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Forward Kinematics & Decision Making
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Course Logistics

e Project 2 was posted on 01/31 and will be due on Wed 02/07.
e Quiz 3 will be posted tomorrow at 6 pm and will be due on Wed noon.
e Project 3 will be released on 02/07 and will be due on 02/14.
e Note: 3 Late Day Tokens are for the entire semester for P1-P6.
e |f you used 1 late token for P1, then you have 2 more for P2-P6.
e |f you used all 3 late tokens for P1, then you have no more late tokens left.

e After the late tokens and due date, you will have to ask Chahyon Ku (TA) to submit,
so we can consider the late submission with 25% penalty per day.

 Feel free to talk to Karthik during his OH if you have any questions about this.
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FAQs on P2

What to do in kineval/kineval robot init _joints.js?

kineval-ntthobotio uts & Jimetian toutiehot pdnes il robots/robot_mr2.js given to you has this information

// build kKinematic hierarchy by looping over each joint in the robot
// (object fields can be index through array-style indices, object[field]
// and insert threejs scene graph (each joint and link are directly connect to

specify and create data objects for the joints of the robot

5;  fbbbt.joints {};

// NOTE: kinematic hierarchy is maintained independently by this cade, not threejs 1
o robot. joints.clavicle_right_yaw = {parent:"base", child:"clavicle_right"};
s fjﬂf' robot. joints.clavicle_right_yaw.origin = {xyz: [0.3,0.4,0.0], rpy:[-Math.PI/2,0,0]};
var X,tempmat; o robot. joints.clavicle_right_yaw.axis = [0.0,0.0,-1.0];
for {x in robot.joints) { robot. joints.shoulder_right_yaw = {parent:"clavicle_right", child:"shoulder_right"};

robot.joints.shoulder_right_yaw.origin = {xyz: [0.0,-0.15,0.85], rpy:[Math.PI/2,0,0]};
- : ; . robot. joints.shoulder_right_yaw.axis = [0.0,0.707,0.707];
// give the joint 1ts name as an 1id

robot.joints[x].name = x;

robot.joints.upperarm_right_pitch = {parent:'"shoulder_right", child:"upperarm_right"};
robot. joints.upperarm_right_pitch.origin = {xyz: [0.0,0.0,0.7], rpy:[0,0,0]};

DSy I : I ~ = : robot.joints.upperarm_right_pitch.axis = [0.0,1.0,0.0];
// initialize joint angle value and control input value

robot.joints[x].angle = 9;
robot.joints[x].control = @;
robot.joints[x].servo = {};
//set appropriate serva gains far arm setpoint control
robot. joints[x].servo.p_gain = @.1;
robot.joints[x].servo.p_desired = 0;
robot.joints[x].servo.d_gain = 0.01;
/% STENCIL START =/
// STENCIL: complete kinematic hierarchy of robot for convenience.
// robot description only specifies parent and child links for joints.
// additionally specify parent and CHILDREN joints for each Llink

robot.joints.forearm_right_yaw = {parent:"upperarm_right", child:"forearm_right"};
robot. joints. forearm_right_yaw.origin = {xyz: [0.0,0.0,0.7], rpy:[0,0,0]};
robot. joints. forearm_right_yaw.axis [1.0,0.0,0.0];

robot.joints.clavicle_left_roll = {parent:"base", child:"clavicle_left"};
robot.joints.clavicle_left_roll.origin = {xyz: [-0.3,0.4,0.0], rpy:[-Math.PI/2,0,0]};
robot. joints.clavicle_left_roll.axis [0.0,0.0,1.0];

// specify name of endeffector frame

robot.endeffector = {};

robot.endeffector.frame = "forearm_right_yaw'";

robot.endeffector.position = [[@], [0], [0.5], [1]]

So we are asking you to populate the
* child (joint if any) of every link

eI STENCI B e parent (joint) of every link

}

M CSCI 5551 - Spring 2024 3



FAQs on P2

How do | go about kineval/kineval_forward_kinematics.js?

1T Answer world

_Lnahyon KU STAFF Q ENDORSED l
2 days ago traverseFKBase( ) global

You only need functions from kineval_matrix.js atthis point.

N

The suggested structure is: traverseFKLink( ) i mstack

xyz: 530\ xyz:-250
rpy: 0 -0 0 ypy: 0 -0 1.57

v 1. kineval.robotForwardKinematics() calls kineval.buildFKTransforms()

2. kineval.buildFKTransforms() calls traverseFKBase()

traverseFKJoint( )
3. traverseFKBase() calls traverseFKLink()
4. traverseFKLink() calls traverseFKJoint() traverseFKLink() link2
5. traverseFKJoint() calls traverseFKLink()
, traversing the kinematic tree in depth-first order from root (base) to leaves (links with no children).
Feel free to make your question public as it doesn't include your code :) Note: A link can have multiple child joints

Comment Edit Delete Unendorse ***
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FAQs on P2

How do | go about other robots (fetch, sawyer, baxter, etc)?

Project Page Instructions:

ROS uses a different default coordinate system than threejs, which needs to be taken into account in the FK computation for these three robots. ROS assumes that the Z, X, and Y axes correspond to the up, forward, and

side directions, respectively. In contrast, threejs assumes that the Y, Z, and X axes correspond to the up, forward, and side directions. The variable (slslel&Ils1 e {=1e] s Mgl slelazle. Will be set to true when geometries have
been imported from ROS and set to false when geometries are defined completely within the robot description file. You will need to extend your FK implementation to compensate for the coordinate frame difference when
this variable is set to true.

You can test and degug your implementation by opening home.html with parameters attached to the back such as ?robot=robots/robot_mr2.js ?robot=robots/robot_crawler.js ?
robot=robots/robot_urdf_example.js robots/fetch/fetch.urdf.js ?robot=robots/sawyer/sawyer.urdf.js ?robot=robots/baxter/baxter.urdf.js . Yourimplementation should look like this:

Check for the variable robot.links _geom_imported in side your traverseFKBase( )

Ed DISCUSSIOI‘I Project 2 TIpS: 3. As ROS -> threejs changes the front/left/up direction of the axes, it directly affects only the transform of

the base link and indirectly (through chained multiplication) affects all descendant joints and links. You
should not change the order of multiplications and only apply the matrix on the base transform! The
matrix for Y, Z, X (threejs) -> Z, X, Y (ROS) can be verified in the following way:

- s — . = - — - s — .

0 0 0 1 1 0
ol =R (1| 1] =®[o| o] = ]o
_1_ _1_ _1_ _1_ _1_ _1_
Each representing Y -> Z, Z -> X, and X -> Y conversions.
If robot.links_geom_imported is true (For Fetch, Sawyer and Baxter), then multiple the Global o4 Tworld
Transform from robot base to the world, with additional one on the right that maps ROS to robot_base robot_base

Threeds. —
M‘ CSCI 5551 - Spring 2024
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Please check Ed before coming to
the course staff in the OH!
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<robot namew=’'test robot">

Axis fleld specifies DOF axis of motion SRR
with respect to parent frame <lirk name='liokd’ />
<lirk name="linkd" s>
Can we translate ST NI
. . ’.'Z,c;;‘;‘x:.’m PP ~jolol name—"jolnll’ Lype-'coollavoue ™=
ab ?
OuUC an axis: o e T <parant link="lirkl"/>
s ) ( ez ) <child lirk="1ink2"/»
Can we rotate about | <origin xyz-*5 3 0" rpy-'C 0 D' 4
‘3 f | <azis xys="-0.9% €.18 0" />
an axis? Quaternions! e e | <foint>
e 104G
n D C-137 <loiot aame—"jolnL2' wype-'coulliauwoue ">
,..—L.\ <parant link="lirk1"/>
. e d : - "
e P - R . ’
o <child lirk="1ink2"/>
'I <origin xyz-*-2 5 ¢* rpy-*C 0 1.57" /=

caxis xyxe="-0.707 0.707 0" />
</io-nt>

<ioint aame="jointl' type='centiauoue”™
<paroat link="lirk3"/>
<child lirk="linkd"/~»
<worigin xyz-*5 0 0" rpy-'C 0 -1,57" /=
caxis xyzw="0.707 «0.707 0" />

<fio"nt>
Wole Jelowdsebnt o olanety e
“elhxd & h I naranad vl e 0 e </ rohat>
' roll-pitob-yaw datined Oy ROS as correaponding Lo K-y-2 =
Srhtep: //wikd, oo .ory/urdt /Tucoriala/Crpaeed 2 Dyouse 2 0ovn § 200 rObOts’rObOI: urdf exampler ‘ dd Ll 1
== worid -5 Joink? is revolute
S/ spacify ang créate data ohiects far tie joante of the robot
r 2 . N o A * *
- - —— - - W W | l *
Telut.dalute = 41 <joint name="jointl™ type="continuous"> G :hul) Dw|*Rw|mI2*RI2*Du'(qI) (‘J'“‘“D Dw/*Rw *D1#R !5 Ruz(ql)
i fnt] CLiakl” Riles 1irk2" <parent link="linkl"/> e i B Dw *Rw
=abot . 4o nta.jom..- {pazent:'1iakl", ohilé: '1ir ,: <child linke="link2"/> le*Rwl | |
robot. joiots.jointl.origin = {xy=: (0.5,0.5,0), zpy1(2,0,C))s <origin xyz="5 3 0" rpy="0 4 0" />
robot.joints.jointl.axis = [=1.0,0.0,0)3 7/ simpler axis <axis xyz="-0.9 0.15 D" /> hnsa I inxl |
- g ’ - 7 X
</joint> 7 TS G T i fe2:530Y xy2iez s ion abo it joi i joi
; i oo At 3 bhasssad PR TR L > y2: 250 ] —— ] S fxy2:5230% %y2: 250 rotation about unit joint axis u» olint state gz
BT AL T B PR N B POy s [ mea-no\prc <157 translation on unit joint axis u) scaled by joint state g Fy: 000 ypy: € € 157 | by J d
robot.joints . joint2.origin = {xyz: |=U.2,0.%,01, ﬂjoints ecifies ) - //30int motor rotation axis
robot.joints.joint2.axis = [-0.707,0.707,0]; P i, [ Y : PR (P s, ¢ & i i z
PR *“parent’ and “child” links ( jointl R ¢ junt2 /4 tramaform of joint wrt. 'world, - ; \Jowts ) I entZ e- robot.. jointe[*jointZ”J.axis = [0.707,0.0, 0.707]
FERC 4 — T ey rohot. jaints!“jointl "] .xfor= = //hin —atrix+4 = - - et
~ohot., jeints.jeintd = (pa=ent:'link3", ehild:'1ird* Transform parameters for joint wrt.link frame ‘ . I { ——
zabot. jelnte. jointd.origin = {xym (0.5,0,0), mpys  *“xyz":T(xy2) I'..}.;il |.....a e b / /‘\.fz\.
robot,jciots.joint3.axis = [0.707,«0.707,0]; 0"rpy": Rx_(mll),ﬂy(pitth). RlW) ‘ ' |/'-\ //"
KR i amesn e s u e oo e nintt axde” of metion'ior DOE wyz: 800 xyz: 500 \k:}
T P R P ) I e : 2 = roy: € 3 -1.57 rpy: € D -1.57
DEFING LINE threeis GDOMSTRIES *“type” of joint motion for DOF state“angle v o
CISEL A iisisiieeisiieiseciriii/il o Ycontinuous” for rotation wichoue limits jonta ) _Jant3 )
*“ravolute"” for rotation within limics 2
/4 threeis grometcsy defiaition template, will be 2 < ot b Ny A Sy
' h A R ; .| =“prismatic" for transhation within limits X ——
v Lreale -4 .'i‘(..'.l :0!,14A'L ir P 4 SLd ~HoCE JAaLO Jal | h"k4 "k‘

Rotation by Quaternion L ety ¥ D R ¥D) TR Raaq) DR Rus(a)
q = [cos(OJ2), u, sin(©f2), u, sin(CI2), u: sin(O/2)] 3 — "
« Folaticns are represerted by unil guaternions (:'g,m,‘) D *Rw *D1s*R 1 3*R,2(q2)
2) convert quateriion bo rotakion makrix -~ D FRw,
« guaternion is pont on 4D urit sohere geometncally ; 5 _ T :
» Innomogeneous conversion lo 30 rolalion matrixof = [w @ @ @) = |
* Quaeion g ={au) =a+ oi + of + dk = ( cos(©/2), u sin(@/2) ) _ . ’ T -
= ‘rCC'S(@/? , Uy 3-'.'7(9/2), Uy S'.n(@,'?), Uz s:i?(el;‘&:)" 1- 2(93 + q:{) 2(91?} ~ox qu:s) Z(%QQ + 91(13) 1‘:';;.0 0 U‘ﬂ:;; R R,
o 2(qgs | Goa) 1 2(q7 | q5) 2(geda  qom) S e
* U= [UnUy,u-]is rotaticn axds, @ rotaton angle 2(q1ga — qoga) 2(gqom1 +2q3) 1—2(¢ +¢3) . S _l, 2
« Rotating a 30 oo nt p by unit quaternicn gis paerformed by conjugation of vby g or equivalently, hcrogeneous conversion o k3
« V=qvg', where gl =a-u, w+a-@-a  2Anm—aus) 29+ q4s) }1‘.’.‘;3?.1,-
Aqga+qos) G—G+G—aq7  2(g:9 — q4:) o
¢« quarerion v s canstructad from point pas v=0+ p= 70+ pJd + D + p:k 2(103 — Goga) 2qc8: +q2q3) GE—-@ -2+ Cpirts 3
« ratated paint p' = |V V' V2] is pullea fram quaternion resulting from conjugation » Rolation malrix o qualernion can also be performed m
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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.

— Inverse kinematics: infer the %  IR
Joint states to reach a desired ena- %

effector pose.
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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: )_ Ll
e robot’s kinematic definition L
e geometry of each link

e current state of all joints
- zero configuration
- add motor motion

M/{Li}'\ CSCI 5551 - Spring 2024 Slide borrowed from Michigan Robotics autorob.org
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Forward kinematics: many-to-one mapping of robot configuration to
reachable workspace endeftector poses

M CSCI 5551 - Spring 2024 Slide borrowed from Michigan Robotics autorob.org
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Forward kinematics: many-to-one mapping of robot configuration to
reachable workspace endeftector poses

NERY
0 e,
T6
Transform of endeffector
wrt. base Endeffector
-~ | (Frame 6)
(Frame 0)
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Workspace: 3D space defined in the global frame

NERL
0 o,
T6
Transform of endeffector
wrt. base Endeffector
-~ | (Frame 6)
(Frame 0)
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Kinematic chain: connects N+1 links together by N |oints;
with a coordinate frame on each link

/ Transform of endeffector ‘6
wrt base Endeffector (
sase | (Frame n)

(Frame 0)

M} CSCI 5551 - Spring 2024 Slide borrowed from Michigan Robotics autorob.org
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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 |
is @ child of
joint |

Joint |

. F— Link O is the parent
4ﬁ$ ‘Jl//j/ of joint |

el

n

6;, 1 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 |

6;, 1if revolute

“ d;, 1f prismatic

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

1—1 1—1

Link O is the parent U 1

of joint | such that frames in a kinematic chain
are related as by T

Ai—}—lAi—I—Z — Aj—lAj if 1 <9
=41 if i = 5
(7)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}

)\
‘,\» 0,
N\

-
>

Global
(Frame w)

-
T

—_— / T \
Endeffctor

Base
(Frame 0)

M/{Lf}ul\ CSCI 5551 - Spring 2024 Slide borrowed from Michigan Robotics autorob.org
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Forward kinematics restated: Given q, find T,
W, transforms endeffector into workspace

M CSCI 5551 - Spring 2024 Slide borrowed from Michigan Robotics autorob.org
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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?

M CSCI 5551 - Spring 2024 Slide borrowed from Michigan Robotics autorob.org
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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

| 1 2
Te T, 15

0\ /
up’ M-,

S, A

g/

s 2

s o

L,

- L e e e o o - o . -
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1) How to represent homogeneous transforms??
2) How to compute transform to endeftector?

-

S [
-

o
N\ « T

S =

L,

) : y c R — i G e = - g . _
=8 o SPOR N 2 G - PTNS ol D o i ]
v . e - Ao o8 = r g R e e D i 2 s ¥ AL Pl 7 )
=\ — J7F o _
_ g <
b
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Homogeneous Transform

defines SE(2): Special Euclidean Groug 2
1) How to represent homogeneous transforms? o Tor
H= ||Rwo Run

T
d. =[R2x2 d2xl]
A0 x| Oz

. 3 ‘:\‘ XyZi=2
a0\ 013 H € SE(2) Raxz € 50(2) ‘daxi € R

f rey: 0 -0 0'{;)?.': 0-01.57

b o i -
(Joincl 3 { joint2 )

Assuming as given the;: e

e geometry of each link | (i 3D Homogeneous Transform
JE - . Foo R Rez do
e robot’'s kinematic detinition " o= B Bu R | [Roo dyl ¢ g
:; (0 0 0 1
ke if TP € SE(3)and T3 & SE(3) then composition holds:
[1[?;1' "l‘f [ ‘:"'1’ "l'z ] _ [ R[l:,R‘l’ R(."’l.’l" ‘ﬁl)]

2) How to compute transform to endeffector? P = TOTSp?

Zero
Assuming as given the:

configuration
¢ g eometry Of eaC h | 1M k workd | motor transform affecks outboard chain | workd | Jounkz is revolute
Saeoay mstack= Dwi*Rw *D3*R!*D.i(ai) ( /'i;hl.::l\:) DR "D LR Relg:)
"~ - ‘T' D *Rw
|

Matrix Stack Reloaded e robot’'s kinematic definition = D
= +current state of all joints ... | L T

. b vk AV B
resotr. jainea| vjoin=ij.axis =« 10.707,0.0,

Linkaworsmstac k*Linky'inks
=(D R~ *D1 R 5*D,1(q 1)) *Link; nk2

A ;
Cronts 3 (ontz ) transformec into pose in the world frame

fiiio‘ o\ s 157 Geometry vertices of link1 can now be
motor motion

29
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Can a joint move infinitely tar?

HEAD PAN JOINT /— TCRSO LIFT JOINT
HEAD TILT JOINT /

SHOULDER PAN JOINT

UPPERARM ROLL JOINT
ELBOW FLEX JOINT —
FOREARM ROLL JOINT —

WRIST FLEX JOINT
WRIST ROLL JOINT

GRIPPER JOINT—\ \

BASE

CSCI 5551 - Spring 2024 Slide borrowed from Michigan Robotics autorob.org
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Joint Limits

Prismatic joint description

< 3 i ; . o s L i HEAD PAN JOINT /TCRSOLIFTJOINT
<joint name="torso_lift_joint" type="prismatic"> HEADTILT JOINT /
<origin rpy="-6.123E-17 @ @" xyz="-0.086875 0 0.37743" /> SHOULCER PAN JONT /
<parent link="base_1link" /> SHOULDERLIFTJOINT—\ \\ \
<child link="torso_lift_link" /> UPPERARM ROLL JOINT — N\
<axis Xy2="0 0 1" /> ELBOW FLEX JOINT —— N \
- i FOREARM ROLLJOIN'—\ \ \ ,
<limit effort="450.0" lower="0" upper="0.4" velocity="0.1" /> ___ _ on \ \\\
<dynamics damping="100.0" /></joint> WRIST ROLL JOINT _\ \ \ \ '
\ n

GRIPPER JOINT Vs
W\ >

Revolute joint description

<joint name="shoulder_pan_joint" type="revolute">
<origin rpy="0 @ 0" xyz="0.119525 0 0.34858" />
<parent link="torso_lift_1link" />
<child link="shoulder_pan_link" />
<axis xyz="0 0 1" />
<dynamics damping="1.0" />
<limit effort="33.82" lower="-1.6056" upper="1.6056" velocity="1.256" />
</joint>

Continuous joints have no limits

M CSCI 5551 - Spring 2024 Slide borrowed from Michigan Robotics autorob.org
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Joint Limits

Prismatic joint description

= & it ' e - m ) ) 2 HEAD PAN JOINT f TCRSO LIFT JOINT
<joint name="torso_lift_joint" type="prismatic'> HEAD TILT JOINT )
<origin rpy="-6.123E-17 0 0" xyz="-0.086875 0 0.37743" /> SHOULDER PAN JOINT — ’//

<parent link="base_link" /> SHOULDER LIFT JOINT —

\\\\ \\ \
<child link="torso_lift_1link" /> WWWMWRmmeV—\ \\\
<axis xyz="0 0 1" /> ELBOWFLEXJOINT—\
{ | VT TR i ——— memsovammemany  FOREARM ROLL JOINT— \ i
j<limit effort="450.0" .1we Mupper‘ =9 4 .,Veloclty— 01: 1/ 2.3 WRIST FLEX JOINT \
<dynam1C5 damp1ing="100.0" /></J01nt> WRIST ROLL JOINT _\ \ \ t

GRIPPER JOINT—\ \

Revolute joint description

<joint name="shoulder_pan_joint" type="revolute'>
<origin rpy="0 0 0" xyz="0.119525 0 0.34858" />
<parent link="torso_lift_1link" />

<child link="shoulder_pan_1link" />

<axis xyz="0 0 1" />
<dynamics damping="1.0" />
L limit effort="33.82" lower-" 1 6056" ‘upper="1.6056" velocity="1.256" /> }

BASE
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?ﬁrobot.joints.torso_lift_joint = {parent:"base_link", child:"torso_lift_link"};

 1robot.joints.torso_lift_joint.axis = [0,0,1];

b

i robot.joints.torso_lift_joint.type = "prismatic";

'frobot.joints.torso_lift_joint origin = {xyz: [-0.086875,0,0.37743], rpy:[-6.123E-17,0, 8]}

i,robot.joints.torso_lift_joint 11m1t {lower 9, upper 9. 4}

Prismatic jOI Nt descri ptiOﬂ e —————

=

2 B & . P e o 5 . HEAD PAN JOINT /—TCRSOLIFTJOINT
<joint name="torso_lift_joint" type="prismatic'> HEAD TILT JOINT )
<origin rpy="-6.123E-17 0 0" xyz="-0.086875 @ 0.37743" /> snoumeammo.m

<child link="torso_lift_Llink" /> UPPERARMROLLJOINTﬁ
ELBOW FLEX JOINT —

<axis xyz="0 0 1" /> | | | '\\
¥ ' : ‘ " " — " : 6 - " - : " " " ‘ FOREARM ROLL JOINT —/\ \ ps _
| <11m1t _»eo,tl-v_ 450.0" lgwe upper— 0 4 HveocAlty- 1: 1/> RIS FLEX, JOINT \ ‘g..g.&__.
<dynamics damping="100.0" /></301nt> WRIST ROLL JOINT T \ \ t
GRIPPER JOINT P Z,.. ‘ L, | ol

<parent link="base_link" /> SHOULDERLIFTJOINT—\ “_ \ \
. . . . ST /"
\

RGVO‘UJ[G Olﬂt deSCHpUOn fut-'ints.shoulderpan ]omt {pant "torso_ llft Lmk", chlld "shoulder _pan_ llnk"}

robot. joints.shoulder_pan_joint.axis =

<joint name="shoulder_pan_joint" type="revolute">  } rovot.joints.shoulder_pan_joint.type =
<origin rpy="0 0 0" xyz="0.119525 0 0.34858" /> | IOl skt lonn e o
<parent link="torso_lift_Llink" /> Ao e
<child link="shoulder_pan_link" />

<axis xyz="0 0 1" />
<dynamics damping="1.0" /> o
kUinit effort="33.82" lower="-1,6056" upper="1.6056" velocity="1.256" /> }
</joint> | |

M CSCI 5551 - Spring 2024

gl

T

[0,0,1]; ,
"revolute”; !

{xyz: [0.119525,0,0.34858], rpy:[0,0,0]}; ‘
{lower —1 6056 upper 1 6056}
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Important notes
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Important notes

* Rotation order | use: XYZ (RzRyRx)
e vector_cross(): code stencil tests for and uses this function

* A joint and its child link will share the same coordinate frame
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Kinkval joint cylinder rendering

® threejs creates cylinders with axes alighed along y-axis

® you need to implement vector cross() for KinEval to render joint
cylinders properly along joint axis

aligned

ot alighed
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Global controls for base

® Assume we have a base that is holonomic wrt. ground plane
® holonomic: can move in any direction

® kineval userinput.js assumes:

®, W | E R

move left  forward move right

How to Perﬁfarm Ehis

base movemenk? A ' S D
turin Left backe buri right
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Transtorm vectors for
heading (local z-axis)
and lateral (local x-axis)
of robot base into world
coordinates

Store transformed
vectors In variables
‘robot_heading” and

‘robot lateral”

Forward heading.
of the robot

Lateral heading~

of the robot
DA

CSCI 5551 - Spring 2024

kineval

just_starting [

* User Parameters

* Robot

* Forward Kinematics

* Inverse Kinematics

* Motion Planning

* Display

* Geometries and Axes
display_links v
display_links_... B
display_base_...
display_joints
display_joints_...
display_joints_...
display_joints_...
display_wirefr...
display_collisi...

* Colors
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Decision Making




goal state

Robot Control Loop

System /
Plant

state | X

a Motion u
action Control control forces

Decision
Making

state estimate
Xd %

X
Perception
partial
observations
CSCI 5551 - Spring 2024 Slide borrowed from Michigan Robotics autorob.org


http://autorob.org

goal state

Robot Control Loop

decide how to act generate motor advance state in time
in the current state forces for action wrt. dynamics
a = 1n(X,Xd) U = a(x,Xd) Xt+dt = (X1, Ut)

Decision
Making

a Motion u System /
action CO ntrOI control forces Plant

state estimate

Xd )/}

_ Z
Perception

partial
observations

X=972) z = g(x)

estimate best model of robot only sees part of
the true world state the true world state
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goal state

Autonomy

decide how to act generate motor

in the current state forces for action
A

a = mn(X,Xd) U = a(x,Xd)

Embodiment

advance state in time
wrt. dynamics

Xtr+dt = (X1, Ut)

Decision a Motion u System /
Making action Control control forces Plant
state belief state | X
Xd )/}
_ Z
Perception
partial

N
— y-1
X=9g7(z)
estimate best model of
the true world state

CSCI 5551 - Spring 2024

observations

Z = g(x)

robot only sees part of
the true world state
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Task State-Action Embodiment

decide how to act generate motor advance state in time
in the current state forces for action wrt. dynamics
N
a = m(X,Xd) U = a(x,Xd) Xt+dt = (X1, Ut)

Decision Motion u System /

Making COntrO| control forces Plant

state b/e\lief state | X

goal state Xo X
_ Z
Perception
partial

observations

X=97(2) z = g(x)

estimate best model of robot only sees part of
the true world state the true world state
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deliberat
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Should your robot’s decision making

fully think through react quickly to
solving a problem!? changes in its world?
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Deliberation v. Reaction

o
9
4
Q.
L)
%)
b
o
.

—f§r  Actuators

modelling

planning
task execution
motor control

reason about behavior of objects

plan changes to the world

——————

controllers acting in parallel monitor changes
: Sensors ——P» ——— —P Actuators
subsumption, o build mape
Finite State Machine
explore
B wander
avoid objects
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spectrum

4 DELIBERATIVE REACTIVE

- Leb | ; , ~a sk

“emprete | purely Symbolic : Reflexive raster

Adaptive ) ' Cheaper
OFRMQL SPEED OF RESPONSE More robust
Slower RIS Forqgetful

- PREDICTIVE CAPABILITIES

Requires DEPENDENCE ON ACCURATE. COMPLETE WORLD MODELS Requires a
ﬁOMPL&&Q MOC&.Q.L - B R R IR ﬁOMPL@fQ C&QSQSM

of the world | Representation-dependent Representation-free of the problem
Slower response Real-time response

High-level Intelligence (cognitive) Low-level Intelligence
Yarlable latency Simple computation
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Retlexive

REACTIVE

~.
V)

O
P -- - - - --- -
=
!
X

LL]

L
=
-
i
17
o
-
L
Q

Purely Symbolic

227

9
o
=
©
>
3
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Reflexive

https://www.youtube.com/watch?v=|CB3pd-wBw(
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—= Actuators

Sensec
Model
Plan
Act

Deliberation o

“Sense-Plan-Act” paradigm

® sense: build most complete model of world

-

® GPS,SLAM, 3D reconstruction, affordances g g ==

® plan: search over all possible outcomes

® Graph search, Roadmap planning

® act: execute plan through motor forces

® PID control, Model predictive control
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tanley (Grand Challenge)

-¢£
) ‘
: .'3--«;\ .lJ‘ 'M’ ‘vl

Road detectlo

Navigation - 3 A , 2005
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MIT Talos (Urban Challenge)

2007
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RN, 2013
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Deliberation
requires a model of the world
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Laser Rangefinder
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multaneous Localization
and Mapping
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~—

-~

Autonomous robot navigation
from previously built map

CSCI 5551 - Spring 2024 Slide borrowed from Michigan Robotics autorob.org



http://autorob.org

Michigan Next Generation Vehicle (Eustice, Olson et al.
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Autonomous [ransportation

Michigan Next Generation Vehicle (Eustice, Olson et al.)
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REACTIVE

Retlexive

more common
example???

Slide borrowed from Michigan Robotics autorob.org


http://autorob.org

REACTIVE
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Explore

Re a Cti O n Wander Around

Nensors —= = Actuators
Avold Obstacles

® No representation of state

Avold Collision

® Typically, fast hardcoded rules

® Embodied intelligence

® behavior < control + embodiment

® Stigmergy (e.g, ant scouts using pheromones)

® Finite State Machines

® Most common

® Subsumption architecture

® prioritized reactive policies
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Roompa cleaning pattern

roomba cleaning "pattern’

miro ledajaks

.
e =L 196 views

https://www.youtube.com/watch?v=G4ocrevf4dng
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Vacuuming Finite State Machine

’ ".' PR -
o //’ ", \
) .'g‘.{-.f ’!ﬁ% R N\ N\IS
O BN TAW Il'b"':‘"“ o=

N IR B ~

o e S e et

——— -l e .
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Manipulation Gaits

Collections of robust
manipulation controllers
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How do we computationally
represent reactive control?



Finite State Machines

e Components
* alphabet (or inputs)
* “Observations” In robotics
e gstates (some robot action)
* transitions (between states)

* stopping condition

« Commonly, implemented as switch-case or

f-else within a while loop

state

transition

»
Opened

E: open door

g

close door open door

/

transition condition

entry action

2
Closed

E: close door

CSCI 5551 - Spring 2024
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‘nice” recognizer

e recognize the string “nice” from input
e |f Inputis “nice”

* Output success

o |f iﬂpUt not “nice” not_n not_| not_c not_e e

* Output error

e robotics uses
o preconditions (enter state)

» postconditions (exit state)
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state + start

while state != success and state != error
token < <next string character from input>
switch (state):

case start:
If token = “n” then state < n_found
else state < error
break

case n_found:
If token = “1” then state <« 1_found
else state < error
break

case i_found:
If token = “c” then state + ¢_found
else state < error
break

case ¢_found:
If token = “e” then state « success
else state < error
break

end while loop
oufput « state

/M\ CSCI 5551 - Spring 2024

‘nice” recognizer

w%

not_n not_| not_c not_e

Consider input: “nice”
Consider input: “robotics”
Consider input: “niece”
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\Vlove to objects In' s

 How to move a mobile robot to a given

sequence of objects?

e vellow ball

e green/orange landmark

* pink landmark

e orange/green landmark

CSCI 5551 - Spring 2024

CUUC

nce”’

i
¢
' .
L=
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Object Seeking

http://www.youtube.com/watch?v=-hOAQ{MU
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nce”’

1

Move 1o objects In seque

s
-

e \WWhat are the states?

e \What are the transitions”

e Preconditions for states?

e Postconditions for states?
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Object seeking FSM

close enough to

Go to vellow ball ellow ball Clolfe

green/orange

close enough to close enough to
O/G marker G/O marker
Goto -_— Goto
orange/green close enough to pink marker

pink marker
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Object seeking FSM

How to implement state?

Go to vellow ball

close enough to
O/G marker

Goto

orange/green

How to detect “close enough”?
close enough to

yellow ball Goto

green/orange

close enough to
G/O marker

‘ Clolfe
close enough to pink marker

pink marker
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FSMS fOter Tsks

-

“'.’n s . b — - ;-
— -
\ . . -~ ’ ] _-\? 9 : - A r
N
-

~ -
- . !
. 3

Robot foraging”?

Robot tennis/pong”

Pushing a ball into a goal”

Vacuuming a room
Driving a car”
Robot dancing!
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kineval
| just_starting -
* User Parameters

* Robot

* Forward Kinematics

. persist_pd

. update_pd_clock i}

update_pd_da...

y * torso_lift_joint
shoulder_pan_joint
shoulder_lift_joint
upperarm_roll_joint
elbow_flex_joint
forearm_roll_joint

* wrist_flex_joint

» wrist_roll_joint

* gripper_axis

* head_pan_joint

* head_tilt_joint

* torso_fixed_joint

* Inverse Kinematics
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www.Bandicam.co.kr

heostar
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noah
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Most Visited = Mac keyboard short... & Getting Started Apple Bing Google Wikioedia ﬂ Facebook Linkealn The Weather Channel

[ kineval

just_starting 7]

* User Parameters

cheeruko  Robot

* Forward Kinematics

persist_pd
I update_pd_clock @i
Iupdate_pd_da... %
* torso_lift_joint

* shoulder_pan_joint

* shaulder_lift_jaint
» upperarm_roll_joint
+ elbow_flex_joint

* forearm_roll_joint

b wrist_flex_joint

* wrist_roll_joint

¥ gripper_axis

* head_pan_joint
¥ head_tilt_joint

* torso_fixed_joint

' Inverse Kinematics

Close Controls
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| Kineval

just_starting [
* User Parameters
* Robot
* Forward Kinematics
| persist_pd 1}
update_pd_clock B
update_pd_da... ¥
* clavicle_right_yaw
* shoulder_right_yaw
. - ) * upperarm_right_pitch
tg rOeC h e 2 8 N __ ‘ ' * forearm_right_yaw
) ' * clavicle_left_roll
* Inverse Kinematics

e lne] * Motion Planning

* Display

= —_— ' : _— — Close Cantrols
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ankit
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cszechy
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cszechy
ohseejay
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| et's generalize FSMs
for robot control

CSCI 5551 - Spring 2024
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Subsumption Architecture

|Brooks 1986]

Generalization of FSM-based control

Collection of modular reactive controllers in a priority hierarchy
Controllers can be FSMs

Large nested if-else statement

Most robots are controlled by some form of subsumption
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Subsumption Architecture

if (level3_condition)
u < level3_conftrol
else if (level2_condition)
u < level2_control
else if (levell_condition)
u < levell_control
else

u < levelO__control

‘*-
- O a

(x)

Sensors

(u)

Actuators
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Subsumption Design Process

1. Divide your problem into basic competencies ordered simple to more complex.
Designate a level for each basic competency.

2. Subdivide each level into multiple simple components that interact through shared
variables. Limit the sharing of variables among levels to avoid incomprehensible code.

3. Implement each module as a separate light-weight thread. You might think of
setting the priorities for these threads s.t. modules in a given level have the same priority.

4. Implement "arbitration"” processes for suppression and inhibition as one or more
separate that serve to control access to shared variables. You might want to control
aCCess using semaphores.
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Subsumption for robot soccer

* Propose modules and priority”?

v

i
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What behavior will
result’”

1.Avoid IR Wall

2 . Avoid Robot
3. Avoid Fiducial
4.Bumper Hit
5.Go To Opposite Goal
0.Go To Any Goal
/ .Line Up On Bal
8.Go To Ball
9.Score Goal
10. At Ball

1. Look For Ball
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1.Avoid IR Wall

2 . Avoid Robot

3. Avoid Fiducial
4.Bumper Hit
5.Go To Opposite Goal
0.Go To Any Goal
/ .Line Up On Bal
8.Go To Ball
9.Score Goal
10. At Ball

1. Look For Ball

Snappy’s Subsumption:

Goal Scoring

Goal Scoring Challenge - Put ball on oranqge

y 1"‘]
A ‘c

CSCI 5551 - Spring 2024
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1.Avoid IR Wall

2 .Avoid Robot

3. Avoid Fiducial
4.Bumper Hit
5.Go To Opposite Goal
0.Go To Any Goal
/ .Line Up On Bal
8.Go To Ball
9.Score Goal
10. At Ball

1. Look For Ball

Snappy’'s Subsumption:

Navigate to Ball

CSCI 5551 - Spring 2024
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Snappy in competition

: B
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Are there other methods of
decision making”



Types of Decision Making

Deliberative (Planner-based) Control

® “Think hard, act later.”

Reactive Control

® “Don’t think, (re)act.”

Hybrid Control

® “Think and act separately & concurrently.”
Behavior-Based Control

® “Think the way you act.”
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Next lecture:
Inverse Kinematics
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