Lecture 14
Planning - V - Potential

Fields




Course Logistics

e Project 5 was posted on 02/28 and is due on 03/20 (extended by a week).
e Forming groups for P7 and Final Project
e We will send a google-form today for students to form groups of 4.

e This will be due on 03/20.

e UNITE students will have different group formations 3 and 4. Karthik will reach
out to them.

 Project 6 will be posted on 03/20 and will be due on 03/27.

e Quiz 7 will be posted tomorrow at noon and will be due on Wed at noon.
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Course Logistics

 Project 5 was posted on 02/28 and |
e Forming groups for P7 and Final Pr¢
 \We will send a google-form today
e This will be due on 03/20.
e UNITE students will have differen

out to them.

 Project 6 will be posted on 03/20 an

e Quiz 7 will be posted tomorrow at nc

Updated accordingly
Snapshot of Planned Schedule

‘ CSCI5551-Spring-24-Calendar : Sheet1

|
|
|

|

'Lec #| Date Topic Project Announcement Project Due Pra-cu::ss
1[{01/17 | Introduction
2| 01/22|Planning | - Path Planning
3|01/24 |Linear Algebra Refresher P1: JS, BFS, DFS Q1
4|01/29 |[Representations | - Transformations
5|01/31|Representations Il - Rotations - Quaternions P2: Forward Kinematics P1: Due Q2
6 | 02/05 |Manipulation | - Forward Kinematics
7|02/07 | Manipulation Il - Inverse Kinematics P3: Robot Dance P2: Due Q3
8|02/12 | Manipulation Il - Inverse Kinematics
9102/14 |Manipulation - New Frontiers P4: Inverse Kinematics P3: Due (extended to 02/15) Q4
10| 02/19 |Planning Il - Bug Algorithms
11| 02/21 | Planning lll - Configuration Space Q5
12| 02/26 | Planning IV - Sampling-based Planning
13| 02/28 | Planning V - Collision Detection P5: Planning P4: Due Q6
14| 03/04 | Spring Break
15| 03/06 | Spring Break
16| 03/11 |Planning VI - Potential Fields Forming groups for P7 and FP
171 03/13 | Motion Control Q7
18| 03/18 | Mobile Robotics | - Probability
19| 03/20 | Mobile Robotics Il - Sensor and Motion Models | P6: Mobile Manipulation P5: Due Q8
20| 03/25|Mobile Robotics Il - Kalman FP Proposals Request
21|03/27 |Mobile Robotics IV - Localization P7: Real Robot Challenge P6: Due Q9
22|04/01 [Mobile Robotics V - Localization
23| 04/03 | Mobile Robotics VI - Mapping Q10
24| 04/08 |Mobile Robotics VIl - SLAM FP Proposals Due
25|04/10|Open Ended Final Project Pitches Q11
26| 04/15|Open Ended Final Project Pitches
27|04/17 |Open Ended Final Project Pitches P7: Due Q12
28|04/22 | Guest Lectures / Extra office hours
29| 04/24 |Guest Lectures / Extra office hours Extra Q13
30| 04/29 | Guest Lectures / Extra office hours
31|05/01 |Guest Lectures / Extra office hours FP Posters Due
32| 05/06 | Poster Day FP Videos Due
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RRT Algorithm
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[Kuffner, LaValle 2000]

RRT Algorithm

Extend graph towards a random configuration and repeat

BUILD RRT(g;y:)
1 7 .init(qinit);
2 fork=1to K do
3 Grand +— RANDOM CONFIG();
4 EXTEND(7, grand);
5 Return 7
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[Kuffner, LaValle 2000]

RRT Algorithm

Extend graph towards a random configuration and repeat
BUILD RRT(g;:)

1 7 .init(qinit);
2 fork=1to K do
3 Grand +— RANDOM CONFIG();
4 EXTEND(T, ¢rand);
5> Return 7
T: current tree {rand
from start ®
.\.\ r Extension Goal
'S P (randomly
o ‘\p/ selected)
| Qinit
‘
4 Start

Figure 3: The EXTEND operation.
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[Kuffner, LaValle 2000]

RRT Algorithm

Extend graph towards a random configuration and repeat

BUILD-RRT(q‘mt)
1 T.init(Qinit);
2 fork=1to K do
3 Grand +— RANDOM CONFIG();
4 EXTEND(7, grand);
5 Return 7

T: current tree g rand
from start ‘.. .
-
EXTEND(T, q) \
1  gnear — NEAREST NEIGHBOR(g, T); Onear
£, 3t TEW-OONEICH; sars Gpva ) then Closest node in T to

3 T .add _vertex(g,, e ): e :
st extension goal
T .add edge(gnear; Gnew); ' tht J

if ¢.,.., = q then .' Start
Return Reached;
else

Return Advanced; Figure 3: The EXTEND operation.

9 Return Trapped;

Extension Goal
(randomly
selected)

00 ~J O Ot

Extend graph towards a random configuration

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


http://autorob.org

[Kuffner, LaValle 2000]

RRT Algorithm

Extend graph towards a random configuration and repeat

BUILD RRT(g;,::)

1 7 .init(qinit);
2 fork=1to K do S’rep [engfh
3 Grand +— RANDOM CONFIG(): g IF valid. add
1 EXTEND(T, grand); \ | i valid, a
T s Tnew configuration to T
0‘_."
T: current tree B SR {rand
from start ... ERNAT e,

EXTE\ID(T ) a',—- \ Extension Goal
; = g {
1 gnear «— NEAREST NEIGHBOR(g, T); 2 Jnear (Sralnci?rmg

2 A% NE\’V-C().\'FIE}(Q, q),l(_.ar, Gnew) then Closest node in T to electie

3 T .add _vertex(g,.c., ); .

4 T .8dd.edge(Grcar, Guew): extension goal

D if ¢,., = ¢ then

6 Return Reached;

7 else

8 Return Advanced:;

9 Return Trapped;

Generate and fest new configuration along
vector in C-space from Qnear 0 Qrand
CSCI 5551 - Spring 2024 Slide borrowed from Michigan Robotics autorob.org
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RRT* Algorithm
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RRT™

Algorithm 6: RRT*

S X g & O s W@ N =

-
N = O

13
14
15

16

17

V Azt }; E <+ 0;
fori=1.....,n do

Trand < SampleFree.;

, 7

Tnearest < Nearest(G = (V, F), Trand);
Tnew Steer(xncarcsta -’If'rand) ;

Xpear < Near(G = (V, E), Tpew, min{ygrr+ (log(card (V) / card (V))V/4,n}) :
V««VUu {-’L'now};
Tmin < Tnearests Cmin < COSt(fI;nearcst) + (3(Line(51;nca1‘cst.a fIfncw))?
foreach Zpcar € Xpear doO // Connect along a minimum-cost path
if CollisionFree(Znear, Tnew) A Cost(Zpear) + c(Line(Znear; Tnew)) < Cmin then

L Tmin < Tnears Cmin < COSt(fIflloar) T C(Line(mncara -/L'ncw))

E <+ EU {(:I;Illin: -/L'now)}Q

foreach 2., € X,ear dO // Rewire the tree
if CollisionFree(Zpew, Tnear) A COSt(Znew) + c(Line(Znew, Tnear)) < Cost(Zpnear)
then zparent < Parent(Tpear);

E (E \ {(-’If'pa.renta -’If'nea.r)}) U {(-’L'ncwa -’If'near)}

return G = (V, E);
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RRT™

Algorithm 6: RRT"

1V < {zmit}; E <+ 0;
2 for:=1,...,n do
3
4 Tnearest < Nearest(G = (V, F), Trand);
s Lnew < Steer(xnearesta wrand) ;
6
7 Xnear ¢ Near(G = (V, E), Zyeyw, min{ygrr+ (log(card (V))/ card (V))'/¢,n}) ;
8 V VU {ZTnew};
9 Lmin € Tnearests Cmin < LOST(Tnearest ClL1N€(Tnearests Lnew
10 fore;ach a:n.ear.e Xhear do // Conr%ect along a minimum-cost path FIND edge to x, .. from
11 if CollisionFree(Znear, Tnew) A COSt(Zpear) + ¢(Line(Tnears Tnew)) < Cmin then _ - new
, . neighbors with least cost
12 L Imin < Tnear: Cmin < COSt(mnear) + C(Llne(mneara fEneW))
B ADD that to G
13 E <+ EU{(Tmin: Tnew) };
14 ' REWIRE the edges in the
15 if COlliSionFree(wnewa $near) A COSt($new) + C(Line(ajnewa $near)) < COSt(wnear) neigthrhOOd if any least
then zparent < Parent(Znear); cost path exists from the
16 | E < (E\ {(Zparent, Tnear) }) U { (Tnew, Tnear) } root to the neighbors via x,, ,

17 return G = (V, E);

Karaman & Frazzo
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RRT™

- Asymptotically optimal

« Main idea:

Swap new point in as parent for nearby vertices who can be
reached along shorter path through new point than through their
original (current) parent

Demonstration - https://demonstrations.wolfram.com/RapidlyExploringRandomTreeRRTANdRRT/

CSCI 5551 - Spring 2024 Slide borrowed from Dieter Fox
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RRT*

RRT

RRT*
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RRT RRT*

R N
a \. - - ) . .

.\“. |

1 SRy
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P ! TR e
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Source: Karaman and Frazzoli
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Smoothing

Randomized motion planners tend to find not so great paths for
execution: very jagged, often much longer than necessary.

- |In practice: do smoothing before using the path

- Shortcutting:

along the found path, pick two vertices x.., X, and try to connect them
directly (skipping over all intermediate vertices)

- Nonlinear optimization for optimal control

- Allows to specify an objective function that includes smoothness in state,
control, small control inputs, etc.
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Approaches to motion planning

 Bug algorithms: Bug[0-2], Tangent Bug
o Graph Search (fixed graph)

 Depth-first, Breadth-first, Dijkstra, A-star, Greedy best-first
e Sampling-based Search (build graph):

* Probablilistic Road Maps, Rapidly-exploring Random Irees
- Optimization and local search:

- Gradient descent, Potential fields, Simulated annealing,
Wavefront
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Navigation (again)

goal:

start:
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Potential field

(like a game of "warmer-colder”)

goal:
volcanic

_ start:
' cold
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Potential field

(like a game of "warmer-colder”)

goal:
volcanic

_ start:
' cold

_ \
( \
\Z. U

colder )’
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Potential field

(like a game of "warmer-colder”)

goal:
volcanic

_ start:
' cold

_ \
( \
\Z. U

colder )’
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Potential field

(like a game of "warmer-colder”)

goal:
volcanic

Gradient descent:
Energy potential
converges at goal

a litte —=—"
warmer
_ Start:
' cold
colder - 9
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Potential field

(like a game of "warmer-colder”)

goal:
volcanic

4| li’rﬂM

warmer
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How do we define a
potential field”?
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Potential Field

A potential field is a differentiable function U(q) that maps
configurations to scalar “energy” value

At any g, gradient WJ(q) is the vector that maximally increases U
At goal ggoal, energy is minimized such that W(qggea) = 0

Navigation by descending field - VWU(q) to goal
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[Gradient Descent Algorithm: |
qpath[O] < (start
i — 0
[while (1| U(q[i)l| > &)

b Qparn[iT 1] + Gpan[i] - Q@ W(qpath[l])

j — j+]

/ '\
.
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° .
> \ / Derivakive assumed ko be direction
of steepest ascent away from qoal

C (Positive gradient)

(Negative gradient) E \‘/ |
Vi
—|v|

D

X
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Potential Energy

® Energy stored in a physical system

® Kinetic motion caused by system moving
to lower energy state

® For objects acting only w.r.t. gravity

® potential energy = mass*height®gravity
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Charged Particle Example

Positively charged particle follows potential energy to goal
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Convergent Potentials

lets call these “attractor landscapes”

T e,

o W e

basin of attraction
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2D potential navigation

l

[

height indicates potent

at location

Z

basin of attraction

lon

robot posi

Q
-
S
Q.
V_/
X
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fop view “COneh A'l'"'l"ClC"'OI"

w: weight

q4 = Goal (q -qa): direction

“"Attractor” llq -qull: distance

vU(q) = w(q -q4)/llq -qall

q = Start %X £F side view
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fop view “COne” A'l""l"ClC'l'Ol”

- Goal w: weight
qQd = “Od ) (q -qq): direction
Attractor llq -qull: distance

» p b
4
. |
' S h
i A .
’ F : 4
# ¢ .
Y ..
K \ 'j A4 .
' Y
o Wy
- ..
0 Be
R N
! A
3 .
S

(9-94) N\ \

vU(q) = w(q -qa)/Ilq -qall ~ 4

q = Start %X £ s side view
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fop view “COne” A'l""l"ClC'l'Ol”

w: weight
qQd = G\oal ' (qa -q): direction
“Attractor” llqa -qll: distance

. unit vector
(q -q4)/llq -qdll

vU(q) = w(q -qa)/llq -qull

q = Start i 4 | - side view
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top TR "Cone” Attractor

w: weight (< 1)
qd = Goal (9 -qq): direction
£  “Attractor” llq -qall: distance

vU(q) = w(q -q4)/llq -qull

x = Start WX £F ¢ side view
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Can we modulate the
range of a potential field”



fop view “BOWl” A'l"l'rGC'l'Or

vU(q) = exp(-llq -qull/w) (q -qu)

q4 = Goal

side view
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é

C & desmos.com/calculator * 0 @ O

— Untitled Graph Create Account or | Sign In \ 2 @ ®

& T e

2 | | | n
eF (10) exp(- d /W) 2| / 1
weights the influence of a potential ’

@ & & +

e X-aXis is d = distance

@R Q@ &
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Can we combine
multiple potentials”
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Multiple potentials

® Output of potential field is a
vector

@ Combine multiple potentials
through vector summation
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describe performance for this case
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describe performance for this case

Obstacles
“Repellors”
7
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describe performance for this case

how do we deal with repellors?

Obstacles
“Repellors”
7
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add sum of repulsive potentials

)+ Urepellors( )

Obstacles
“Repellors”
7
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"Cone” Repellor

potential problems?

Obstacle
“Repellor”

reverse direction

vU(q) = w(qa-q)/llqa-qll

q = Start Side view
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"Bowl” Repellor

Obstacle
“Repellor”

vU(q) = exp(-llqa-qll/w) (qa -q)

side view

top view
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repellor should only have local influence,
repelling only around boundary improves path
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2 Obstacle example

configuration
space

goal

N\

attractor field

repellor fields

CSCI 5551 - Spring 2024
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describe performance for this case
with cone attractor to goal and bowl repellors
with limited weight
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describe performance for this case
with cone attractor to goal and bowl repellors
with limited weight
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describe performance for this case
with cone attractor to goal and bowl repellor
with limited weight

|
| &
»
.
7

Current
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describe performance for this case
with cone attractor to goal and bowl repellors
with limited weight

Current
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| ocal Minima
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describe performance for this case
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describe performance for this case

Current <"
\\V ‘ —
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describe performance for this case
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matlab example

y2d

0&64..--"

U.B»..--""""

04 ..

100

N ey T 100

o0 ~l - 60

), 40
20

ofield.m [1 58 12]
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matlab example

lteration: 152
100 gESEEEEEEE L .

30 He

a1l :

60

al

40 0.5 J

a0

20

100

10 T

0 10 20 a0 40 al 60 70 Gl 30 100

ofield.m [1 58 12]
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matlab example

How to address Local minima? ..o

2\.

1\. S I'-,; .|"..ll.

0.9 .3

100

50 -
< 40

pfield.m [| 58 12] e 20
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How can we get out of
local minima”
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How can we get out of
local minima”

(G0 back to planning.
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Wavefront Planning

® Discretize potential field into grid
® (Cells store cost to goal with respect to potential field
® Computed by Brushfire algorithm (essentially BFS)

® Grid search to find navigation path to goal

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


http://autorob.org

mark with O

Start

L
L]

.

$
1

I
‘-o‘»nrqtswo"ot‘cofto“narﬁo‘w'vr.l‘-—r-‘v-'ww‘wn'&s-.-'dﬁv'o'“

: ¢

s

L
£
L

*

:
?

L < < x < ?
2 ® 3

r
n
vy
4
e
’
.
J
«
A
]
‘
0’
*
o4
]
#
“»
¢
~
¥
'
"
:
o
‘
‘
e |
¢
5
¥
¢
g
<
4
’
l
|
A
]
§
"
i
=
‘
$
-
*
" |
\
s

’

)

<

$

e mhd o ylywl vl ad g A B8 o vt e

v dwoly o B o ot

3
i

i
AL B IR L B

4 £ £
] f |

F
ooh".n-’n-‘0-|-

L
g~

'C"'tv0‘“‘0.'!'&'Q"P'.l'..‘.n‘»b‘..‘"

i

$

¥
’

$

5

$

»

¢
O.‘*O’"n' oﬁys,w\v-'.\--'oﬁgp'ua‘..f-

\

i
)
I

2

:_yu'—-‘--'-“- el L T R R ol e I T I S

'
i
‘

L
L]

'.‘!\J. A e R R A EREL T E A .S-J-o\;l..k e alea
.

?
'

i

L

L

'
J
L

4

]

‘

voNade .")n.““..‘.J-.-‘.th\a'o‘."_q.’p‘k-

2

.
L 4

'!b-,ﬁ-‘-d{‘“'~~ “"““‘_".\.".-"."'ﬁ~‘f~"""‘

4
1

I3 * L | 4
. L 3 . .

L 1
|

E

:

’

5

» ] *

3

: : )
KnJ.~ls'..l....t«J-.\uo’--L-J‘v\»u‘.--l-a--&.J..S.

. ¢ . 4 v : » »
] | » ?

L

3
‘1.."‘0‘1 .'.\.urq‘..’**‘.

>
B

s !
:

)
:

b-.rnv‘b "{""’\“’r'\"r.’l""f"‘!“_’-*'}"‘f

L]

¥

-

|

| ¢ §

: i .
o . 2 R YR PR SR LR S PR ST DRI NIPRES PR N IR S SRR S R TR DU B

s

$ 3 F . ) i 3 ”

:

1
A

s
bk e Lt A LN A L R LR R LR et A T T R A TN K

{ | ) ’ ) ] L | L 8 "
[ | 4 3 :

s
L

L L |
» $

2

!
$

s

' ' I ' ¥ i * * : i ' |

» Y
rae o wilneobt ydavstbaoadawl uWonstudeuclbl g Jdued e deoho?ealda

3
waxd ==

| E $ ¥ $ ¢ '
t $ < L

$

er“‘. ~’*"Rr¢".r‘0‘0;0rﬁﬂ¢-
'
'

(
: :
ol e |

’
E |

! ! $ »-
: $ $

'
k i ) 5 L) f
| ' L ? ¢

i

»

£ i

:
b DR B Y R L LA Bl bl S Rkl X T

mark with 2

Goal

Slide borrowed from Michigan Robotics autorob.org

CSCI 5551 - Spring 2024



http://autorob.org

Obstacles: mark with 1

4

L

!

s

»

¢

L

1 L3
L J

A-o‘»nrao&sw"'o

\ ]
v 4 wely s
i
'

<
¢

[ S
F

$

- -

:
i
e
|
L

:
;
)

L 9

¢
FEARE S -~

M

"

.
v
!
L

L
L)
4

'
-

L

L

>

r

) |
1-'r.~.'{‘
L

' .
L~

i
o’nn
:

'

1

L4

b Radhal R T B
.

A o
3

:
s.‘-

[
:
'
?

("
’

t
4

.
]
4

-
.
A
5
o
i
'
\
’

v ol
{
3

b
:
v
|
:
 of
3
&
‘
4

e
5
A

L]
’
-y

A - ut. -

hae

-wt‘u-ou
J
a-ooo‘u-o-

<
*

<

]

¢
]

A S

LOJhrt.

£ 3

‘
‘

+

ww FAuvpvyvep-

<

bode b -
¥

£
;
L ]

L
¥

..‘&.

‘wdr OQ- ‘_rﬁ

}ovupoodoooopn-"u:

?

L
.

v"—

1

»

Ou')n O'-‘--'v"-J. - » ”0“ .\ba‘.-‘-d

’

*

:

CSCI 5551 - Spring 2024

’
»

'
L

»

:

:

L 3

f

" ow

$

Il T

‘-'J. 0‘.

”-C -

-
>

£
L

s
)

$
1

s
:

i
s

i
!

"" .'“‘U“'GSAb'dﬁQ."

' < 2
-.'M-‘..“.

¢  J :
‘\n;dn‘-v uh'u

L Y $

3
|

3
i

““.V..Qv“-\n
f ] .

vﬁ'_iww'.l...

| !
,- n‘cv,sqgow

’ ? : $

b o o x bho ofn w

J. T "oy

)
»

$
1

i
VREgERA LU MRNpNH[Lega
'

BauvinsFerobandraladea

L
L

?
[

L
L]

i
‘

{
)

Q.‘ '.'n‘ e Tandbadll o yg‘.r-\.

]

:

:

:

4

4 L

Jhﬂ‘ﬂ"‘.l‘.#).-‘k--’vu

".t.ﬂ“f-'\"""’“

.
L 4

3

.
2

.
»

X
2

*

»
»

5
3

V.ﬁ,ﬁtf-v‘v"r“

*

w hooe -QQJ‘o‘q

»
’

Q‘..’MQOQ

§ L
ou‘ud.....k«-

er“‘gy

i

‘f"\“f'

LO.J.VO.;‘

--’--

0

'

rnlnvp-u@kn’.do‘abl--)-

-

Rad
w ol
n‘

r
\
.
’
ot
*
v Pu a
L
3
e P
s
;
-p
'
|

--J»-uvaQ lncJ-o

Slide borrowed from Michigan Robotics autorob.org

Ozorgq‘C-

L



http://autorob.org

-~

o]

1 ?

¢
‘

$
1

"".'“"‘U‘"&‘-Ab'd

¢

:
s

L
£
L

»
*
A

L
4

,

* <

<
*

4
<

S

A-o‘»nrqtswo"o

n
J
4
e
’
.
J
«
A
]
‘
.’
*
o4
¥
#
“»
¢
~
¥
'
"
:
o
‘
‘
e |
¢
B
¥
¢
g
<
4
’
-
|
A
]
§
"
i
R
‘
$
-
*
" |
\
»

i
!

:

?

’

)

ﬁb"&

$

E J

4

3
R EERAMEE LT S FOpe JTUN PO . e

L]
’

L 3

J

’
]

>
-

3
i

3
""Q’"QO‘.““'V..ﬂn‘wn,-"",.”‘."

L]
:

4 L
§

»
00‘9o‘oo*o"gv‘.vﬁ’wv'.l...l.n‘»»‘aoi"

- e

:
2

i

$

¥

$

‘Fl‘l‘l‘tﬁ.!.ﬁt.l’.

*

n-.'w‘--'-“- v'\na‘- 0,:!5--:?--1.. o..,..h o',--(o ”"“r‘ﬁ.

»
'

'lf!.‘t -y

i

-~

B -utss.v.olr

L
<

L
L

'
J
L

4

]

‘

voNade cka‘)no.\‘alao‘.J-.o‘o)h..\.'ol.'\_q)_-“-

..L“-“Q'r

2

.
L 4

L |
b-’-‘-dr"'ﬁﬁ Q‘On'o"—ﬂ'.\.-‘.-—‘.Qrv.ﬁ.".qxv."“
4
MJ..‘sJo--o‘«)vvkmo’ﬁcbnv“v‘»a‘nu‘.‘- -QQJ‘.‘Q

] i & * L | 4 4
’ ‘ : v ¥

i

'

E )
*

:
]

3

5

§
i

'
’
.JI“{‘J*-

'

»
’

) L ] . * ’ ¢ 3 4 v | »
$ 3 ' ] »

:

{
3

'

»

¥
.orb\'--u‘-vde’.*-;n-ttqocfmo’.oo';-\.-'-q-‘b.'vmgba

L

B

-

R
2o

— e a - m g .

- -

o o e oo

="

P N g P

e aZ

o gl — 4

3 -
oo

a5

- -v’- - L ‘ -"'.‘\

s
L

{Brushfire away from goal

"f

ler

tenergy at empty cells on front

v ok

$
v WAy

Y

ler +

ticurrent energy at front

£ 3
|

g~ e

ichange in cell energy (1 in this case)

1/

Slide borrowed from Michigan Robotics autorob.org

CSCI 5551 - Spring 2024



http://autorob.org

1 L] ' 1

’ \ Y » . 4 » ’ ' i ]

!

' 4 ’ [ ] A

vabadusd i SauuiS adusbhsdoawheodaatl i daal e v Vambasdavwhiads

-~

o

‘ | i
f

:
1

s
-'" .'“"D'&\Qb,dﬁb"‘

)

*

:
’

3
Q..t,ﬁ-o...s.f.o.fc‘t.o\‘

<
<

< 3
: 3 E 3

<

S

A-o‘»oor»\‘vo'-o

L

\J

#*

< 3  ; :

:

<

wwl waliad g A0 B iawds Ao

L]

<

svduvivstees

“

-

L
F

3
i

3

L]
:

\

L) t
»o-'~~.vo'a-'--,-n‘cv,do.ng
-

.

S

- .‘

ler

-

P S T T Uy P e Y e
=50 % 2 Gl -

$
i
i

sn By Lo _bosBa

‘_
!

M |
€ 1 ’ glt' ,

:

. 4 f ’
lJ‘.\N.!)! Ll o
> 3 L3

5
L

?
)
»

L
L

MR geERALgE RN p
L

$

"‘!\JOQ‘\'-"—"‘IV’QQ‘::O.J..‘-‘-d&".Q\*
'
L

'
)
!

i
‘
r
3
&
.
L
T

.
A
»
{

L
L]
$
'
|
'
t

.
.
?
$
:
'
)
i
|

< P

f
'!".'Q"".l‘..‘.”‘»b‘..
L}
L
L 3
L}
]
:
)
)
k
)

in cell energy (1 in this case) \

3 o - i g = - - - ~ = - - T2 - _
oS - - Vi LT = - V2 _ — - - . - - ’
~ P V3 Y B B £ A o e ce e — 4 ens g i o AR o et e — o oy _ Pl o N VD e e

’
¥
5
'
|
‘
.
J
|

‘
\
'

DIy YA SRl 2 kel _an fen A Lo
2 ) \

|
.
b-r-\-d”‘". Q‘On‘o‘-—ﬂ'.\bw‘.vv‘oﬁ".’.‘ d

\ - -7
I = - Sl
SO 2P =2 .

s
..'Qb‘ua.n;

)

»

tenergy at empty cells on front
-4current energy at frontier +

iBrushfire away from goal

.-.a.j--"‘gg ’t

ichange

|

'

'

% o
\

*
¢

. |
] . _ ! !
,\-"w‘—-r“- O'MN- .'2-~“~r.i~ o_,..u g -

LS <

L}

L 4

'

]

s

!
w b ow

L

!

el
ol Sad L
E»l“ﬁ“?ﬂ

" .llh!l.“”‘
E 7-6-536.?

»
|
'
i
’

'
L]
i
s
s
>

vowaode o‘a‘)“o'\‘alno‘rc.‘qo‘o‘\-..\.,'J.;

L s '

b
L)
s
i
L

tlc:f:.bo:\).’

~ ~ oo i e
.Jttﬂ-tJitdt.t.!

—_ = 8”5.4-3.3‘”5
: - . “w ¥ el T -
¥ | : . * . . v
R L B e M EY TR
l‘l‘l‘ﬁ.!.ﬂt.l.v
-
lll"lf!.“'\s
3 ] ¢ 4
i “« » .

-\.Wl’.ri .ﬂ-\ 0”04 . ‘-l...o.r..l-

O @] W W WD
l\l.\ooo;.l.!’o.."‘.*.‘.
0O 3 Wyt
. e vaenmisgew

"5 R, | 9
P i WD |

t.'!‘,(nutshilrt..-ll

p > . . | . A
2 . L] . ]

Slide borrowed from Michigan Robotics autorob.org

CSCI 5551 - Spring 2024



http://autorob.org

-

L - ' .
L ] 3 '
Orv".’}:‘QO

»
T -

®

-

L

"

-

4

»

.
By |

-
'

$

-y -

[y »
L ’
i R

v o b
’
)

;

1011112
3101112

10

t.a\!!rot-r.itﬁ.o.wvo

-JA.&‘.'...

io‘.

A-o‘ao‘ss‘l"oqt,

-

.‘LJ ‘ L3

&

'

1112

2

vy &

3,

:
b
LA T

»

w

o_—

' £
r ) 4
r~"3* ~¢

’ 3 ’
’ * &
in'owoufu-\..-

32

ts

R TR T

et = I

A1

10

3‘\5.‘.

8.9

wh v o o

4

L
L]

12113

¥ 1014

IR TN

““‘A&!’-t"’"‘v

E 3

: | 3 ' | -
2 - » . L ’
.' - ‘. 'Qr L4 \0

¢ o vy Vg iy

z
4

9 :10;11

8

‘
'
r

12
12

.
'

1

0

L @D D

b AR LR
!Cf?oon’ ‘50 g

-'.‘--\“

oo

--".'.o!

1

s D Y 4D

.Itil'ln!l.r*l:.

SN M e R

0.’)..ﬂlnrltfl.8.

-

<

-

wowm b

W@ W v O N3

LR

o!*tklt%.t‘?-fQ‘.ﬁ.ﬁ&.li.

(MW PG O

Slide borrowed from Michigan Robotics autorob.org

CSCI 5551 - Spring 2024

‘l:—.t.wilr‘llu U‘tti.&dql’

4 Y

>

1

oOo

Ky

DT W R



http://autorob.org

¢ a1?s16l18 17- a Y 4% & Ot ¥ ¥ o® o * ¥ o1 3 a4 1

wewSudvabsdaaladaslh s duubhndo yhpdeoebh ndo sl 20000 deob . J-"B"

JARTAI RN R A

% : ¢ : < ¢
Q‘t n\w-r- *ﬁn*?,ﬁ\ﬁ.a’wﬁﬁ*r—v‘t:fd

1?"6“5‘4‘1 ¢ ¢ ¥ P i > & P

- -o-o-‘*-_ ‘ | ' wv‘vwsa‘nﬁiwctvz"o‘usub‘uﬁ

16:35:14.13 [ERER 161 b A oA i35 S

- U*'.. - -

15:14113112

S w*v--

#'13'12 H

* » -

v

»~w

- -

L-{on
b

L B

- “"“‘“-'uﬂu‘roﬁoﬂ'w~*«

131 14:15:16+17: & & 1 & 1 3 1 1

daalosduvbhodanb s 2tV adacdh A wdow

uo, 12131415161? ¢ f % F 3 22

0‘ » ‘s ~» ~ wwrvﬁo.r:‘&0r¢’~’r.‘~o

‘10“2 13 ‘4!153161171 i ¥ ¢ i % 5 1

-l a oW wv&oJO-'v--’v-o&«rlsv&qu—

wtt :2,13,14 15 (16, 17‘ . 4 & b

¥
»
90 E.S ad QQ - .'F ‘ Qrf.&‘uw‘no\tt

G 11011171211314:15:16.17:

0.&0 - vv -J-d‘ «‘*ovg J“‘-Jbﬂ&“

8 9;!01133;1&14.!536 ¢ ¢« v 1« 31 3

v‘vif ﬁwwr “ar \.mruqo.r.*.lr 1Qﬁr0‘~'

B g 020317 v 05 1 s
7

“

oy
LR X

3 ' s

| -
t
'

N
La
a

7 S

oy ®

%

|

‘..
Gy 8 3 A

o

!
i

M

- w oo ed»ded 0“.*‘~‘-—.‘£MJ-.‘~“Q‘“

8, ?O;ﬂ 1293141898047, ¢ v 1

L)
'\ -“.‘t t“* *\QO‘- ‘-‘-- a ‘ 'kh‘nm‘-n
|

8 t9: 10'1:1 %"'?3*?4‘?5‘16‘1?‘ -

g

"

7.) L §

L) - - PR PROEWE N 0'-r~ ravv{b‘—diww’wv*ﬁ
'

8.

» 33

ﬂ_. “0‘.'
i

N

)
{

CJ..LQ‘

b ldanhoa
’
a
n

f

ST M RERE.

58

L
f

o 20,

.Aojmn!o.wu-’-.

o BE L ER LR
AL AR S
iy Bt
m&m-m-q

9.1011.12 13EASA8Y7, T T L |

r 'j“'f"‘.“"""“"“"“‘f"""""‘"'“ﬂ‘

’01111’2 ‘3 14.15’f6‘t7’ ; : ¥ 5 3

’ $ 3

’
o,
FNEERIES)
RQJ‘QQH._
mt
Owhtmm

¥
VQ
bt Tl
&8 5 ~d

*‘.ﬂ“‘“‘

£
“s

w‘-‘v.k

v
1
“
4
IR
!
.
*
¢
(N
“«
¥
Y
 J
=
:
L]
ﬁ
'
’

Q’."O

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


http://autorob.org

] ‘ F ] 2 »
L ) 5 i i 2 »

O—w‘»v"‘l‘ '#"& v-Jw. 3
3 - 4 L | »
’ »~ » - i L L
w o me VVQQ\a-r--‘AOVU £

. . . ’ .

19*i8 1?'16 16 17'18 1820

- 2w Fa .

13.1? 16 15 15 18 17 18 18,20
17, tSQS‘M ‘14

' A

15 {51&“‘3 | 4 .
‘6’6‘13 12 . . - = , : : : :**.».

w2, 2% vt o

L
r--

r wla v & 4 viu
| L

OVQ“‘J‘b

¢
:, -

.&.A’-.’ﬁ&‘*b

14,13212:1) 819" 20 v e a8 e

» L ] :
-&‘Q»'v‘-. 's' - -.-.1-...‘--‘.. - »

13°12+11-10 ‘3 14:15:16:17+18, 1920- SR

ceobh e =, . sJa.U“I«Q A due w8 L, Jden

121110, 9 52 *3 14 15 18.17.18,18,20:

ol itte oSl ol PAp uatmr e AgY R e gty g g

1$:10: 9. 1112:13:14-15-36- 37181920

= . ..‘“"“030’ ‘.““ Q‘ov‘--‘v.“.'
‘

101: 121314 15?6!7181920 .

"'v‘pa‘.o '05-“'“‘..

9 10»11 12=n M 1516:17: ts WQG

Cfvn‘wv\’wﬁtlvtit v s m g A-‘ﬁ" "o s b a

9. 93110, 1121304015016 17018, 18] 20,

-n’n"t\~h rn h-f-\ .f&\.&,oo‘ Cr o‘ooro.‘-..

9 91312 13:14-16:16:17:18:113:20: < -

31 12'33'14' 15! 16 17 18118207 :

""‘\“f"\""f“‘"\"""‘!"!' -0!0.

s} 10:11:12113:14.15016. 17+ 181 19: 20:

Jb“‘-)“"q"“. -—‘ww".‘ﬂ,

10°81.12,13,14:15,; 15'3? 13 19:20, .

» -’.-‘\“.w‘pq"§"’w1--rﬂc\0!rm\‘0

0;11;32:33;14:15:18,17:18;19:20; :

IS
¥
-
<

d
a4
-
$
,\ §
»
: ]

i
)

o-"‘bd"ib
»

]
oJ-d“.“
4
. . 4
‘-dr“ 1&“("
4
.

A
L |
-(-J'.NI’O d\ooog-

DJuu“:o
r

» &
.

'O

10,

v(A -

?
8

!
b

b
t
B>~
o
v u\ &
’
.

Ay v
1
L

W

¥
t‘q-"

LU

blw!_‘b‘m
L)
’

m'g‘k"“dw
2.&:’ .

-
“lu” Q‘“.wo

S
‘vn’dﬂ"h
’
- U

R EIE R

»
“\‘.

“.‘-
-
E

4
L}

o ;4

L LR R Iy
‘O“Jﬂﬂt.\-

~ BRI~y
- \.'
L ]
.’C.
Hhren
LA

tn,

'-J-.'

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


http://autorob.org

~

tg"a“‘? ’6'16 17'18*19‘20‘210&‘ ' ‘. . . ‘ v ‘ . 5 B "

030 L Q* 0 -~ - w vuL ‘QQ%'-‘.-% Jcc‘-c‘wn«" ;’-5-‘-‘t Jv

RERCALAET Ry CREY s A N A 1 §
t?xe‘tsan ': D S - - . . L e

- * " -

18, 15 14 13
-y ¥ -

L il
14, 13:12 i1

a“ .a- — .Q

13 ‘!211 110

12311,

--'

@

J

|
*
¥

104
11110:9 18
8

y wll
; €3

B
*

- A o %l

ﬂA-‘."
i oppq,o

v B v
(o3 R B+ <20

L.
t
‘

@ 10
O g
L
: 3

3
i el B
s~
L
B
- -
o Y

L

=y S
»

’.“!
wonldawpunrsapedaadp
SRR BE¢

BN

(4L E 7
(4

. ¥
\J&
wwu‘ﬁ.ﬂ

i

'
mmn‘mm...._

AW NS

Ao\-.oqrv'ﬂs"oa‘o-'hﬁ'ﬁrﬁ

PR R SL Y S TS i SR TR YR PRR SR

¢ t ¥
7 t &
’3*""’"(0.

1&:9,30:21: A

0.-» R -Qru.“u'—w‘"'."n'u‘-vvv'

13’14'15"8 1?’38 39*2(}!21 ‘22‘ R T TR S

-sv- -~ » % -~ -60 0” »> Ow ~ WCQ'JQU‘U&:’-:-" J'-

1213 14.15 78182021722 | L v 1

LA 0“’ - v»ru‘wapw-,-v(.\:¢(.‘~«ru‘--' ‘-‘

11512:131 14115:16:17:18:19:20:21422: =+ = + o

40- waﬂb-Jﬂk !-J'RL'JICGCJOO“*OCO‘Q S ade abh ufua

10:19512) 13 14, 1516 17 18] 19‘2(} 21‘22. : .o

9’?0‘11*%2 13+ ?4‘15 16:1 7*18* 9*20*2%’22 2

ov"-‘ Ja«inn weow - .-tu.‘na'uu“om‘. J-.—“ oo o & w

_s_ 16 (101111121131 14.15.16 17:18119:200211220 !

“‘“‘..Q”. B -- - ** - ﬂﬂ Qﬂ ﬂ'“

*?0 ?‘!'32 !3*14 ALk 16 7 18 19 20*21 '&*

SR I . v -, W QJM*" Juq‘- - » --J-o.on‘om

2 10,11,&2 113,18115{16.17.18; 19,20.21' o

- .-’ w%“'o - w-‘uo -'--v ow Rl

B:10:11: 12*13*14*!5 16 17 18'19'20 29

aa-‘a Avwmd oo wlaunvdaal o dew ~~’~nl\*

rﬂ 12 13.14 15, !8'1? 18119,20,21.22

ﬂ“"f"w"'.',--t 1--!' '}Qk, -‘n

12:13:14:15216:17; 38*&‘% 2$‘22’

oo

Boaid o wbin
§ L
t i
*wd’-n n’vv-‘-.—-

&+ AN

*:«Q‘QQ

CSCI 5551 - Spring 2024

Slide borrowed from Michigan Robotics autorob.org


http://autorob.org

19'28-1? !8*‘!8 - !8!!9 29 2! 22 23 24 25 26 27 28 2.9 30 31 ‘32: 33

a & - " L v -. -~ ™ ™ - - - e -a- — - -

18117 116,15:15,16:17.18:19:20/21122.23.24,25,26:27.28/29:30. 31 2

00"00‘0'*~ -~y -\aatu\\'oc’qﬁ ~r -‘-‘ A

17:16:15:14 1 23:24252627128129:30° 31 :32:3

t"”*’ﬂ ....- -.r. OQQ -~

1‘5 1%.14. 13 15, | 22.:3 24;25 25 27 28 29 30 ‘31' >

> Ay v o, - g Sl - a9 Q#h. ooo.“‘

15-14+13:12 2 1:22'23124:25:26:27 28:2930:31

ﬁ".".."- " e - & »>%a » .- puuu—

1433:4‘:1 YR TV s‘920'>322232425‘>§2? 2829130

Ty ' iy baeth g Tl fiogle LA Brdon bl B B St Sl e

16‘32"!1 ‘10 ?3*34 13! 16 17 18:19; 20 3 22 23’24'25*28 27:28;

- - - - - W ' ~'L}_-

12 11.10 9 !2 ‘!3 14, 15 16 t?’ 14! !9 20 21 28, 23'24:25 25,27.25

-~ -‘-ora . S LA w - - » LN LAt el Dol

TE 10 q. a 11: 12:13:14: 1516 2 T RTY 20121122 23 4*"5:282

10111192153/34116.18.17.18: 19:20! 2t '22123,24:25,

_[PPEDBPTRE )‘ . LA B T R L Bl ol Rdliad s ﬁho

9 10' 1‘12‘%3 %4*%5 ?6*&'{' g 19 20 21 22" 23'24'

-O - .Q'T '. - L J — -

8.? 101! 12 13 14 15 16, Y‘?S }92021 2223.2

f » ‘ﬂ -r‘ﬁ.‘ " .A,. » -'rw o.'

9 110111712137 18: 151 16: 17:18, 19120:21:22:25

- - ‘. -J"""

9 wm 12 13.14 ':5.16 17 18, 19,28&.1 A

o SR U PR - - L e Ml 4 -

8 *?O ﬂ 12 ‘I'J 14 \5 16 1? e ?8‘26*21

o “ - - b“ -~

8
8 110:11112:13114 15116117181 15:20,21.22

it e S P A R LI R Tl ik M

10;17:12:13: 141151817 18, 19,20;21,22;

-

q:c»eo\?m-q

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


http://autorob.org

Once start reached,
follow brushfire potential to goal
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Example with Local Minima
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local minima avoided
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My 2D planncr
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Planning Recap
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Recap

Bug X

® Complete

® Non-optimal
® Planar

Subsumption and FSMs
® Fast but not adaptive o
® Emphasis on good design

Potential Fields

® Complete in special cases
® Non-optimal

® General C-spaces

® Scales w/dimensionality
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Grid Search/Wavefront
Complete

General C-spaces

Limited dimensionality

Random walk
Will find path eventually

Sampling roadmaps/RRT
Probabilistically complete
General

Tractable (with good sampling)
Scales w/dimensionality

Not necessarily optimal
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Next Lecture
Motion Control
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