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RRT* with Ball Trees

The RRT* Algorithm

LV e {zineh E« 0. T« (V.E):

2for =110 N do

3 Tnew ¢ Sample(i):

4 -\'nuur — Near[ V. Taaw e

s if Xpear = 0 then

6 | Xuear < Nearest(V. rpew):

7 Lyecar 4 PopulateSortedList(. X ycar. Inear):
8 Tparent ¢— FindBestParent(Lncar. new ):

9 if Jparent ?é NULL then

10 V.add(rnew )

1 ]"add( (J'purcnl- Tnew) )s

12 F' « RewireVertices(FE. Njcar: Tnew):

13 return 1= (V. E).

The Ball Tree Algorithm

1 Ve {Zini,r =01 E« 0. T « (V,E):
for i=1to N do

3 while rrue do

4 Tpew + Sample(i):

g if InsideBall(x,cw.7) then

6 if !CollisionFree(x, . ) then

7 L Znearest = NearestBall(V, rpew )

8 TrimRadius (T, carest: | Tnew — Tacarestll )

9 else

10 [_ break:
" Znearent — NearestBall(V, z, .. )i
1”2 0 — Steer(Tuow: Thoarest )o
13 if CollisionFree(o) then
14 V.add(xnew. 10 ):
15 _ E.add( (Tnearest, Tnew) )
16 else

. 17 |_ TrimRadiuS (-l'n-'.'uq-nl- ||-l'|n-w — Lnearest H )-

s return T = (V. E).
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R
4
¢ isionFree(xyen) then
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10
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RRT* with Ball Trees

The RRT* Algorithm

L Ve {aimih E 0. T« (V.E):

2 for =110 N do
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o
/-
(
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/
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8 L L TrimRadius (T, carest s |1 Tnew — Tanoarestll )

9 else

10 L break:

" Tnearent — NearestBall(V, z,.w )

12 0 — Steer(Tyow, Thoarest )i

13 if CollisionFree(o) then

14 V.add(xnew, r0):

15 f [':add( (~rlu-.\[r-5( . -l'nr:w) )'.

16 else

17 [_ TrimRadius (-l'nrnn-nl- H-l'm'w — Lnearest ” )

s return T = (V. E).
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RRT* with Ball Trees

The RRT* Algorithm

Ve {zinin}s E < 0: T « (V. E):
for 1 =110 N do
Tnew ¢ Sample(i):

-\,nvur — Near( ‘ .‘ Tnew ,:

; if Xcar = U then

[ NXiecar ¢ Nearest(V. rpew )t
7 Lyecar 4 PopulateSortedList(. X ycar. Inear):
8 Tparent ¢— FindBestParent(Lncar. new ):
9 if *parent # NULL then
10 Viadd(rpew):
11 li‘.add[ (-"p.\runl- -"nc\\') ):
12 F « RewireVertices(FE. Xucar. Tnew):
13 return 1= (V. E).
The Ball Tree Algorithm
1 Ve {Zii,r=0L E« 0. T « (V,E):
2for i=1te N do
3 while rrue do
4 Tpew + Sample(i):
s if InsideBall(x,cw.7) then
6 if 'CollisionFree(xcw) then
: ‘
b

L Znearest +— NearestBall(V, r,ow):

o ' W -

> 'm

L TrimRadius (J',,..,‘y.-\t . ]"rnv‘\\' — Tpearest H:

9 else

10 L break:

" Tnearent — NearestBall(V, z,.w )

12 T Steer(-rnr\\ y Troarest ):

13 if CollisionFree(o) then

14 V.add(xnew, r0):

15 | E.add( (Tnearests Tnew ) )i

16 else

17 [_ TrimRadius (-l'nrnn-n! N H-l'm'w — Lnearest I‘ ):

is return T = (V. E).
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RRT* with Ball Trees

The RRT* Algorithm

Ve {zinin}s E < 0: T « (V. E):
for 1 =110 N do
Tnew ¢ Sample(i):

-\'nvur — Near( ‘ .- Tnew ):

; if Xcar = U then

[ NXiecar ¢ Nearest(V. rpew )t
7 Lyecar 4 PopulateSortedList(. X ycar. Inear):
8 Tparent ¢— FindBestParent(Lncar. new ):
9 if *parent # NULL then
10 Viadd(rpew):
1 E add( (Tparents Tnew) )
12 F « RewireVertices(FE. Xucar. Tnew):
13 return 1= (V. E).
The Ball Tree Algorithm
1 Ve {aini,r=01L E« 0. T « (V.E):
2for i=1te N do
3 while rrue do
4 Tpew + Sample(i):
s if InsideBall(x,cw.7) then
6 if 'CollisionFree(xcw) then
7
b3

L L Znearest +— NearestBall(V, r,ow):

o ' W -

> 'm

TrimRadius (2, carest: || Tnew — Thearest !l )i

9 else

10 L break:

" Tnearent — NearestBall(V, z,.w )

12 0 — Steer(Tyow, Thoarest )i

13 if CollisionFree(o) then

14 V.add(xnew, r0):

15 f [':add( (~rlu-.\[r-5( . -l'nr:w) )'.

16 else

17 [_ TrimRadius (-l'nrnn-nl- H-l'm'w — Lnearest ” )

is return T = (V. E).
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RRT BT+RRT*

First solutiontime: 9.75 s First solutiontime: 2.52 s
First solution cost: 14.73 First solution cost: 7.61
Final solutiontime: 54.96 s Final solutiontime: 77.14s
Final solution cost: 14.73 Final solution cost: 5.52
25 T T T T T
T —BT+RRT?
20 ' —RRT _
—RRT®
o \ ‘ ---BT/RRT?
é 158 [\ ‘ L
2 10- B
S
5l s _— — — —
OO 16 2]0 36 46 5|0 6|0 76 810 90
Time (seconds)
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RRT BT+RRT*

First solutiontime: 9.75 s First solutiontime: 2.52 s
First solution cost: 14.73 First solution cost: 7.61
Final solutiontime: 54.96 s Final solutiontime: 77.14s
Final solution cost: 14.73 Final solution cost: 5.52
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RRT BT+RRT*

First solutiontime: 9.75 s
First solution cost: 14.73
Final solution time: 54.96 s
Final solution cost: 14.73

First solutiontime: 2.52 s
First solution cost: 7.61
Final solutiontime: 77.14s
Final solution cost: 5.52

TABLE 1
SEVEN DEGREE OF FREEDOM MONTE CARLO RESULTS

BT+RRT™ RRT RRT™ BT/RRT™
Success Rate ( 100 runs) OO0 S7.00% O, 005 T
.. : . Time (s) 2.52 (3.07) 075 (12.52) 792 {1097) 2.51 (2.48)
First Soluion - - - r—— . - - —
Cosl F.61 (210 14,73 (34%) s (1.60 17959 (3.63)
5 1 : Time (s) T7.14 (4.49) 5406 (4.75%) T7.85 (3.95) 7921 (4.47)
Final Solution - - - v ——
Cost RN RS 14.73 (3.49) 63 (00 365051
Time per leration (ms) 19.33 (1.13) 13.78 (1.19) 19.51 (0.99) 1985 (1.12)
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RRT BT+RRT*

First solutiontime: 29.92 s First solutiontime: 9.74 s
First solution cost: 19.76 First solution cost: 8.59
Final solutiontime: 112.41s Final solutiontime: 135.28s
Final solution cost: 19.76 Final solution cost: 7.53
30 = T T T T T T =
—BT+RRT
o ~ |—RRT
251 —RRT®
- --BT/RRT®
? 20_ \
'?ﬁ 151 L e ‘ _— ‘ ’ 7
§10_ T --__---_4:( --------- ] R s e e I~ G---
i 1 — e = T I
5+ _
0O 210 4|0 66 86 1 (;O 1 2|0 1 4;0 1 éO
Time (seconds)
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Results (12DOF)
: ""RR <

P —

RRT BT+RRT*

First solutiontime: 29.92 s First solutiontime: 9.74 s
First solution cost: 19.76 First solution cost: 8.59
Final solutiontime: 112.41 s Final solutiontime: 135.28s
Final solution cost: 19.76 Final solution cost: 7.53

TABLE 11
TWELVE DEGREE OF FREEDOM MONTE CARLO RESULTS

BT+RRT™ RRT RRT™ BT/RRT*

Success Rate (100 runs) [LCRRN VR SR.00% B5.00% 100,005
o i P Tume is) 974 (12.84) 29.92 (34.05) 24.61 (32.049) 5.94 (11.06)
A — T (ol X30 (2.16) 076 (3.60) AT I3 0070
Einal Solution Tume (s) 135.28 (15.08) 112,41 (19.46) 1301.38 (14.49) 165.28 (28.16)
] Cost (rad) 153 (1.21) 1976 (3.64) 197 (L71) 383 (1.73)
Time per leration (msh 2358 (2.52) 1877 (3.25) 21.93 (2.42) 37.50 (4.70)
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IROS 2011 Video

You (1)
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http://www.youtube.com/watch?v=ag-txw4KUgo

For more information:

Perez, A., Karaman, S., Shkolnik, A, Frazzoli E., Teller, S. and Walter, M.,
“Asymptotically-optimal Manipulation Planning using Incremental Sampling-based
Algorithms,” in IEEE/RSJ International Conference on Intelligent Robots and Systems

(IROS), 2011.

http://ares.lids.mit.edu/manipulation_planning

Interactive Session (Golden Gate Room)

The PR2 Workshop

Also featured in:
MIT News, Slashdot, New Scientist, New England Post,
Gizmag, i09, AzoRobotics and Indian Express
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http://ares.lids.mit.edu/manipulation_planning
http://www.willowgarage.com/workshop/2011/iros_pr2_workshop
http://web.mit.edu/newsoffice/2011/smarter-robot-arms-0921.html
http://web.mit.edu/newsoffice/2011/smarter-robot-arms-0921.html
http://tech.slashdot.org/story/11/09/23/1526256/smarter-robot-arms
http://www.newscientist.com/blogs/onepercent/2011/09/robots-smart-arms-give-it-smoo.html
http://www.newenglandpost.com/2011/09/21/mit-researchers-develop-robot-arm-capable-human-like-movement-underlying-algorithm-far-reaching-applications/
http://www.gizmag.com/efficient-predictable-robot-movement/19912/
http://io9.com/5842760/an-algorithm-that-makes-robots-appear-more-human
http://www.azorobotics.com/news.aspx?newsID=2095
http://www.indianexpress.com/news/soon-smart-robot-arms-to-make-them-move-more-smoothly/850277/

