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Sampling-based Path Planning

Advantages
m Computationally efficient
m Solves high-dimensional problems (with hundreds of DOFs)
m Easy to implement

m Applications in many different areas

Disadvantages

m Does not guarantee completeness (a complete planner always finds a solution if
there exists one, or reports that no solution exists)

Is it then just a heuristic approach? No. It's more than that

It offers probabilistic completeness

m When a solution exists, a probabilistically complete planner finds a solution with
probability as time goes to infinity.

m When a solution does not exists, a probabilistically complete planner may not be
able to determine that a solution does not exist.
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(Basic) Probabilistic RoadMap (PRM)

Capture connectivity of collision-free configuration space by sampling

INITIALIZEROADMAP
1: V — {Ginit, Ggoat}; E — 0

GENERATEROADMAPSAMPLES
1: for several times do

2:  q < GENERATECONFIGSAMPLE()
3:  if ISCONFIGCOLLISIONFREE(q) = true then

4: V —VuU({q}

CONNECTROADMAPSAMPLES
1: for each g € V do

20 g1, 92,5 qk] —
SELECTSAMPLESFORCONNECTION(q, k, V)

3 fori=1,2,...,kdo

4: path «— GENERATEPATH(q, g;)

5 if ISPATHCOLLISIONFREE(q, gi) = true then

6 E— EU{(q,9)}

COMPUTESOLUTION

1: [91,92,...,qn] < search G
connecting Ginit tO qgoal

2: if found then

3:  return (q1, g2).patho - - -

4: return null

Erion Plaku (JHU — CS336)

= (V, E) for sequence of edges

© (gn—1, qn).path
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Narrow-Passage Problem

m Probability of generating samples via uniform sampling in a narrow passage is low
due to the small volume of the narrow passage

m Generating samples inside a narrow passage may be critical to the success of the
path planner

m Objective is then to design sampling strategies that can increase the probability of
generating samples inside narrow passages
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PRM Sampling Strategies
m Gaussian-based
m Obstacle-based
s OBPRM
m Bridge-based
m Visibilitiy-based
m Importance-based
m Combining Different Sampling Strategies
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Gaussian Sampling in PRM

Objective: Increase Sampling Inside/Near Narrow Passages
Approach: Sample from a Gaussian distribution biased near the obstacles

GENERATECOLLISIONFREECONFIG [Boor, Overmars, van Der Stappen: ICRA 1999]
: ga < generate config uniformly at random

r < generate distance from Gaussian distribution

gp < generate config uniformly at random at distance r from g,

oka «— IsCONFIGCOLLISIONFREE(qga)

okp «— IsCoNFIGCOLLISIONFREE(qp)

ifok, = true and ok, = false then return g,

. ifok, = false and ok, = true then return g,

@ N gk whE

: return null
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Obstacle-based Sampling in PRM

Objective: Increase Sampling Inside/Near Narrow Passages
Approach: Move samples in collision outside obstacle boundary

GENERATECOLLISIONFREECONFIG [Amato, Bayazit, Dale, Jones, Vallejo: WAFR 1998]
1. g, < generate config uniformly at random
if ISCONFIGCOLLISIONFREE(g,) = true then
return q,
else b
gp < generate config uniformly at random q
path — GENERATEPATH(qa, gp)
for t = 6 to |path| by § do
if ISCONFIGCOLLISIONFREE(path(t)) then
return path(t)
return null

QERINITRWN

—
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Bridge-based Sampling in PRM

Objective: Increase Sampling Inside/Near Narrow Passages
Approach: Create “bridge” between samples in collision

GENERATECOLLISIONFREECONFIG [Hsu, Jiang, Reif, Sun: ICRA 2003]
1. g, < generate config uniformly at random
. gp < generate config uniformly at random

: oks < ISCONFIGCOLLISIONFREE(qa)
: okp < IsSCONFIGCOLLISIONFREE(qp)

if ok, = false and ok, = false then
path «— GENERATEPATH(qa, qp)
q < path(0.5|path|)
if ISCONFIGCOLLISIONFREE(q) then
return q

LOoNOO B~ N

—
o

: return null
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Visibility-based Sampling in PRM

Objective: Capture connectivity of configuration space with few samples
Approach: Generate samples that create new components or join existing components

GENERATECOLLISIONFREECONFIG

1. g < generate config uniformly at random
2: if ISCONFIGCOLLISIONFREE(g) = true then

3: if g belongs to a new roadmap component then
4 return q

5 if g connects two roadmap components then

6: return q

7: return null

Erion Plaku (JHU — CS336)

PRM Sampling Strategies

qi:
qz:
qs3:

qs:

[Nisseoux, Simeon, Laumond: Advanced Robotics J 2000]

erejected

creates new roadmap component
creates new roadmap component

creates new roadmap component

: connects two roadmap components

connects two roadmap components



Importance Sampling

Objective: Increase Sampling Inside/Near Narrow Passages
Approach: Improve roadmap connectivity
m Construct roadmap using given sampling strategy

m ldentify roadmap nodes that lie in regions that are hard to connect

m Sample more in these regions
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Importance Sampling

Objective: Increase Sampling Inside/Near Narrow Passages
Approach: Improve roadmap connectivity
Construct roadmap using given sampling strategy

Identify roadmap nodes that lie in regions that are hard to connect

Sample more in these regions

Associate weight w(q) with each configuration g in the roadmap

Weight w(q) indicates difficulty of region around g

= w(q) = #g(q)

m w(qg) = number of times connections from/to g have failed
m combination of different strategies

m Select sample with probability = W\(/q) @
q/E w

Generate more samples around g

Connect new samples to neighboring roadmap nodes
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Combine Different Sampling Strategies

m Each sampling strategy has its strengths and weakness

m Objective is to identify the appropriate sampling strategy for a given region
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Combine Different Sampling Strategies

m Each sampling strategy has its strengths and weakness

m Objective is to identify the appropriate sampling strategy for a given region

m One common strategy is to assign a weight w; to each sampler S;
m A sampler S; is then selected with probability

w;
Zj Wj

m Sampler weight is updated based on quality of performance
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Combine Different Sampling Strategies

m Each sampling strategy has its strengths and weakness

m Objective is to identify the appropriate sampling strategy for a given region

One common strategy is to assign a weight w; to each sampler S;

A sampler S; is then selected with probability

14
Zj Wj

m Sampler weight is updated based on quality of performance

m Balance between being “smart and slow” and “dumb and fast”
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PRM Connection Strategies
m Nearest Neighbors
m Roadmaps with no cycles
m Lazy Collision Checking
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Connecting Roadmap Nodes to Nearest Neighbors

Edges between neighboring nodes are more likely to be collision

free than edges between far away nodes O
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Connecting Roadmap Nodes to Nearest Neighbors

Edges between neighboring nodes are more likely to be collision

free than edges between far away nodes O

m Common practice is to attempt to connect each node to k of its nearest neighbors

m Nearest neighbors defined by some distance metric p: Q X Q — RZ°, e.g.,
m geodesic distances, i.e., shortest-path distances according to topology
m weighted combination of translation and rotation components
m Euclidean distance between selected robot points

Good distance metrics reflect the likelihood of successful connections
m Numerous algorithms/data structures for nearest-neighbors computations, e.g.,

kd-tree, R-tree, M-tree, V-tree, PR-tree, GNAT, iDistance, CoverTree [demo]
m Computational challenges of nearest-neighbors algorithms in high-dimensional
spaces

m Efficiency deteriorates rapidly
m Not much better than brute-force approach

m Alternative approach is to compute approximate nearest neighbors
[Plaku, Kavraki: WAFR 2006, SDM 2007]
m Minimal losses in accuracy of neighbors
m No loss in accuracy of overall path planner
m Significant computational gains
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Roadmaps with no Cycles

m Edge in cycle does not improve roadmap connectivity

m Edge is added to roadmap only if it connects two different roadmap components

1: if SAMEROADMAPCOMPONENT(q,, q5) = false then
2 path « GENERATEPATH(qa, gb)
3:  if IsSPATHCOLLISIONFREE(path) = true then
4 (9a, Gb)-path < path
5 E — EU{(qaa0)}
m Disjoint-set data structure is used to speed up computation of

SAMEROADMAPCOMPONENT({a, gb)
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Lazy PRM

Perform collision checking only when necessary

[Bohlin, Kavraki: Handbook on Randomized Computing 2000]

goal

init

LAzZYROADMAPCONSTRUCTION

V — V U {Ginit, Ggoat}; E — 0

. for several times do

q < generate config uniformly at random; q.checked < false; V «— V U {q}

. for each pair (ga, gp) € V X V do

(qa, qb)-res < 1.0; (qa, qp).path < GENERATEPATH(q., qp); E < E U {(qa, g»)}

AR
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Lazy PRM

Perform collision checking only when necessary

[Bohlin, Kavraki: Handbook on Randomized Computing 2000]

goal
init
LAZYROADMAPCOLLISIONCHECKING
1: for several times do
[q1,q2, ..., qn] < search G = (V, E) for sequence of edges connecting gjnit t0 qgoal

2

3 fori=1,2,...,ndo

4 if gi.checked = false and ISCONFIGCOLLISIONFREE(q;) = false then
5: remove q; from roadmap; goto line 2

6: else

7 qi.checked < true

8 while no edge collisions are found and minimum resolution not reached do
9

fori=1,2,...,n—1do
10: (gi, git1)-res < (qi, qit1).res/2; check (qi, gi+1).path at resolution (qj, giy1).res
11: if collision found in (g;, gi+1).path then
12: remove (qj, gi+1) from roadmap; goto line 2

13:  return (g1, q2).patho - -- o (qn—1, qn).path
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Post Processing
m Path Smoothing
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Path Smoothing

m Solution paths produced by PRM planners tend to be long and non-smooth (due to
sampling and edge connections)

m Post processing is commonly used to improve the quality of the paths

m A common practice is to repeatedly replace long paths by short paths
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Path Smoothing

m Solution paths produced by PRM planners tend to be long and non-smooth (due to
sampling and edge connections)

m Post processing is commonly used to improve the quality of the paths

m A common practice is to repeatedly replace long paths by short paths

SMOOTHPATH(q1, g2, - . . , gn) — ONe version

1: for several times do

2 select i and j uniformly at random from 1,2,...,n

3:  attempt to directly connect g; to g; ®
4 if successful, remove the in-between nodes, i.e., giy1,...,q;
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Path Smoothing

m Solution paths produced by PRM planners tend to be long and non-smooth (due to
sampling and edge connections)

m Post processing is commonly used to improve the quality of the paths

m A common practice is to repeatedly replace long paths by short paths

SMOOTHPATH(q1, G2, . . . , Gn) — One version

1: for several times do

2 select i and j uniformly at random from 1,2, ..., n

3:  attempt to directly connect g; to g; ®
4 if successful, remove the in-between nodes, i.e., giy1,...,q;

SMOOTHPATH(q1, g2, . . . , gn) — another version \

1: for several times do

2 select i and j uniformly at random from 1,2,...,n

3: g < generate collision-free sample °
4:  attempt to connect g; to g; through g

5 if successful, replace the in-between nodes gj;1,...,q; by q
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