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Samping-Based Methods

* Multi-Query Planning Algorithms
* Cache roadmap for multiple queries
* Environment is static

* Single-Query Planning Algorithms
* Recompute roadmap for each query
* Environment can change across queries (not within)
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Algorithm 10 Build RRT Algorithm
Input:
qo: the configuration where the tree is rooted
n : the number of attempts to expand the tree
Output:
Atree T = (V, E) that is rooted at go and has < n configurations

1: 'V <« {q0}
2 FE <@
3: fori = 1tondo
Grand < a randomly chosen free configuration
5. extend RRT (7, ¢ranq)
6: end for
7: return T

Algorithm 11 Extend RRT Algorithm
Input:

T =(V, E): an RRT

q: a configuration toward which the tree 7" is grown
Output:

A new configuration gpew toward ¢, or NIL in case of failure

1: @near < closest neighborof ¢ in T
2! Qnew < Progress ¢ne.r by step_size along the straight line in Q between g, and
rand
if ¢,.w 1s collision-free then
V < VU {gnew}
E < E U {(gnears qnew)}
return gpeyw
end if
return NIL
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Algorithm 10 Build RRT Algorithm
Input:
qo: the configuration where the tree is rooted
n : the number of attempts to expand the tree
Output:
Atree T = (V, E) that is rooted at go and has < n configurations
11V < {qo}
2 FE <@
3: fori = 1tondo
4:  Grand < arandomly chosen free configuration
5
6
7

extend RRT (7, Grang)
: end for
: return T

Algorithm 11 Extend RRT Algorithm
Input:
T =(V, E): an RRT
q: a configuration toward which the tree 7" is grown
Output:
A new configuration g, toward g, or NIL in case of failure
q Gnear <— closest neighbor of g in T
! Gnew <— PrOgress ¢n.. by step_size along the straight line in Q between g, and

(3]

Grand
. if gpew 18 collision-free then

3

4 V «— V U {¢new}
S E <~ EU {(qneara q11ew)}
6: return gpeyw
7. end if

8: return NIL
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Algorithm 10 Build RRT Algorithm
Input:
qo: the configuration where the tree is rooted
n : the number of attempts to expand the tree
Output:
Atree T = (V, E) that is rooted at go and has < n configurations

V < {qo}
E <0

fori =1tondo
grand < a randomly chosen free configuration
extend RRT (7, Grand)

end for

return 7
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Algorithm 11 Extend RRT Algorithm
Input:

T =(V, E): an RRT

q: a configuration toward which the tree 7" is grown
Output:

A new configuration gpew toward ¢, or NIL in case of failure

1: @near < closest neighborof ¢ in T
- Gnew <— Progress ¢ne. by step_size along the straight line in Q between g,.,, and
rand
3: if gpew 1S collision-free then
4 V «— V U {¢new}
5: E< EU {(qnear’ Qnew)}
6 return gpeyw
7. end if
8: return NIL
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Algorithm 10 Build RRT Algorithm
Input:
qo: the configuration where the tree is rooted
n : the number of attempts to expand the tree
Output:
Atree T = (V, E) that is rooted at go and has < n configurations

V < {qo}
E <0

fori =1tondo
grand < a randomly chosen free configuration
extend RRT (7, Grand)

end for

return 7
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Algorithm 11 Extend RRT Algorithm
Input:

T =(V, E): an RRT

q: a configuration toward which the tree 7" is grown
Output:

A new configuration gpew toward ¢, or NIL in case of failure

1: @near < closest neighborof ¢ in T
2! Qnew < Progress ¢ne.r by step_size along the straight line in Q between g, and
rand
3: if gpew 1S collision-free then
4: V «— V U {¢new}
mm) E < EU{(gnear, gnew)}
6: return gpeyw
7. end if
8: return NIL
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Rapidly-Exploring Random Trees (RRTs)

* When to stop?

* when inside a prespecified goal region

* How to retrieve the path?
* retain a pointer to parents



Rapidly-Exploring Random Trees (RRTs)
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ing Random Trees (RRTs)

Rapidly-Explor




Intuition behind RRT

* Vertices that are isolated, on the boundary, have higher
“visibility” and are more likely to be selected.



Transition-RRTs




Transition-RRTs

Algorithm 1: Transition-based RRT

input  : the configuration space C'S;
the cost function ¢ : CS — R;;
the root qin:¢ and the goal ggoai;
output : the tree 7,
begin
T «— InitTree(qinit);
while not StopCondition(7, qgoq1) do
Grand <— SampleConf(CS) ;
Gnear — BestNeighbor(grand,7);
if not Extend(7, ¢rand; Gnear; @new) Continue;
if TransitionTest (e(gnenr) ClTnew), Trnear—nen)
and MinExpandControl(7,qnear,qrand) then
AddNewNode(7 ,gnew);
L AddNewEdge(7 ,qnear> qnew);

end
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Algorithm 1: Transition-based RRT

input  : the configuration space C'S;
the cost function ¢ : CS — R;;
the root qin:¢ and the goal ggoai;
output : the tree 7,
begin
T «— InitTree(qinit);
while not StopCondition(7, gg0q1) do
Grand <— SampleConf(CS) ;
Gnear — BestNeighbor(grand,7);
if not Extend(7, ¢rand; Gnear; @new) Continue;
if TransitionTest(c(gnear),(Gnew), dnear—new)
and MinExpandControl(Z,qnear,Qrand) then
AddNewNode(7 ,gnew);
L AddNewEdge(7 ,qnear> qnew);

end




Transition-RRTs

Algorithm 1: Transition-based RRT

input : the configuration space C'S
the cost fun -
th t Qind Ac;, g
& 00k G o ——K*J{) if Ac;‘j >0
output : the tree 7, 1 otherwise.

begin

end

7T «— InitTree(q
while not StopCondition(7, gg0q1) do
Grand <— SampleConf(CS) ;

Gnear — BestNeighbor(grand,7);
if not Extend(7, ¢rand, Gnear, Inew) Conginue;
if TransitionTest(e(Gusur ) C(Gnew)Mucar—wein)
and MinExpandControl(Z,qnear drand) then

L AddNewNode(7 ,gnew);
AddNewEdge(7 ,gnear> Gnew);




Transition-RRTs

® QuickTime Player File Edit View Share Window Help

»

Keys
r. toggle rotation
I: place imtial position (red) under mouse
g: place goal position (green) under mouse
1. run TRRT, slow speed
2. run TRRT, fast speed
0: Pause TRRT
. clear tree

Tree cleared




Transition-RRTs

Robotic Lime Picking

by considering leaves as Permeable Obstacles

Heramb Nemlekar*, Ziang Liu*, Suraj Kothawade, Sherdil Niyaz,
Barath Raghavan and Stefanos Nikolaidis

* equal contribution

ICAROS Lab
University of Southern California



Definitions

* A robustly feasible planning problem




Completeness

* When is an algorithm complete?



Completeness and Optimality

* When is an algorithm complete?

* If there is a solution, the algorithm will find it, otherwise it will
report failure

* Probabilistic Completeness: a weaker notion of completeness

* Probabilistic Optimality: a weaker notion of optimality



Probabilistic Completeness

* An algorithm ALG is probabilistically complete if, for any
robustly feasible motion planning problem defined by

P = (ereea ds, Qg)

lim P(ALG returns a solution to P) =1

N — o0

Is RRT probabilistically complete?



Asymptotic Optimality

» We let. Y™ the cost of the best path from running RRT N
times and ¢’ the cost of the optimal path.



Asymptotic Optimality

» We let. Y™ the cost of the best path from running RRT N
times and ¢’ the cost of the optimal path.

P({ lim YRRT }) =1
N—o0



Anytime RRTs

 Find a suboptimal path quickly, then improve over time.
* Produce an initial path of cost C,
* Next run, we stop only if C’; <C;
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* Idea 1: keep old trees
* Might converge to a local minimum
* Might bias future solutions

e Idea 2: build a new tree from scratch



Anytime RRTs

 Find a suboptimal path quickly, then improve over time.
* Produce an initial path of cost C,
* Next run, we stop only if C’; <C;

* Idea 1: keep old trees
* Might converge to a local minimum
* Might bias future solutions

e Idea 2: build a new tree from scratch

» Better Ideas: Use a heuristic to consider a subset of nodes of
previous nodes that lead to an improved solution



Bidirectional RRTs

e Start from both start node and goal node and merge trees

jupyter-notebook » python
no last new
no last new
no last new
no last new
no last new
no last new
no last new
no last new
no last new
no last new
no last new
no last new
no last new
no last new
no last new
no last new
no last new
$
$ python hw5/rrt_2.py hw5/world_obstacles.txt hw5/sta
$ python hwb/rrt_2.py hws/world_obstacles.txt hw5/sta




Bidirectional RRTs

Algorithm 1: IKBiRRT(gs, W)

1 T,.Init(q,); T3 Init(NULL);
2 while TimeRemaining() do
3 Tyoar = GetBackwardTree(T,, T5);

4 if Tyoqi1.5ize = 0 or rand(0,1) < Pyampie then
B AddIKSolutions(Tyoq1, W);

6 else

7 rand < RandConﬁg(),

8 Qrear — NearestNeighbor(7,, grand);

9 qgeached «— Extend(7,, qgl,ea,r’ drand);

10 Gnear — NearestNeighbor(Ty, g ched)

1 qﬁeached - EXtCIld(Tb, qg.ear’ qgeached);

12 if qgeached = qgeached then

13 P ExtractPath(To; 4%, o' Ths @ i)
14 return SmoothPath(P);

15 else

16 Swap(Ty,, Tj);

17 end

18 end

19 end

20 return NULL;




Bidirectional RRTs

IKBiRRT




Shortcutting

* Output of RRTs is almost unusable.

 Simple Shortcutting Algorithm



Shortcutting

* Output of RRTs is almost unusable.

 Simple Shortcutting Algorithm:
Repeat:

Select two points randomly
Attempt to connect them
If path shortest than previous one, replace path



Special Case: Time-Varying Planning



Time-Varying Planning

* Time-Varying Obstacles O(t)

* State-space?
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* Time-Varying Obstacles O(t)
* State-space: x =(q, t)

» Xobs = 1(¢;1) € X|A(q) N O(t) # 2}

* Goal: compute a continuous time-monotonic path

T[O, 1] — Xfree



Time-Varying Planning

* Time-Varying Obstacles O(t)
* State-space: x =(q, t)

» Xobs = 1(¢;1) € X|A(q) N O(t) # 2}

* Goal: compute a continuous time-monotonic path

T[O, 1] — Xfree

S1 S So —> tl S t27 (QIatl) — T(Sl)a (QZatQ) — 7-(52)



Time-Varying Planning Example

* Piecewise-linear motion
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Modes




Problem Setting

* State space X=(Q x M . A state is represented as x = (g, m),
where g € Q andm € M

* An obstacle region O(m) that depends on the mode m
* Arobotic arm A (m)

. Qobs — {(qvm) < X|A(Q7m) ] O(m) # @}

* Each state x has a finite action space U (LI’J )



Problem Setting

 Each state x has a finite action space U ($ )

A mode transition function f m:XxXU—=>M



Modes




Problem Setting

 Each state x has a finite action space U ($ )

+ A mode transition function Jm : X X U — M

* A state transition function f(557 u) — (qv fm (.CI?, u))
+ An initial state Ls € X free

» A goal region X (7 € Xfree



Goal

« Compute a continuous path: T : [O, 1] — Q free

* Compute an action trajectory: O . [O, 1] — U



Example M = {OPEN, CLOSED}

O(OPEN) O(CLOSED)



Example
s = (95, CLOSED),z, = (q4, OPEN)
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Example

ds
4qg /

O(OPEN) O(CLOSED)



Example

ds
4qg /

O(OPEN) O(CLOSED)



Example

¢ d1 q1

O(OPEN) O(CLOSED)



Example

o d1 q1

O(OPEN) O(CLOSED)



Special Case: Manipulation Planning



Example
M = {Transit, Transfer}

_-—
|

Robot : A, Q4 =R! U ={Grasp, Ungrasp}
Part : P,QY = R!



Example

- Graspl - |
\ Ungrasp

—

T'ransfer



Example
M = {Transit, Transfer}

_-—
|

Robot : A, Q4 =R! U ={Grasp, Ungrasp}
Part : P, QP — R When can grasp occur?



Example
M = {Transit, Transfer}

_-—
|

Robot : A, Q4 =R! U ={Grasp, Ungrasp}

Part : P,Q" = R! ¢ =q"



Example
P

q




Example

qP

How can we represent
the transfer phase?




Example
P

q

TRANSFER
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Example
M = {Transit, Transfer}

4-_

Robot : A, Q4 =R! U ={Grasp, Ungrasp}
Part : P,QY = R!
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Example

qP







Manipulation Planning

* Sample configurations where mode transition can occur
(valid grasp configuration with resting object)




Manipulation Planning

« Compute sub-roadmaps




Manipulation Planning

 Attempt to connect each pair of vertices in the two
roadmaps with transit or transfer paths




Manipulation Planning




Manipulation Planning

* Connect to goal configuration




Manipulation Planning

 Search graph







