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Robot Control Loop

Decision a Motion System /
Making action Control control forces Plant
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goal state

Robot Control Loop

decide how to act
in the current state

a = 1n(X,Xd)

Decision

Making

Xd

generate motor advance state in time
forces for action wrt. dynamics
U = a(x,Xd) Xt+dt = (X1, Ut)
a Motion System /
action Control control forces Plant

state estimate state § X
A
X
_ Z
Perception
partial
A observations
xX=g7'(z) Z = g(x)
estimate best model of robot only sees part of

the true world state the true world state


http://autorob.org

Autonomy Embodiment

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

Decision a Motion System /

Making action Control control forces Plant
goal state state b/e\lief state | X
Xd X
_ Z
Perception
partial
- observations
X=g'(z) Z = g(x)
estimate best model of robot only sees part of

the true world state 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 = n(X,Xqd) U = a(x,Xd) Xt+dt = (X1, Ut)
Decision d Motion u System /
Making action Control control forces Plant
state b/e\lief state | X
goal state Xo X
_ Z
Perception
partial
= observations
xX=g7'(z) Z = g(x)
estimate best model of robot only sees part of

the true world state the true world state
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Robot Decision Making
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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

—§> Actuators

sl &
b~ —
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planning
task execution
motor control

reason about behavior of objects

W

plan changes to the world

reaction: identify objects
controllers acting in parallel ‘ monitor changes
SUbsumPﬂOn, Sensors ——P» — Actuators
. . . build maps
Finite State Machine - -
explore
wander

avoid objects
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Low-level Intelligence
Simple computation

Slower response
High-level Intelligence (cognitive)
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® sense: build most complete model of world

Deliberation

“Sense-Plan-Act” paradigm

e GPS, SLAM, 3D reconstruction, affordances pilac—si |

plan: search over all possible outcomes

® Graph search, Roadmap planning

ct: execute plan through motor forces

® PID control, Model predictive control

—= Actuators
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Stanley (Grand Challenge)

.

Road detegflo

Navigation
costmap

2005
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MIT Talos (Urban Challenge)

2007
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Deliberation
requires a model of the world
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Laser Rangefinder
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Simultaneous Localization
and Mapping
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-

Autonomous navigation
from previously built map
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ROB

550 BotLab / EECS 467 Escape Challenge

Command Speed:

0.60

Right Wheel Trim: (%)

0.00

Available Pose Traces

ODOMETRY

C.}.n Traces

Exploration State

Finding Key
Grabbing Treasure
Escaping Map
Completed Exploration
Failed Exploration

Reset Exploration States

Global: (3.91,0.53) Cell: (178,110) Log-odds: 0 TRUE_POSE: (2.71,0.12,0.82)

Jasmine Liu. et al.
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Michigan Next Generation Vehicle (Eustice, Olson et al.
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Autonomous lransportation

Michigan Next Generation Vehicle (Eustice, Olson et al.)
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| 4 DELIBERATIVE REACTIVE

Retlexive

Purely Symbolic
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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

® Mmost common

® Subsumption architecture

® prioritized reactive policies
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Roompa cleaning pattern

roomba cleaning "pattern’

miro ledajaks

o g 196 views

https://www.youtube.com/watch”?v=G4ocrevidng
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Vacuuming Finite State Machine
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< C @ Secure https://www.technologyreview.com/s/400145/honey-theyve-shrunk-the-rover/

MIT
Technology
Review

A’ Wealth & Investment
Management

Ghengis hexapod robot

Intelligent Machines

Honey, They've Shrunk the Rover

The Sojourner vehicle that trekked across the Martian surface
captured the world's fancy last summer, but we haven't seen
anything yet. Next will come rovers that can roam miles across
Mars and “aerobots” able to survey other planets.

by Eric Scigliano  January 1,1998
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MIT Genghis
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MIT Genghis
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Embodied Intelligence

e Do we need to model the world
or build sophisticated
controllers?

Love, they are attracted by the light

e Embodied intelligence: robot

: oF V- Tiny Braitenberg Vehicle
behaVIOr reSU‘tS frOm \\\ /Q\ \\\ http://vimeo.com/5664333

embodiment acting in | "\
environment ‘ ,

e Braitenberg vehicle . ;

* “Venhicles: Experiments in synthetic
psychology” (1984)
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Random Walk: Goal Seeking

® Move in a random direction

until you hit something /,,,--

® Then go in a new direction

® Stop when you get to the goal,
assuming it can be recognized

S

Lisa Miller, http://www.youtube.com/watch?v=VBzXDrz8rMI goal: exit here
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swarm Intelligence: Formations

247 = y

* collective behavior of decentralized, selt- \ % /?’1 /
organized systems, natural or artificial \\ SN
: - % gt
complex group behavior emerges from 1LY I/
combination of simple local controllers “‘ 7 / ’
N N
o . <
 Reynolds’ Boids (1987) for tlocking | L NG /
. ’/

Separation: steer to avoid Alignment: steer towards the Cohesion: steer tfo move toward the
crowding local flockmates average heading of local flockmates average position of local flockmates
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Swarm Intelligence: Box clustering

—

Robot Creates

f Autonomy Lab, 26 Jiihe2007

https://www.youtube.com/watch?v=b_kZmatgAaQ
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How do we computationally
represent reactive control?



Finite State Machines

1
Opened

e Components

state

* alphabet (or inputs)

E: open door

g

close door open door

e gstates (some robot action) /

transition

e “Observations” In robotics

transition condaition

* transitions (between states)

2

* stopping condition Closed

E: close door

« Commonly, implemented as switch-case or entry action
f-else within a while loop
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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
» 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 ="I” 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
output « state

‘nice” recognizer

Q@w

not_n not_| not_c not_e

Consider input: “nice”
Consider input: “robotics”
Consider input: “niece”
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 How to move a mobile robot to a given

\Vlove to objects In S

e

equence’

h‘\ (7

: 4
RR—

sequence of objects?
e yellow ball

e green/orange landmark

* pink landmark

e orange/green landmark
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Object Seeking

http://www.youtube.com/watch?v=-hOAQ{MU
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e \WWhat are the states?

e \What are the transitions”

e Preconditions for states?

e Postconditions for states?

\Vlove to objects In S

. -

equence’

h‘\ (7

: 4
RR—

e EXxercise: try sketching these out
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Object seeking FSM

close enough to

Go to vellow ball —Y—)ellow ball

Goto

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? How to detect “close enough”?
close enough to

Go to vellow ball —Y—)ellow ball

Goto

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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Robot foraging? s

Robot tennis/pong”

Pushing a ball into a goal”

Vacuuming a room

:. F < 5“ :“ m !m . | Z?'c- A PSS EeuE . AN s v m -‘
¥ ¢ '

Driving a car”

Robot dancing!
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Assignment 4;
FSMs for robot dancing



kineval
just_starting [
* User Parameters

* Robot

* Forward Kinematics
persist_pd
update_pd_clock @

update_pd_da...

 * torso_lift_joint

.

shoulder_pan_joint

-

shoulder_lift_joint

.

upperarm_roll_joint

b

elbow_flex_joint

.

forearm_roll_joint

.

wrist_flex_joint

b d

wrist_roll_joint

* gripper_axis

* head_pan_joint
* head_tilt_joint

+ torso_fixed_joint

' Inverse Kinematics

P Mntinn Planninn
Close Controls
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www.Bandicam.co.kr

heostar
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Most Visited Mac keyboard short... ¥ Getting Started Apple iCloud Yahoo Bing Google Wikipedia Facebook Twitter LinkedIn The Weather Channel Yelp
kineval
just_starting [ ]

* User Parameters

CﬂeerUkO * Robot

* Forward Kinematics

persist_pd v

update_pd_clock @
update_pd_da... @

W

* 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

Close Controls

\{)
N
=
L
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Kineval
just_starting [ }
* User Parameters

* Robot

* Forward Kinematics
persist_pd %
update_pd_clock
update_pd_da... @

* clavicle_right_yaw

* shoulder_right_yaw

* upperarm_right_pitch
tg rOeChe L — = = » forearm_right_yaw

» clavicle_left_roll

* Inverse Kinematics

- ol * Motion Planning

* Display

* — Close Controls



http://autorob.org

ankit
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0707
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cszechy
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light_drake3 = new THREE.AmbientLight(0x602845);
scene.add( light_drake3 );

var geometry = new THREE.PlaneGeometry( 8, 20, 32 );
var material = new THREE.MeshlLambertMaterial( {color: 0xb05890, side: THREE.DoubleSide} );
var plane = new THREE.Mesh( geometry, material );
R Rl Al plane.rotateOnAxis({x:0,y:0,z:1},-Math.P1*1.2/2);//+Math.PI),
a plane.rotateOnAxis({x:1,y:0,z:0},-Math.PI/2),

OoC]) v plane.position.set(-3,0,0);

@cszechy: My best attempt to recreate. Just add the following below to el oonearent = false:

scene.add( plane );

L

kineval.js in initScene() just before the endeffector geometry is created:

plane = new THREE.Mesh( geometry, material );

I|ght_d rake3 =new TH REEAmblentnght(Ox602845), plane.rotateOnAxis({x:0,y:0,z:1},-Math.P1*1.2/2),
. plane.rotateOnAxis({x:1,y:0,z:0},-Math.P1/2),
scene.add( light_drake3); plane.position.set(3,0,0);

plane.material.transparent = false;
plane.material.opacity = 1;

var geometry = new THREE.PlaneGeometry( 8, 20, 32 ); scene.add( plane ):
var material = new THREE.MeshLambertMaterial( {color: Oxb05890, side: [3:56]

plane = new THREE.Mesh( geometry, material );

TH REEDOUb'ESIdE} ); plane.rotateOnAxis({x:1,y:0,z:0},-Math.Pl/2),
. plane.position.set(0,0.1,0);
var plane = new THREE.Mesh( geometry, material ); plane.material.transparent = false:

. plane.material.opacity = 1;
plane.rotateOnAxis({x:0,y:0,z:1},-Math.P1*1.2/2);//+Math.Pl), scene.add( plane ):
plane.rotateOnAxis({x:1,y:0,z:0}-Math.Pl1/2), olane = new THREE.Mesh( geometry, material )

L. material = new THREE.MeshPhongMaterial( {color: Oxff8db0, side: THREE.DoubleSide} );
plane.position.set(-3,0,0); olane.rotateOnAxis({x:0,y:0,z:1}. Math.P1/2).
. plane.position.set(0,0,-11);
plane.material.transparent = false; plane.material.transparent = false;
. ) plane.material.opacity = 1;
plane.material.opacity = 1; scene.add( plane );
scene.add( plane); var geometry = new THREE.PlaneGeometry( 800, 800, 800 );
material = new THREE.MeshPhongMaterial( {color: 0x8070cf, side: THREE.DoubleSide} );
. plane = new THREE.Mesh( geometry, material );
plane = new THREE.Mesh( geometry, material ); plane.position.set(0,0,-19);

. plane.material.transparent = false;

plane.rotateOnAxis({x:0,y:0,z:1}-Math.P1*1.2/2), olane.material.opacity = 1:

scene.add( plane );

var light_drake4 = new THREE.PointLight( Oxfffff, 1, 30, 0.1 );
light_drake4.position.set( 0, 2, -13);
scene.add( light_drake4 );
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cszechy
ohseejay
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| et's generalize FSMs
for robot control



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_control
else if (level2_condition)
u < level2_control
else if (levell_condition)
u < levell__control
else

u < levelO__control

H
H

evel 1

(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 uUsing semaphores.

http://www.cs.brown.edu/~tld/courses/cs148/02/architectures.html



http://autorob.org
http://www.cs.brown.edu/~tld/courses/cs148/02/architectures.html

What will
this do”?

n u
sonar
feelforce runaway

robot

motor



http://autorob.org

What will
this do”?

robot robot

“avoid obstacles”

sonar motor

feelforce runaway
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What will
this do?

wander

Michigan Robotics 367/320 - autorob.org
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What will
this do”?

goal grab ‘
headin
Srabber g command
goal

pathplan turn

begin str:;ght" done |

robot
nostop
integral
travel

monitor integrate
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What will
this do”?

goal

grab

grabber

robot

heading

goal
pathplan turn
begin

travel

monitor

integrate

B PE—

straight-
-

integral

command

nostop

“seek and

grab object”
B
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2010: Assignment 5

Subsumption for robot soccer

* Propose modules and priority”?

! ",

v il
r
oy
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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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Snappy’s Subsumption:

Goal Scoring
1.Avoid IR Wal

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

11. Look For Ball

Goal Scoring Challenge - Put ball on orange
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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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Ayoriad systems

Top-down planner for high-level goals
Reaction for low-level immediate execution I

Interface layer to coordinate

reactionl reaction2 B reactionN

* how to balance long and short term

Modern cost maps?

Not discrete-continuous hybrid control embodiment
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Behavior-nased systems

All modules have equal priority, access to sensing, and output motor
commands

Modules can be deliberative, reactive, or whatever
Commands merged through arbitration or fusion

Potential fields?
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o)

mT2(Yy)

-ult)

Arbitration vs. Fusion

*A
U2

Ui

— Wil
— e,

o

U=2 WU

u= uy; | argmaxi Wi

arbitration

Fusion:
linearly combine
U=2 Wi U

Arbitration:

winner-take-all
U = U, | argmaxi Wi
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