety is most important

hitps://youtu.be/OmDiH_ajStQ

Michigan Robotics 367/320 - autorob.org
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https://youtu.be/0mDiH_ajStQ

https://www.youtube.com/watch?v=XxFZ-VStApo ...ETH-Zurich ..~
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How to express kinematics as the parameters and
state of an articulated system?
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Projects 3-4: Forward Kinematics

Assemble individual robot links and joints into a posable robot that can dance
urdf example

‘n " 4

N

S
y
4

— ‘ R 2

)
mr2 (default) # " crawler

sawyer
fetch (grad) baxter (grad)~,
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IMPORTANT:
Change the robot’s description not your code
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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. (Lectures 7-8)

— Inverse kinematics: infer the )
|joint states to reach a desired end-
effector pose. (Lectures 11-12)

start with linear algebra

refresher (Lecture 6)
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Robot Kinematics

— Forward kinematics: infer the
pose of the end-effector, given the
state of each joint.

Infer: pose of each joint and link In
a common world workspace

Assuming as given the: )_ i
e robot's kinematic definition L
e geometry of each link

e current state of all joints
- Lecture 7: zero configuration
- Lecture 8: add motor motion
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Forward kinematics: many-to-one mapping of robot configuration to
reachable workspace endeftector poses
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Forward kinematics: many-to-one mapping of robot configuration to
reachable workspace endeftector poses

Transform of endeffector

Endeffector
wrt. base

(Frame 6)
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Workspace: 3D space defined in the global frame

Transform of endeffector
wrt. base

Endeffector
(Frame 6)
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Kinematic chain: connects N+1 links together by N |oints;
with a coordinate frame on each link

96
/ Transform of endeffector \, ,{
. Endeffector ( S
Base wrt. base (Frame n) |

(Frame 0)
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Joint (qgi): relates the motion of one link (the child link) wrt. another link (the parent)
joint motion only affects the child link

Link | y
is @ child of '/6 -
joint |

Ny
Joint |

. = Link O is the parent
6111) n — of joint |
0/ T/

el A—-

n

6;, 1if revolute

d;, 1f prismatic
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Joint (qgi): relates the motion of one link (the child link) wrt. another link (the parent)
joint motion only affects the child link, where its state

Link |
is a child of
joint |

0;, 1if revolute

%74, if prismatic

IS used to express a 4-by-4
homogeneous transform Ai(qi)

| | R’L:—l O’i—l
Link O is the parent U 1
of joint | such that frames in a kinematic chain

are related as by T
Aip1Aize. . A 1A ifi <y
T =<1 if § = j
(T%) 1 if j >
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Configuration (q): is the state of all joints in the kinematic chain
Configuration space: the space of all possible configurations

q — {QIv Qn}

O\
‘}» 0,
Q_/

Global
(Frame w)

= f

]
/ 77,
Endeffector (‘ S

Base (Frame n) \‘
(Frame 0)
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Forward kinematics restated: Given q, find T,
W, transforms endeffector into workspace
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Problem: Every link considers itself to the center of the universe.
How do we properly pose link with respect to each other?
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Approach: Consider all links to be aligned with the global origin ...
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Approach: transform along kinematic chain bringing descendants along;
each transform will consist of a rotation and a translation
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Any point on the endeffector can be transformed to its location in the world
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1) How to represent homogeneous transforms®
2) How to compute transform to endettector?
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Forward Kinematics

Infer: pose of each joint and link in a common world workspace

1) How to represent homogeneous transforms®
2) How to compute transform to endeftector?

Assuming as given the;:
 geometry of each link
e robot’s kinematic definition

e current state of all joints
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Forward Kinematics

Infer: pose of each joint and link in a common world workspace

1) How to represent homogeneous transforms®
2) How to compute transform to endeftector?

Assuming as given the;:
 geometry of each link

- robot’s kinematic definition

revisit in lecture 8
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How do we define the
kKinematics of a robot?
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How do we define the
kKinematics of a robot?

Traditionally: In recent years:
Denavit-Hartenberg URDF
Convention convention
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C' || wiki.ros.org/urdf 2

eee |
: : : R O S . 0 rq About | Support | Status | answers.ros.org Search: Submit

Documentation Browse Software News Download

urdf

electric  fuerte groovy hydro indigo m Documentation Status | Wiki
Distributions

robot_model ROS/Installation
Package Links ROS/Tutorials

C
Package Summary oo 2o
2 Dooumentc

Troubleshooting

FAQ Page
This package contains a C++ parser for the Unified Robot Description Format (URDF), Changelog Immutable Page
which is an XML format for representing a robot model. The code API of the parser has Cha.nge List Info
been through our review process and will remain backwards compatible in future releases. Reviews Attachments
Dependencies (7) More Actions: ;

« Maintainer status: maintained

« Maintainer: loan Sucan <isucan AT gmail DOT com> usediby (4) User
e Author: loan Sucan Jenkins jobs (12) |

e License: BSD

« Bug / feature tracker: https://github.com/ros/robot_model/issues

e Source: git https://github.com/ros/robot_model.git (branch: indigo-devel)

Login
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URDF: Unified Robot
Description Format
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URDF: Unified Robot

Description Format
® URDF defined by its implementation in

ROS (“Robot Operating System”)

® ROS uses URDF to define the
kinematics of an articulated structure

® Kinematics represented as tree with
links as nodes, joint transforms as edges

® Amenable to matrix stack recursion

® URDF tree is specified through XML
with nested joint tags
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URDF: Unified Robot
Description Format

® URDF defined by its implementation in
ROS (“Robot Operating System”)

® ROS uses URDF to define the
kinematics of an articulated structure

® Kinematics represented as tree with
links as nodes, joint transforms as edges

® Amenable to matrix stack recursion

® URDF tree is specified through XML

with nested joint tags
http://wiki.ros.org/urdf/Tutorials/Create % 20your % 200wn%20urdf%20file

<robot name="test robot">
<link name="1linkl" />
<link name="1link2" />
<link name="1ink3" />
<link name="link4" />

<joint name="jointl" type="continuous">
<parent link="1linkl"/>
<child link="1ink2"/>
<origin xyz="5 3 0" rpy="0 0 0" />
<axis xyz="-0.9 0.15 0" />

</joint>

<joint name="joint2" type="continuous">
<parent link="link1l"/>
<child link="1ink3"/>
<origin xyz="-2 5 0" rpy="0 0 1.57" />
<axis xyz="-0.707 0.707 0" />

</joint>

<joint name="joint3" type="continuous">
<parent link="1link3"/>
<child 1link="1ink4"/>
<origin xyz="5 0 0" rpy="0 0 -1.57" />
<axis xyz="0.707 -0.707 0" />
</joint>
</robot>
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URDF Example

<robot name="test robot">
<link name="1linkl" />
<link name="1link2" />
<link name="1ink3" />
<link name="link4" />

<joint name="jointl" type="continuous">
<parent link="1linkl"/>
<child 1link="1ink2"/>
<origin xyz="5 3 0" rpy="0 0 0" />
<axis xyz="-0.9 0.15 0" />

</joint>

<joint name="joint2" type="continuous">
<parent link="linkl"/>
<child link="1ink3"/>
<origin xyz="-2 5 0" rpy="0 0 1.57" />
<axis xyz="-0.707 0.707 0" />

</joint>

<joint name="joint3" type="continuous">
<parent link="1link3"/>
<child 1link="1ink4"/>
<origin xyz="5 0 0" rpy="0 0 -1.57" />
<axis xyz="0.707 -0.707 0" />
</joint>
</robot>
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<robot name="test robot">

Starts with empty robot

</robot>
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Specifies robot links

link1

link2

link3

link4

<robot name="test robot">
<link name="1link1l" />
<link name="1link2" />
<link name="1ink3" />
<link name="link4" />

</robot>
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Joints connect parent/
inboard links to child/
outboard links

link1

link2

)

link3

link4

<robot name="test robot">
<link name="1linkl" />
<link name="1link2" />
<link name="1ink3" />
<link name="link4" />

<joint name="jointl" type="continuous">
<parent link="1linkl"/>
<child link="1link2"/>

</joint>

<joint name="joint2" type="continuous">
<parent link="1linkl"/>
<child link="1ink3"/>

</joint>

<joint name="joint3" type="continuous">

<parent link="1ink3"/>
<child link="1ink4"/>

</joint>
</robot>
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Origin field specifies transform “robot name—"test Tobot's

parameters from parent to child frame <link name="linkl" />
<link name="link2" />
link1 <link name="1link3" />

<link name="1link4" />

3D transform,
where “xyz” is
translation offset,
and “rpy’ is
rotational offset

<joint name="jointl" type="continuous">
<parent link="1linkl"/>
<child 1link="1link2"/>
<origin xyz="5 3 0" rpy="0 0 0" />

</joint>

<joint name="joint2" type="continuous">
<parent link="1linkl1l"/>
<child link="1ink3"/>
<origin xyz="-2 5 0" rpy="0 0 1.57" />

link4

</joint>

<joint name="joint3" type="continuous">
<parent link="1link3"/>
<child link="link4"/>
<origin xyz="5 0 0" rpy="0 0 -1.57" />

Link 2

</joint>

</robot>
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Origin field specifies transform
parameters of child frame with to parent
frame
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Axis field specifies DOF axis of motion

with respect to parent frame

Can we translate
about an axis?

Can we rotate about
an axis! Quaternions!

Link 2

link4

<robot name="test robot">
<link name="1linkl" />
<link name="1link2" />
<link name="1ink3" />
<link name="link4" />

<joint name="jointl" type="continuous">
<parent link="1linkl"/>
<child link="1link2"/>
<origin xyz="5 3 0" rpy="0 0 0" />
<axis xyz="-0.9 0.15 0" />

</joint>

<joint name="joint2" type="continuous">
<parent link="linkl"/>
<child link="1ink3"/>
<origin xyz="-2 5 0" rpy="0 0 1.57" />
<axis xyz="-0.707 0.707 0" />

</joint>

<joint name="joint3" type="continuous">
<parent link="1ink3"/>
<child 1link="1ink4"/>
<origin xyz="5 0 0" rpy="0 0 -1.57" />
<axis xyz="0.707 -0.707 0" />
</joint>
</robot>
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KinkEval:
Robot Description Overview
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< C O 8 https://github.com/autorob-WN22/kineval-stencil

i autorob-WN22 [ kineval-stencil ' Public template

forked from autorob/kineval-stencil

<> Code 19 Pull requests

¥ master ~ ¥ 1branch © 0 tags

This branch is 1 commit ahead of autorob:master.

‘l' tonyop Update LICENSE

W s
kineval
project_pathplan

project_pendularm

tutorial_heapsort
tutorial_js

worlds

L VN . BT 5 A 8
| .

(») Actions Projects Wiki ) Security ~ Insights
Go to file Add file ~ Code ~ Use this template
{9 Contribute ~
26c8fb8 onJan1 ) 23 commits
initial commit Fall 2018 3 years ago
Add matrix requirement for IK 15 months ago
Makes assignment 6 drawing work more like assignment 1 for fa... 15 months ago
fixed control set to 0 and 2d array problem in pendulum2.html 17 months ago
initial commit Fall 2018 3 years ago
Initial commit Fall 2018 3 years ago
initial commit Fall 2018 3 years ago
initial commit Fall 2018 3 years ago

(&> Watch 0

w3 © O

v % Fork 10 Y7 Star 0 v

About

Stencil code for KinEval (Kinematic
Evaluator) for robot control, kinematics
decision, and dynamics in
JavaScript/HTML5

Readme

58 View license
v O stars
&® 0 watching
Y 10 forks

Releases

No releases published

Packages
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& C O 8 https://github.com/autorob-WN22/kineval-stencil/tree/master/robots o7 © 0O =

Q Search or jump to... Pull requests Issues Marketplace Explore

r;: autorOb-WN22/kineval-stencil Public template O Watch 0 ~ Y Fork 10 Yy Star 0 v

forked from autorob/kineval-stencil

<> Code 11 Pull requests (>) Actions Projects Wiki ) Security |~ Insights
¥ master v  kineval-stencil / robots / Go to file Add file ~
This branch is 1 commit ahead of autorob:master. 11 Contribute ~
‘- odestcj initial commit Fall 2018 6cd9f47 on Sep 10, 2018 V) History
B Dbaxter initial commit Fall 2018 3 years ago
W fetch initial commit Fall 2018 3 years ago
M sawyer initial commit Fall 2018 3 years ago
Y  robot_crawler.js initial commit Fall 2018 3 years ago
Y robot_mr2.js initial commit Fall 2018 3 years ago
] D initial commit Fall 2018 3 years ago

robot_urdf_example.js
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// CREATE ROBOT STRUCTURE

/17777777777 robots/robot U rdf example.js
///// DEFINE ROBOT AND LINKS — —

(/777777777777 77777/ /777777777777

// create robot data object
robot = new Object(); // or just {} will create new object

// give the robot a name

robot.name = "urdf example"”;

// initialize start pose of robot in the world

robot.origin = {xyz: [0,0,0], rpy:[0,0,01};

// specify base link of the robot; robot.origin is transform of world to the robot base
"linkl";

robot .base

// specify and create data objects for the links of the robot
robot.links = {"linkl1l": {}, "link2": {}, "link3": {}, "link4": {} };

/17777777
///// DEFINE JOINTS AND KINEMATIC HIERARCHY

(/1777777777777 /7777777777777

/ * joint definition template


http://autorob.org

// CREATE ROBOT STRUCTURE

[///////// /S S S robots/robot ur‘df example.js
///// DEFINE ROBOT AND LINKS — —

[//////77//7/ 77777/ /77777777777

// create robot data object

robot = new Object(); // or just {} will create new object

// give the robot a name

robot.name = "urdf example"; <robot name="test robot">

// initialize start pose of robot in the world

robot.origin = {xyz: [0,0,0], rpy:[0,0,0]}; Initial global position of robot

// specify base link of the robot; robot.origin is transform of world to the robot base

‘1inkl®;  Name of root link

robot .base

// specify and create data objects for the links of the robot

robot.links = {"linkl"s {}, "link2": {}, "link3"s: {}, "linka": {} }; —rink name="linkl™ />

<link name="1link2" />

JIIIII11177177 77777777777 7777777777777777777777 777 <link name="1link3" />
///// DEFINE JOINTS AND KINEMATIC HIERARCHY <link name="1link4" />

(/177777777777 777/ /777777777777

/* joint definition template
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Indexmg KinEval robot object in JavaScrlpt
| robot.links[“1ink name”]

example to access the parent joint of “link2”: } |
Jf’robot links[“1link2”]. parentv“f

<link name="linkl"
<link name="link2"
<link name="1link3"
<link name="link4"
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// roll-pitch-yaw defined by ROS as corresponding to xX-y-z f .
//http://wiki.ros.orqg/urdf/Tutorials/Create$20your$20owng20u rObOtS/rObOt_Urd _example-]S

// specify and create data objects for the joints of the robot
robot.joints = {};

<parent link="1linkl"/>

robot.joints.jointl = {parent:"linkl", child:"1ink2"}; <child link="1link2"/>

robot.joints.jointl.origin = {xyz: [0.5,0.3,0], rpy:[0,0,0]1};
robot.joints.jointl.axis = [-1.0,0.0,01; // simpler axis

<axis xyz="-0.9 0.15 0" />

</joint>
robot.joints.joint2 = {parent:"linkl", child:"1ink3"};

<joint name="jointl" type="continuous'">

<origin xyz="5 3 0" rpy="0 Q 0" />

robot.joints.joint2.origin = {xyz: [-0.2,0.5,0], rpy:[0,0,1.571};

Note: KinEval made small change to example used on ros.org:

robot.joints.joint2.axis = [-0.707,0.707,0]; http://wiki.ros.org/urdf/Tutorials/Create % 20your % 200wn%20urdf%20file

robot.joints.joint3 = {parent:"link3", child:"1ink4"};
robot.joints.joint3.origin = {xyz: [0.5,0,0], rpy:[0,0,-1.571};
robot. joints.joint3.axis = [0.707,-0.707,0];

[/////7/7///// /7SS S
///// DEFINE LINK threejs GEOMETRIES

(/7777777777777

/* threejs geometry definition template, will be used by THREE.Mesh() to create threejs object
// create threejs geometry and insert into links geom data object
links geom[ "linkl"] = new THREE.CubeGeometry( 5+2, 2, 2 );
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http://ros.org
http://wiki.ros.org/urdf/Tutorials/Create%20your%20own%20urdf%20file

// roll-pitch-yaw defined by ROS as corresponding to xX-y-z f .
//http://wiki.ros.orqg/urdf/Tutorials/Create$20your$20owng20u rObOtS/rObOt_Urd _example-]S

// specify and create data objects for the joints of the robot
b t. jO1 t - H . . " e . " n . "
robot.joints = {}; <joint name="jointl"  type= continuous >
<parent link="linkl"/>
robot.joints.jointl = {parent:"linkl", child:"1ink2"}; <child link="1link2"/>
robot.joints.jointl.origin = {xyz: [0.5,0.3,0], rpy:[0,0,01}; <origin xyz="5 3 0" rpy="0 Q 0" />
robot. joints.jointl.axis = [-1.0,0.0,0]; // simpler axis <axis xyz="-0.9 0.15 0" />
</joint>
robot.joints.joint2 = {parent:"linkl", child:"link3"}; M
robot . 40ints.d0int2 .origin = . ~0.2.0.5.0 T o } )
joints.Jjol rgin = {xyz: [=0.2,0.5,01s H5int specifies
robot.joints.joint2.axis = [-0.707,0.707,01]; M . e . _—
i “‘parent” and “child” links
robot.joints.joint3 = {parent:"link3", child:"link® Iransform parameters for joint wrt.link frame
robot.joints.joint3.origin = {xyz: [0.5,0,0], rpy: ‘“XYZ”ZT(X,)',Z)
robot.joints.joint3.axis = [0.707,-0.707,017; k

*“rpy”’: R«(roll), Ry(pitch), R;(yaw)

[1111717111177711777177777177777717717/77777777774 ) e | ) §
j® “type” of joint motion for DOF state “angle

(/1777777777777 »‘

///// DEFINE LINK threejs GEOMETRIES

/ *

// create threejs geometry and insert into li{[,

links geom[ "linkl"] = new THREE.CubeGeometry(

threejs geometry definition template, will be;;

; Joint “axis” of motion for DOF

* “continuous” for rotation without limits
e “revolute” for rotation within limits

O¥d, £, £ );

* “prismatic” for translation within limits '.
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<joint name="jointl" type="continuous'">
<parent link="1linkl"/>
<child link="1link2"/>
<origin xyz="5 3 0" rpy="0 0 0" />
<axis xyz="-0.9 0.15 0" />

</joint>

JavaScript Indexing: |
| robot.joints[“Jjoint name”] |
| example to access the axis of “joint3”: |
| robot.joints[”joint3”].axis |
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LLO/AS ool JLALIAL [.L0LAQlCUIIAALS ( LClIPpoaalo Adlll.rL/ =),
* / .
robots/robot urdf example.js

// define threejs geometries and associate with robot links

links geom = {};

links geom["linkl"] = new THREE.CubeGeometry( 0.7+0.2, 0.5+0.2, 0.2 );
links geom["linkl"].applyMatrix( new THREE.Matrix4().makeTranslation((0.5-0.2)/2, 0.5/2, 0) );

links geom["1link2"] = new THREE.CubeGeometry( 0.5+0.2, 0.2, 0.2 );
links geom["link2"].applyMatrix( new THREE.Matrix4().makeTranslation(0.5/2, 0, 0) );

links geom["link3"] = new THREE.CubeGeometry( 0.5+0.2, 0.2, 0.2 );
links geom["1link3"].applyMatrix( new THREE.Matrix4().makeTranslation(0.5/2, 0, 0) );

links geom["link4"] = new THREE.CubeGeometry( 0.5+0.2, 0.2, 0.2 );
links geom["link4"].applyMatrix( new THREE.Matrix4().makeTranslation(0.5/2, 0, 0) );

threejs geometries are associated with each link for visual rendering

(you should not need to worry about geometry or 3D rendering for FK, but is
important if you want to create your own robot description)
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Forward Kinematics

Infer: pose of each joint and link in a common world workspace

1) How to represent homogeneous transforms®
2) How to compute transform to endeftector?

Assuming as given the;:

 geometry of each link

robot’s kinematic definition

revisit in lecture 8
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Forward Kinematics

Infer: pose of each joint and link in a common world workspace

1) How to represent homogeneous transforms®
2) How to compute transform to endeftector?

Assuming as given the;:

- geometry of each link

robot’s kKinematic definition

revisit In lecture 8
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How to define a
Link Geometry
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Link Geometry

http://csc.lsu.edu/~kooima/courses/csc4356/
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http://csc.lsu.edu/~kooima/courses/csc4356/

Link Geometry

vertex index vertex location

1| X y Z

0| 00 10 05

1|-05 05 05

9 2|-05 00 05

3/ 05 00 05

g 4| 05 05 05

5/ 00 10 -05

6|-05 05 -05

Each robot link has a geometry specified as 3D vertices. 7 |-05 00 =05
Vertices are connected into faces of the object’'s surface. 8| 05 00 -05
Vertices are defined wrt. the frame of the robots’ link. 9| 05 05 -05

http://csc.lsu.edu/~kooima/courses/csc4356/
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As the link frame moves, the geometry moves with it.
—R,I;_l O’i—l—
0 1

A; =

http://csc.Isu.edu/~kooima/courses/csc4356/notes/04-transformation/transtormation-composition-2.htm|
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kineval

just_starting

* User Parameters

* Robot
Forward Kinematics
Inverse Kinematics
Motion Planning

Display

Close Controls

W O Inspector Console [O Debugger {} Style Editor () Performance 1} Memory 1 Network [E] Storage - Accessibility g§ What's New 0] e+
@ Y Filter Output Errors Warnings Logs Info Debug CSS XHR Requests
2> robot. Links|robot.base).geom.geometry.vertices
6

» @: Object { x: 0.5, y: 0.40000000298023225, z: 0.5 }

» 1: Object { x: 0.5, y: 0.40000000298023225, z: -0.5 }

» 2: Object { x: 0.5, y: -2.980232227667301e-9, z: 0.5 }

» 3: Object { x: 0.5, y: -2.980232227667301e-9, z: -0.5 }

» 4: Object { x: -0.5, y: 0.40000000298023225, z: -0.5 }

» 5: Object { x: -0.5, y: 0.40000000298023225, z: 0.5 }

» 6: Object { x: -0.5, y: -2.980232227667301e-9, z: -0.5 }

» 7: Object { x: -0.5, y: -2.980232227667301e-9, z: 0.5 }

lannth: 2

»


http://autorob.org

in kineval/kineval forward kinematics.js :] 7
you will compute matrix transforms for

z 0
each link and joint

// drawing geometries with KinEval

robot.origin = {xyz: [0,0,0], rpy:[0,0,01}; -
robot.origin.xform = //some appropriate matrix as 2D array;

// robot.origin is the current translation and rotation o
// of robot base in world frame v

sample link = robot.links[“1link2"]];
sample link.xform = //some appropriate matrix as 2D array;
// xform of body will be used by kineval.drawRobot() for rendering

// joints will have links for child and parent
robot.joints[sample joint].child = // name of appropriate link;
robot.joints[sample joint].parent = // name of appropriate link;

// links will have joints for children and parent
robot.links[sample link].children = // array of appropriate joints;
robot.links[sample link].parent = // name of appropriate joint;

| =_~ | . _ _ =~ _
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var mat =
[ [all,
[a21],
[a3]l,
~Jl[adl,

in kineval/kineval forward kinematics.js
you will compute matrix transforms for
each link and joint

// drawing geometries with KinEval
robot.origin = {xyz: [0,0,0], rpy:[0,0,01};
robot.origin.xform = //some appropriate matrix as 2D array;
// robot.origin is the current translation and rotation

// of robot base in world frame

sample link = robot.links[*“1ink2"]]; ;ﬁiﬁ
sample link.xform = //some appropriate matrix as 2D array;
// xform of body will be used by kineval.drawRobot() for rendering

// joints will have links for child and parent
robot.joints[sample joint].child = // name of appropriate link;
robot.joints[sample joint].parent = // name of appropriate link;

// links will have joints for children and parent
robot.links[sample link].children = // array of appropriate joints;
robot.links[sample link].parent = // name of appropriate joint;

S
- , . . _ . | ] . ~ | = -
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Forward Kinematics

Infer: pose of each joint and link in a common world workspace

1) How to represent homogeneous transforms? A; =
2) How to compute transform to endeffector?

Assuming as given the;:

Qeometry of each link
robot’s kinematic definition

revisit In lecture 8
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Forward Kinematics

Infer: pose of each joint and link in a common world workspace

1) How to represent homogeneous transforms? A; =

2) How to compute transform to endeftector?
Assuming as given the;:

geometry of each link
robot’s kinematic definition

revisit In lecture 8
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Consider .xform for a
simple example
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2D Rotation

® (Consider a link for a 2D robot with a
box geometry of 4 vertices
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2D Rotation

® (Consider a link for a 2D robot with a
box geometry of 4 vertices

® Vectors express position of vertices
with respect to joint (at origin)

pi — [X/’,yi]
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2D Rotation

® (Consider a link for a 2D robot with a
box geometry of 4 vertices

® Vectors express position of vertices
with respect to joint (at origin)

® How to rotate link geometry based
on movement of the joint!

P4’

rotate abouk ouﬁwwpri.ame axis
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2D Rotation

® (Consider a link for a 2D robot with a
box geometry of 4 vertices

® Vectors express position of vertices
with respect to joint (at origin)

® How to rotate link geometry based

on movement of the joint!?

' = x-cos(f) — y - sin(6)
y' = x -sin(f) + y - cos(0)
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2D Rotation Matrix

(counterclockwise)

o RO
7| = Lon®) conts)) |y

/ —

(X,Y)

® Matrix multiply vector by 2D
rotation matrix R

® Matrix parameterized by rotation
angle @

® Remember: this rotation is
counterclockwise
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Right-hand Rule

rotation occurs about axis from forward towards lateral,
or the “curl” of the fingers


http://autorob.org

Coordinate conventions

threejs and KinEval ROS and most of robotics
used In the browser used In URDF and rosbridge


http://autorob.org

Checkpoint

* \What is the 2D matrix for a rotation by O degrees??

* \What is the 2D matrix for a rotation by 90 degrees?


http://autorob.org

Example COS(Q()O) =0

(2,3)

('3!2)
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Note: one matrix multiply can ,
transform all vertices P4

lp’lw Py D3y pzm] _ {008(9) —sin(9)1 lpm P2z D3¢ Pdc
Piy D2y D3y DPay sin(¢)  cos(0) | |p1y P2y P3y  Pay
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We can rotate.
Can we also translate”



http://autorob.org

2D Translation

® (Consider a link for a 2D robot with a
box geometry of 4 vertices

® Vectors express position of vertices
with respect to joint (at origin)

® How to translate link geometry to
new location!?
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2D Translation Matrix

D(chu,d,)
x’ r + d, 1 0 d,| |z
v =|y+d,| =10 1 d,| |y
1 1 0O 0 1 1

® Requires homogeneous coordinates

® 3D vector of 2D position concatenated with a |

® A plane at z=/ in a three dimensional space

® Matrix parameterized by horizontal and vertical
displacement (dy, dy)


http://autorob.org

Checkpoint

 What is the 2D matrix for a translation by [-1,2]7


http://autorob.org
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Rigid motions and
Affine transforms

® (Consider a link for a 2D robot with a
box geometry of 4 vertices

® Vectors express position of vertices
with respect to joint (at origin)

® How to both rotate and translate link
geometry?

® Rigid motion: rotate then translate

® Affine transform: allows for rotation,
translation, scaling, shearing, and reflection
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Composition of Rotation and

Translation
' 1 0 dg| [cos(f) —sin(f) Of |z
y'| =10 1 d,| |sin(d) cos(8) Of |y
<y 4 | 1 0 0 1 0 0 1| |1

homogeneous rotation

¢ dX; ‘
R '(\dj)‘ nabrix
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Homogeneous Transform:
Composition of Rotation and Translation

' cos(f) —sin(f) d,
y'| = |sin(fd) cos(f) d,
1

(x,;'jl>
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Homogeneous Transform

defines SE(2): Special Euclidean Group 2

Roo Rop1 dg
R d
H= Ry Riu1 dy| = [02X2 21X1]
O O 1 1 X2
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Homogeneous Transform

defines SE(2): Special Euclidean Group 2

doy1

0 1X2 ]-

ST Rio Ri1 dy| =

|
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Homogeneous Transform

defines SE(2): Special Euclidean Group 2
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Homogeneous Transform

defines SE(2): Special Euclidean Group 2
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Example:
| et’'s put an arm link on Boxy
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BoXy the robot

Michigan Robotics 367/320 - autorob.org
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BoXy the robot

Michigan Robotics 367/320 - autorob.org
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Plink

robot frame

Michigan Robotics 367/320 - autorob.org
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Transform the link frame and
its vertices into the robot frame

Trobot

Probot — Link Plink

A

Plink

link frame robot frame
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Transform the link frame and
its vertices into the robot frame

Trobot

Probot — Link Plink

A

Plink
Probot

link frame robot frame
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Roo Ro1 dy
TR = R0 Ru dy
0 0 1

Can we think about this
frame relation in steps?

A

link frame robot frame
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b Roo Ro1 dy

robot

Tlink T Rlo Rll dy Transformed frame
0 0 1 for link wrt. robot

First consider link In its own frame

‘ >

link frame robot frame
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b Roo Ro1 dy

robot

Tlink T Rlo Rll dy Transformed frame
0 0 1 for link wrt. robot

as aligned with robot base frame

link frame robot frame
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b Roo Ro1 dy

robot

Tlink — Rlo Rll dy Transformed frame
0 0 1 for link wrt. robot

Rotate link frame by R

link frame robot frame
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b Roo Ro1 dy

robot

Tink = [0 R d?/ Transformed frame
0 0 1 for link wrt. robot

Translate link frame by d

link frame robot frame


http://autorob.org

Roo Ro1 dg
1jobot o RIO Rll dy

=
=
|

Transformed frame

0 0 1 for link wrt. robot
robot
Probot — T‘link Plink

Probot

link frame robot frame
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Why not translate then rotate”


http://autorob.org

(- < csc.lsu.edu/~kooima/courses/csc4356/notes/04-transformation/transformation-cor (G C. rotation and translation = ﬁ B

Note the difference in behavior.

Translation along x = 1.1
Rotation about y = 140° ®

http://csc.Isu.edu/~kooima/courses/csc4356/notes/04-transformation/transtormation-composition-2.htm|

<

v A O

A >
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How do we extend this to 3D?


http://autorob.org

3D Translation and Rotation

1 0 0 dy
ﬁ(dx,dv,dz,) 8 (1) (f Z?J 2D rotation in 3D is rotation about Z axis
0 0 0 1 te
cos(f) —sin(6) 4o s
in(0)
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Translation and Rotation

I 0 0 dg 1 0 0
D(dd,d.) [0 1 0 dy () |0 cos(f) —sin(0)
0 0 1 d, 0 sin(f) cos(0)
0 0 0 1 0 0 0
cos(f) —sin(f) 0 O cos(f) 0O sin(6)
sin(f) cos(d) 0 O 0 1 0
R0 0 0 1 0 RA0) —sin(f#) 0 cos(6)
0 0 0 1 0 0 0

O O O

— O O O
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3D Homogeneous Transform

S

8

SE

N

o8

N

OO O

D(ds,d,

S O = O

o = O O

r?".'_‘

)

o0 o~

Rotate about each axis in order R = Ry(Ox) Ry(©,) R,(O-)

0 0
cos(f) —sin(H)
sin(f)  cos(6)

0 0

R<6)

- cos(6)
0
—sin(0)
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o OO =
S O = O

3D Homogeneous Transform

S = O O

— O O O

cos(6)

S O = O
*)
O °
gp
VR
O
N’

o = OO

— O O O
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3D Homogeneous Transform

Roo Ro1 Roz dg _ _
Riop Ri1 Ri2 dy| |Rsxs dsxi S1(3
Ryo Ro1 Rpp d,| |Oix3 1 - (3)

0 0 0 1

Hs =

Ii T{) c SE(3) ano T21 c SE(3) then composition holds:

"RY &9 [ RY di] [ RORY RYd)+d?
0 1[0 1|7 0 1

such that points in Frame 2 can be expressed in Frame 0 by:

p’ =Ty T,p°
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Hierarchies of Transforms

> Link 4

each arrow is a '
matrix transform o

child wrt. parent b J

link4

How to compose these matrices hierarchically
to compute transform wrt. world?


http://autorob.org

Forward Kinematics

Infer: pose of each joint and link in a common world workspace

1) How to represent homogeneous transforms?
2) How to compute transform to endeftector?

Assuming as given the: o000 \py0 0157
| CERCED
geometry of each link el

.robot’s kKinematic definition
Cants
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Forward Kinematics

Infer: pose of each joint and link in a common world workspace

1) How to represent homogeneous transforms?
2) How to compute transform to endeffector?

Assuming as given the: o000 \py0 0157
| CERCED
geometry of each link el

.robot’s kKinematic definition
Cants
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Matrix stack tor
forward kinematics computation
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world

l

global

link1

link2

xyz:5 30\ xyz:-250
rpy: 0-00 \rpy: 0-01

.57

lin

K3

xyz: 500
rpy: 0 0 -1.57

lin

k4

Matrix stack overview

Goal: Compute transform of frame at each
Kinematic node into the world frame
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world

l

global

link1

link2

xyz:5 30\ xyz:-250
rpy: 0-0 0 \rpy: 0 -0 1.57

lin

3

xyz: 500
rpy: 0 0 -1.57

lin

k4

Matrix stack overview

Goal: Compute transform of frame at each
Kinematic node into the world frame

Approach: Compose transforms along
Kinematic tree using a stack data structure
recursion maintains stack of transforms
top of the stack is transform for current node


http://autorob.org

Matrix stack overview

world
l - Goal: Compute transform of frame at each
Kinematic node into the world frame
ink1, - Approach: Compose transforms along

xyz: 530\ xyz:-250 Kinematic tree using a stack data structure
5

rpy: 0-0 0 \rpy: 0 -0 1.57

* recursion maintains stack of transforms
CEDRCTY - top of the stack is transform for current node
ink? ines - Code: Recursively alternate between link and
gz 500 jomt to update transform at top of stack

start with base link and global transform

- for each link, recurse over all children

- for each joint, compose rotational and
translational effects

link4
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start ok world frame -

rook of the kinematic bree

global

link1

link2

xyz:5 30\ xyz:-250
rpy: 0 -0 0 \rpy: 0 -0 1.57

link3

xyz: 500
rpy: 0 0 -1.57

link4
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link?2 link3

xyz: 500
rpy: 0 0 -1.57

link4

' the giobai. origin is
I considered the center {
| cwf the world

B e 20>, <l
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link2

link3

xyz: 500
rpy: 0 0 -1.57

link4

nabkrix stack skarks
niklalized as the Ldemﬁ%v

Fhe giobai. origin is
considered bthe cenker
of the world
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global

link1

link2

xyz:5 30\ xyz:-250
rpy: 0-00 \rpy: 0 -0 1.57

link3

xyz: 500
rpy: 0 0 -1.57

link4

push copy of top of stack
whewn traversing to child

-
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world F'u,sh copy of EQ-F? of stack
when traversing to child

[

link1 |

link2 link3

xyz: 500
rpy: 0 0-1.57

link4
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world

D - - - y —_— .
. ,' > g
f
] P
14 I | -
R t ) q
'/ “ ' o
P Ko
/ '\ y
SOy T o DO, = plkcre e fen B4 Lo _tosha — - 5 g N
» . - _ s .} = . ~ )

link2

link3

xyz: 500
rpy: 0 0-1.57

link4

o

compute transform of
child wrt. Farem%

[

[

o8

i

g rama-

- ) . - i - v
» L o= N
Z AN -T2 R - o S P a4

e B S P e X Y . g . posBA
- - - \ o g~ BN .4

frobot.origin.xyz //robot’s position wrt. world
§ robot.origin.rpy //robot’s orientation wrt. world

\]
v'
.-
"
Nea Dt S Bkl s O e . Jesha AT o\ A ey '
I - . o - s, ~ - _ N -

d 4

- - .
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1 ‘. "; .‘ J p - T -
-3 - DO O B 7 AT o co e g —
o

. " .
g

\ 2
: gI b | b
R g
3 "o
P b, |

/Y \
2l P i ol e e Azo B TRV
Sy - .1 -

world aampu&e %rams“ﬁwm Q“f
child wrk. F’&\”@M&

[

[

_ . - - - J . _ i - - - /o P _ = o = _ . - - - > _ P - . - > ) _
g E oy ¥ AN > ~ AN -T% Ao K oy ¥R . AN -T R ol S ol a4 oy Gancol gl @ P> AW -TN d O e A o Gameel o gl @ P AW -T2 d_<od

frobot.origin.xyz //robot’s position wrt. world
jrobot.origin.rpy //robot’s orientation wrt. world

link2

g amg g ik g > o A = A Ak D g e e e g rama- o e T - S S B Oy PNy S - Ean AR S SR Oy PR S P . s I SR P " R
g = = 7 - E - - - G = - = 4mify = - - . = Attt - - - . - —e - - N s -

Q - | pia o - - - - - -~
=~ P o . Ny \ - o . - N _ =~ _ ~ - _ =~

link3

xyz: 500
rpy: 0 0-1.57

link4

robolb’s Posi&mvx and
orientakion i the world



http://autorob.org

link2

link3

xyz: 500
rpy: 0 0 -1.57

link4

mulkiply top of stack b
gtigat g’amsfarm 7

| * DW; % Rw;

I

robolb’s Fasiﬁmm and
orienkakion in the world
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world store base transform as
makbkrix ak &"}Fa of the stack
f‘iﬂiﬁ"]

link1 |

mstack= | * Dw; * Rw,

Xyz:-250
rpy: 0-00 \rpy: 0 -0 1.57

_ P - - J . _ P - - /o P _ = o = _ P - - > _ P . - > ) _
—- g E 4 - Fomi v AN "N N T E 4 g b = o o Qe - D e N p Y Y, <2 = oo g N 2 p Py Y. 2 o g =

f robot.origin.xform //this matrix; e

, v ol Y .
A S o - g, _ Y = :
. . ‘ B - e cdriads )
I 2 I 3 " o i o l
_ G ame L LT e i g g~ A a4 o EUAR RS S 1 il i R _orAma g —o0n oDl T ) o LR R D A i e am g L gy psma T O P X v - g smas R LT U P T X v - 3 s - R
g = — " 7 - Eda - = - o - bt - = -a - f S bt R Mt - =@ TR DR - - <
=~ , _ . . L < R g . A L N _ =~ _ _ _ ~ N _ =~

xyz: 500
rpy: 0 0-1.57

link4

robolb’s Pasi&om and
orientakion i the world
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Euler Angles

® Rotate about each axis in chosen order: R = Ry(©«) Ry(©y) R.(O)
1 0 0 0] | cos() 0O sin(f) O0]]|cos(#) —sin(f) O

0
0 cos(#) —sin(f) O 0 1 0 O||sin(f) cos(d) O O
0 sin(fd) cos(#) Of]|—sin(d) 0 cos(d) O 0 0 1 O
0 0 0 1 0 0 0 1 0 0 0 1

’AutoRob uses XYZ order:
iRz Ry Rx (X thenY then Z) §

® 24 different choices for rotation ordering

® R,(Ox):roll, Ry(Oy): pitch, R(O-): yaw

® Matrix rotation not commutative across different axes
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world

0 - - 2 o )
o
. " > g
¢
4 ]
)i -
a h
e 1
s 4
“ U
A A
b >, |
2R y
2t oA O e e Aze B4 La bR =~ 1o N
5 . » _ e N . -

link2

link3

xyz: 500
rpy: 0 0-1.57

link4

Dw, g Rw

recurse bto child Linke
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— -

} robot .base |

link2

link3

xyz: 500
rpy: 0 0-1.57

link4

Dw; * Rw;

recurse bto child Linke
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IMPORTANT:

“link1” is actually Link 0 as the base frame

(00XoVYo2zo)
with respect to the robot

This distinction is needed to say consistent
with the description in the Spong textbook
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Link frame used to
transform Link geame&rj

Dw, g Rw

I

Link linkl

vertices of Linkl
Link | i Linkl frame

link2 link3

xyz: 500
rpy: 0 0 -1.57

link4
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- Consider mstack to be
reference to the stack top

mstack= Dw, * Rw,

I

Link linkl

ko k3 | vertices of Linkl
Link | i Linkl frame
xyz: 500
rpy: 0 0 -1.57

link4
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mstack=

link2

{// transform of link wrt. world |
frobot.links[“1linkl”].xform = //this matrix}

Dw; * Rw;

I

link3

xyz: 500
rpy: 0 0 -1.57

link4

mstack ™ Linllink!

vertices of Linkl
in Linkl frame
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mu&iptv Linkl vertices bv
top of makrix sktack

mstack= Dw, * Rw,

I

Link werld=mstack* Linkink!

in global frame

link2 link3

xyz: 500
rpy: 0 0 -1.57

link4

Link
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mstack=

link2

link3

xyz: 500
rpy: 0 0 -1.57

link4

recurse to first child joint
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link2

link3

xyz: 500
rpy: 0 0 -1.57

link4

mstack= Dw,; * Rw,

recurse to first child joint
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world compute transform of child wrt. parent

mstack= Dw,; * Rw,

B f//joint origin position wrt. parent link
?wiﬁ“wawfrObOt.jOintS[”jointl"].origin.xyz
;//joint origlin orientation wrt. parent link
{ robot.joints[“jointl”].origin.rpy
link2 link3 oo oy AR oA A AN PO b AR oG o S

xyz: 500
rpy: 0 0 -1.57

link4
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compute transform of child wrt. parent

link2

mstack= Dw; * Rw,
Dw; * Rv,
|
link3 Jointl pasi&om and
orientation in Linkl frame
xyz: 500
rpy: 0 0 -1.57

link4

Lir«l

DI2>!<P\I2
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mstack= Dw, * Rw, * DI, % RI,
Dw, * Rw,
|

mu,iﬂf,?tv EQF' ca»f stack bj
local Eransform

link2 link3 jaim&l Pos&&om and
orientation in Linkl frame

xyz: 500
rpy: 0 0 -1.57

link4

Lir«l

|DI2>i<RI2
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link1
. xXyz:-250
rpy 0-00 \rpy: 0-01.57
link3
xyz: 500

rpy: 0 0 -1.57

link4

mstack= Dw, * Rw; * DI, * R,

2 ) ST = =
. - / - _ = - . - - _
\— g o e e L —— o, g - N g — g . ap . Z o e — A

i// transform of jOlnt wrt world
yrobot.joints[“jointl”].xform = //this matrix ¥

{// for now, assume no rotation of motors ¢

Jontl position and
orientation in Linkl frame

Lipi|

[)I2*1{I2
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mstack=

link2

link3

xyz: 500
rpy: 0 0 -1.57

link4

recurse to child Link

|3I2>!<RI2
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mstack= Dw,; * Rw, * DI, * RI,

recurse ko child Linike

xyz: 500
rpy: 0 0 -1.57

|3I2>!<RI2

link4
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mstack= Dw; * Rw; * DI, * Rl,

vertices of link?
in Link2 frame

xyz: 500
rpy: 0 0 -1.57

|3I2>!<RI2

link4
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Eransform Link2 vertices

world
| ko world frame
mstack= Dw; * Rw; * DI, * Rl,

Dw; * Rw;
|

Linkyworld=mstack™Link»link2

vertices of Link2
in global frame

xyz: 500
rpy: 0 0 -1.57

|_ink2

Lirkl
[P.4< D!,*R1,

link4
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mstack= Dw, * Rw; * DI, * RI,

Pug» rom wakbrix stack after
ransforming leaf node

link2 link3

xyz: 500
rpy: 0 0 -1.57

link4

|_ink2

|3I2>!<RI2
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world

global

l

xyz:5 30\ xyz:-250
rpy: 0-00 \rpy: 0-01.5

)
LY
+ G
he
E o
I ‘
t @ @
d
'l
B
A
()

link2

7

link3

xyz: 500
rpy: 0 0 -1.57

link4

mstack=

L

rom wakbrix stack after

ansforming leaf node

|_ink2

|3I2>!<RI2


http://autorob.org

link2

link3

xyz: 500
rpy: 0 0 -1.57

link4

mstack= Dw,; * Rw,

I

recurse ko second child jaiv\&
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mstack= Dw, * R,
|

recurse ko second child \jcwi;m&

link2 link3

xyz: 500
rpy: 0 0 -1.57

link4
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link2

link3

xyz: 500
rpy: 0 0 -1.57

link4

mstack= Dw,; * Rw,

recurse to second child joint
push top of makrix stack

|_ink2
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world

l

global

link1

xyz:530

xyz:-250

rpy: 0-0 0 \rpy: 0 -0 1.57

link2

link3

xyz: 500
rpy: 0 0-1.57

link4

mstack= Dw,; * Rw,

recurse to second child joint
push top of makbrix stack
compute Local transform

|_ink2
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world

global

l

link1

link2

xyz:5 30\ xyz:-250
rpy: 0 -0 0 \rpy: 0 -0 1.57

link3

xyz: 500
rpy: 0 0 -1.57

link4

mstack= Dw,* Rw,;* DIz % RI3

Dw; * Rw;

I

recurse to second child joint
push top of makbrix stack
compute Local transform

mu&iptj onte sktacke Eop

| DI *RI .
~. >3 NEERY

|_ink2
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mstack=

link2

link3

xyz: 500
rpy: 0 0-1.57

link4

recurse bto child Link

|_ink2
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mstack= Dw;* Rw; * DI3* Rl3

recurse bto child Link

xyz: 500

rpy: 0 0 -1.57 :
: N lnk2

link4
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recurse to child Link

mstack= Dw;* Rw; * DI3* Rl3

xyz: 500
rpy: 0 0-1.57

Cont> < ) . t P nk?2

link4
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recurse to child Link

mstack= Dw;* Rw; * DI3* Rl3

xyz: 500
rpy: 0 0 -1.57

link4
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mstack= Dw;* Rw; * DI3* Rl3

recurse through child joint

xyz: 500
rpy: 0 0 -1.57

link4
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link2

link3

link4

mstack=

recurse through child joint
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link2

link3

link4

mstack=

le K RWI K DI3>!< Rl3>!< D34>I< R34

le *Rwl K DI3*RI3

Dw; * Rw;

I

recurse through child joint

D3.*R3,

DI3>¥<RI3

|_ink2
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mstack= Dw; * Rw; * Dl3* RI3* D3, % R3,
Dw; * Rw,; * DI3* RI3
Dw; * Rv,
[
recurse through child Link

Link4

Linkgwerld=mstaclc*Linkglink4

- D34*R34

link2 link3

xyz: 500
rpy: 0 0 -1.57

|_ink?2
D I 3>¥<RI 3



http://autorob.org

link2

link3

xyz: 500

link4

mstack=

le K RWI K DI3>!< Rl3>!< D34>I< R34

le *Rwl K DI3*RI3

Dw; * Rw;

I

rpy: 0 0 -1.57

pop at leaf node

Link4

D3.*R3,

DI3*RI3

|_ink2
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mstack= pop:

Link4

rpy: 0 0 -1.57

|_ink2
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mstack= F?QP

Link4

xyz: 500
rpy: 0 0 -1.57

link4
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mstack=

link2

link3

xyz: 500
rpy: 0 0 -1.57

link4
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mstack=

link2

link3

xyz: 500
rpy: 0 0 -1.57

link4
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Forward Kinematics

Infer: pose of each joint and link in a common world workspace

(v]1) How to represent homogeneous transforms?
(v]2) How to compute transform to endeffector?

Assuming as given the: o000 \py0 0157
| CERCED
geometry of each link el

.robot’s kKinematic definition
Cants
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Forward Kinematics

Infer: pose of each joint and link in a common world workspace

(v]1) How to represent homogeneous transforms?
(v)2) How to compute transform to endeffector?

Assuming as given the: o000 \py0 0157
| CERCED
geometry of each link el

.robot’s kKinematic definition
Cants
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erresev\& mokion due
to joints

ranslakion and
Rotakion aboulk an
arbi;%mrv axis

Next class: quakernions
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