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Exercises for Motion Planning

Voronoi diagram
Line Sweep
RRT*

A*

Potential Fields

vk wn e
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Motion Planning: Motivation ﬂ(IT

Karlsruher Institut far Technologie

Generation of a collision-free trajectory w.r.t. various goals and constraints

A
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Motion Planning: Problem Statement A\‘(IT

Karlsruher Institut fir Technologie

| Given:
® Configuration space C
W Start configuration g+ € C
® Goal configuration qgoq; € C

| Required
Continuous trajectory
7:[0,1] = C with 7(0) = qs¢qrr and T(1) = Qgoal

With respect to
® Kinematic constraints (joint limits, maximal acceleration, ...)
® Quality criteria (duration, energy, distance to obstacles, smoothness of the trajectory, ...)
® Additional contraints (upright position of the end-effector, ... )

&
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Motion Planning for Mobile Robots: Graphs A\‘(IT

Karlsruher Institut fir Technologie

® Calculating collision-free trajectories

W 1. Step: Efficient representation of free space by network of paths (graph)
® Voronoi diagram
® Cell decomposition (e.g. using Line-Sweep)

W 2. Step: Search optimal path in graph
| A*

&
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Motion Planning for Mobile Robots: Graphs ﬂ(IT
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al

-——® Ygoal

Qstart
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Exercise 1: Voronoi Diagrams

® Voronoi diagram for P

SKIT
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Exercise 1: Voronoi Diagrams

1. Explain the terms
® Voronoi region
® Voronoi edge
® Voronoi vertex

2. Find the Voronoi diagram for the
point set P:
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Exercise 1.1: Voronoi Terms, Region (1)
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Exercise 1.1: Voronoi Terms, Region (2) A\‘(IT

Karlsruher Institut far Technologie

® Center of the region

[ Voronoi region

@® Other centers

® Voronoi region:
A region is defined as the set of points whose distance to a center is less than
the distance to all other centers.

&
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Exercise 1.1: Voronoi Terms, Edge (1)
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Exercise 1.1: Voronoi Terms, Edge (2) A\‘(IT
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@® Adjacent centers

Voronoi edge

@® Other centers

@ Voronoi edge:
All points of a Voronoi edge have the same distance to the centers of the
adjacent regions.

&
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Exercise 1.1: Voronoi Terms, Vertices (1)
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Exercise 1.1: Voronoi Terms, Vertices (2) A\‘(IT
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<> Voronoi vertices
B Voronoi edges

® Centers

® Voronoi vertices:
Corners of the polygons/voronoi regions

&
14 Robotics I: Introduction to Robotics | Exercise 04 H2T



15

Exercise 1.2: Voronoi diagram for P (1)

Robotics I: Introduction to Robotics | Exercise 04

SKIT

Karlsruher Institut fir Technologie



16

Exercise 1.2: Voronoi diagram for P (2)
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1. Recursively split the set
of points in half
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Exercise 1.2: Voronoi diagram for P (3)
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1. Recursively split the set
of points in half
2. Solve the base case
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Exercise 1.2: Voronoi diagram for P (4)
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1. Recursively split the set
of points in half
2. Solve the base case
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Exercise 1.2: Voronoi diagram for P (5)
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1. Recursively split the set
of points in half
2. Solve the base case
* Perpendicular
bisector
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Exercise 1.2: Voronoi diagram for P (6)
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1. Recursively split the set of
points in half
2. Solve the base case
* Perpendicular
bisector



Aufgabe 1.2: Voronoi-Diagramm fiir P (7) A\‘(IT

Karlsruher Institut fir Technologie

1. Recursively split the set
of points in half
2. Solve the base case
* Perpendicular
bisector

&
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Exercise 1.2: Voronoi diagram for P (8)
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1. Recursively split the set
of points in half
2. Solve the base case
* Perpendicular
bisector
3. Connect neighbors
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1. Recursively split the set
of points in half
2. Solve the base case
* Perpendicular
bisector
3. Connect neighbors
* Perpendicular
bisector

23 Robotics I: Introduction to Robotics | Exercise 04
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Exercise 1.2: Voronoi diagram for P (10)
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. Recursively split the set

of points in half

. Solve the base case

* Perpendicular
bisector

. Connect neighbors

* Perpendicular
bisector

. Close regions

e Shorten or
extend lines
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Exercise 1.2: Voronoi diagram for P (11)
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. Recursively split the set

of points in half

. Solve the base case

* Perpendicular
bisector

. Connect neighbors

* Perpendicular
bisector

. Close regions

e Shorten or
extend lines
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Exercise 1.2: Voronoi diagram for P (12)
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. Recursively split the set

of points in half

. Solve the base case

* Perpendicular
bisector

. Connect neighbors

* Perpendicular
bisector

. Close regions

e Shorten or
extend lines



Exercise 1: Voronoi diagram for P, Bonus A\‘(IT
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Which diagram
results if the point
set is divided
differently?

&
27 Robotics I: Introduction to Robotics | Exercise 04 H2T



Exercise 1: Voronoi diagram for P, Bonus A\‘(IT

Karlsruher Institut fir Technologie

Which diagram
results if the point
set is divided
differently?

&
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Exercise 1: Voronoi diagram for P, Bonus A\‘(IT

Karlsruher Institut fir Technologie

Can there be Voronoi
vertices where more than
three Voronoi edges come
together?

D
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Exercise 1: Voronoi diagram for P, Bonus A\‘(IT

Karlsruher Institut fir Technologie

Can there be Voronoi
vertices where more than
three Voronoi edges come
together?

D
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Cell Decomposition

@ Approach:
1. decompose Crr, in cells, that make it easy to find a path between two
configurations within the cell

2. Represent the spatial layout by an adjacency graph
3. Search the optimal path from g4, t0 q 4041 in the graph

@ There are two kinds of cell decomposition:
W Exact cell decomposition (e.g. using Line-Sweep)
® Approximated cell decomposition

31 Robotics I: Introduction to Robotics | Exercise 04
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Exercise 2: Line-Sweep

[ )
Qstart

1. Cell decomposition using Line-Sweep
2. Adjacency graph of the cells
3. Path between G4+ and qgoar

Robotics I: Introduction to Robotics | Exercise 04

SKIT

Karlsruher Institut fir Technologie



33

Exercise 2.1: Line-Sweep, Cell decomposition (1)

SKIT
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Exercise 2.1: Line-Sweep, Cell decomposition (2)
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Exercise 2.1: Line-Sweep, Cell decomposition (1)

Numbering from left to right, then from top to bottom
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Exercise 2.1: Line-Sweep, Cell decomposition (2)

Numbering from left to right, then from top to bottom
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Exercise 2.2: Line-Sweep, Adjacency graph (1) A\‘(IT
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&
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Exercise 2.3: Line-Sweep, Path from start to goal (1)
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Exercise 2.3: Line-Sweep, Path from start to goal (2) A\‘(IT

Path from gs¢art 10 Qgoar:

6,7,9,12,14, 15,17, 18, 19, 20, 21, 22

&
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RRT: Principle (1)

@ The shape of C,js in the configuration
space is unknown

® |nitialization of the RRT
® Create empty tree T
W Insert Qgiqrt iNtO T

41 Robotics I: Introduction to Robotics | Exercise 04
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Astart

Cobs

‘.Igoal




RRT: Principle (2)

®@ [teration

1.
2.
3.

Sample a point g

Determine the next neighbor q,,,, in T
Add points on the connection between
qs and g, to T

« With step size d

« Check every part of the path for collision
with CObS

« Stop when a collision has been detected
Goto 1.
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Astart

"Igoal

Cobs




RRT: Principle (3)

®@ [teration

1.
2.
3.

Sample a point g

Determine the next neighbor q,,,, in T
Add points on the connection between
qs and g, to T

« With step size d

« Check every part of the path for collision
with CObS

« Stop when a collision has been detected
Goto 1.
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Astart = 9nn

C.Igoal




RRT: Principle (4)

®@ [teration

1.
2.
3.

Sample a point g

Determine the next neighbor q,,,, in T
Add points on the connection between
qs and g, to T

« With step size d

« Check every part of the path for collision
with CObS

« Stop when a collision has been detected
Goto 1.
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Astart = 9nn

@7

C.Igoal

' E




RRT: Principle (5)

®@ [teration

1.
2.
3.

Sample a point g

Determine the next neighbor q,,,, in T
Add points on the connection between
qs and g, to T

« With step size d

« Check every part of the path for collision
with CObS

« Stop when a collision has been detected
Goto 1.

45 Robotics I: Introduction to Robotics | Exercise 04

SKIT

Karlsruher Institut far Technologie

"Igoal

Cobs

collision-free
o« —o°

Qstart




RRT: Principle (6)

®@ [teration

1.
2.
3.

Sample a point g

Determine the next neighbor q,,,, in T
Add points on the connection between
qs and g, to T

« With step size d

« Check every part of the path for collision
with CObS

« Stop when a collision has been detected
Goto 1.
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start

C.Igoal

collision-free
qs




RRT: Principle (7)

®@ [teration

1.
2.
3.

Sample a point g

Determine the next neighbor q,,,, in T
Add points on the connection between
qs and g, to T

« With step size d

« Check every part of the path for collision
with CObS

« Stop when a collision has been detected
Goto 1.
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C.Igoal

Astart




RRT: Principle (8)

®@ [teration

1.
2.
3.

Sample a point g

Determine the next neighbor q,,,, in T
Add points on the connection between
qs and g, to T

« With step size d

« Check every part of the path for collision
with CObS

« Stop when a collision has been detected
Goto 1.
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RRT: Principle (9)

®@ [teration

1.
2.
3.

Sample a point g

Determine the next neighbor q,,,, in T
Add points on the connection between
qs and g, to T

« With step size d

« Check every part of the path for collision
with CObS

« Stop when a collision has been detected
Goto 1.
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Astart

C.Igoal




RRT: Principle (10)

@ |teration
1. Sample a point g
2. Determine the next neighbor q,,,, in T

3. Add points on the connection between
qs and g, to T
« With step size d

« Check every part of the path for collision
with CObS

« Stop when a collision has been detected
4. Goto 1.

® Check in every k'™ step whether q 4,4, can
be connectedto T
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l. g
0
I'Ol
lo,
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Astart




RRT: Principle (11)

@ |teration
1. Sample a point g
2. Determine the next neighbor q,,,, in T

3. Add points on the connection between
qs and g, to T
« With step size d

« Check every part of the path for collision
with CObS

« Stop when a collision has been detected
4. Goto 1.

® Check in every k'™ step whether q 4,4, can
be connectedto T
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Found a solution

Astart

qgoal




RRT* SKIT

Karlsruher Institut far Technologie

® Problem: RRTs yield trajectories that are usually not optimal

@ RRT* optimizes the search space iteratively during the search

® Optimization of the search tree is divided into two steps:

B Calculate costs of each new node (e.g., length of the path from the start node)
® Rewiring of the search tree by adding new nodes

® Disadvantage:
® Longer runtime (up to a factor of 30 in comparison to uni-directional RRT)
® Uni-directional approach

S. Karaman and E. Frazzoli. Sampling-based algorithms for optimal motion planning.
The International Journal of Robotics Research, 30(7):846—894, Jan. 2011.

&
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Exercise 3: RRT* A\‘(IT

Karlsruher Institut fir Technologie

. qs q.
1. Explam-how the node g0, Was 0, @@ .
determined. g 1O - NG
. //// q, qg..‘\
2. Calculate the path costs for the nodes S @@ 1\
! qs \\

41, > 49, Gnew

:' ‘I9‘|
3. Describe the RRT* function :/‘qnew

Near(T, qnew,T)
4. Which nodes are taken into account for e

the Rewire StEp? The tree T shows an intermediate step of RRT*
5. Draw the connections after the ®  Nodes gy, ..., qo

Rewire step_ ® Connection costs indicated on the edges

® g, added in the current iteration step

D
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RRT*: Algorithm

1.

54

qs; = SampleRandom(C)

q.n = NearestNeighbor(qs, T)

Anew = Steer(qnn, 4s, d)

if !CollisionFreePath(q,,,, Qnew): goto 1
Qnear = Near (T, qnew, 1)

qmin = MinCostPath(Qnear) Gnew)
AddPath(T, Qmin, Anew)

Rewire (T; Anew, Qnear)
if !Timeout: goto 1

Robotics I: Introduction to Robotics | Exercise 04
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// Sample random configuration

// Determine the nearest neighbor

// Go a step in the direction of g

// Is the path collision-free?

// All points with a distance to q,,,,, of at most r
/] Cost(qmin) + Cost(qmin, Qnew) Minimal

// Add path from q,,i5, t0 Grew

// Check edges to nodes in Q,0qr

// Next iteration
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Exercise 3.1: How was @,,.,, determined? (1)

Robotics I: Introduction to Robotics | Exercise 04

@

SKIT

Karlsruher Institut far Technologie



56

Exercise 3.1: How was ¢,,.,, determined? (2)

qs " qs
® guew = Steer(qnn, 95 d) . 0@ 2
L : q_ 1! ®
q,: Current sample ® e
® q,,: Nearest neighbor to g, o 2
® d: Step size
s @

Robotics I: Introduction to Robotics | Exercise 04
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Exercise 3.1: How was ¢,,.,, determined? (3) A\‘(IT

Karlsruher Institut far Technologie

qs qs
® g = Steer(qnn, 45, d) 0, @@ .
q 1 [ ) 2, @
® q,: Current sample ‘o g
W ¢g,,,: Nearest neighbor to q 00! ;
® d: Step size o
Re g .o

D
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Exercise 3.1: How was ¢,,.,, determined? (4) A\‘(IT

Karlsruher Institut far Technologie

q3 qs
® g = Steer(qnn, 45, d) 0, @@ .
q 1 [ ) 2, @
® q,: Current sample ‘o g
® q,.,.: Nearest neighbor to g, i o Q 1 ;
® d: Step size o
e g P

B0 g4 =1y
® - Connection from q,,,, to g

D
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Exercise 3.1: How was ¢,,.,, determined? (5) A\‘(IT

Karlsruher Institut far Technologie

q3 qs
® g = Steer(qnn, 45, d) 0, @@ .
a ' C | q, ! @ 2 . @7
g.: Current sample ® g
® g,,: Nearest neighbor to g, @0\
i i-1 @
® d: Step size o
queW
Re g .o
"o g, =qy

® " Connection from q,,,, to g
@ — Connection with stepsized =1

W 0 Gnew

D
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Exercise 3: RRT* A\‘(IT

Karlsruher Institut fir Technologie

. qs q.
1. Explam-how the node g0, Was 0, @@ .
determined. g 1O - NG
. //// q, qg..‘\
2. Calculate the path costs for the nodes S @@ 1\
! qs \\

41, > 49, Gnew

:' ‘I9‘|
3. Describe the RRT* function :/‘qnew

Near(T, qnew,T)
4. Which nodes are taken into account for e

the Rewire StEp? The tree T shows an intermediate step of RRT*
5. Draw the connections after the ®  Nodes gy, ..., qo

Rewire step_ ® Connection costs indicated on the edges

® g, added in the current iteration step

D
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Exercise 3.2: Path costs for q4, ..., 99, Qnew (1) ﬂ(IT

Karlsruher Institut fir Technologie

q1 = Ystart
q;
qs
qs
qs
qe
q;
qs
qs

qnew

. 3
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Exercise 3.2: Path costs for g4, ..., 9, Grew (2)

q1
q:
qs
qs
qs
qs
q;
qs
qs

qnew

0
c(qg)+1=0+1=1
c(g,)+2=1+2=3
c(gz)+1=3+1=4
c(qu)+2=4+2=6

Robotics I: Introduction to Robotics | Exercise 04
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Exercise 3.2: Path costs for g4, ..., 99, Grew (3)

91 0

q: 1

q3 3

q, 4

qs 6

qs c(gs)+1=6+1=7

q-; c(qgs)+1=6+1=7

qs c(q;)+3=7+3=10

99 c(gs)+4=6+4=10
Qnew c(q;)+1=7+1=8

63  Robotics I: Introduction to Robotics | Exercise 04
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Exercise 3: RRT* A\‘(IT

Karlsruher Institut fir Technologie

. qs q.
1. Explam-how the node g0, Was 0, @@ .
determined. g 1O - NG
. //// q, qg..‘\
2. Calculate the path costs for the nodes S @@ 1\
! qs \\

41, > 49, Gnew

:' ‘I9‘|
3. Describe the RRT* function :/‘qnew

Near(T, qnew,T)
4. Which nodes are taken into account for e

the Rewire StEp? The tree T shows an intermediate step of RRT*
5. Draw the connections after the ®  Nodes gy, ..., qo

Rewire step_ ® Connection costs indicated on the edges

® g, added in the current iteration step

D
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Exercise 3.3: RRT* Function Near (T, gew,7) (1)

® Qnear = Near(T, Anew> 7‘)

Robotics I: Introduction to Robotics | Exercise 04
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Exercise 3.3: RRT* Function Near (T, gew,7) (2)

B Qnear = Near(T, Anew 7‘)
B T:Tree

® g,0n: New node in the tree

® r: Max. distance to determine
neighboring nodes

® () cqr: Set of neighboring nodes with
distance < r

Robotics I: Introduction to Robotics | Exercise 04
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Exercise 3.3: RRT* Function Near (T, qnew,7) (3) A\‘(IT

Karlsruher Institut far Technologie

B Qnear = Near(T, quew,T) q, 2 @ - .%
uT:Tree 2. 2, @
_ g, 1 .
® Gyt New node in the tree ® ;7 gy
® r: Max. distance to determine / @ q7. 1 }\
neighboring nodes G @\
1

® () cqr: Set of neighboring nodes with

: J 9o l
distance < r |\/‘qnew
]

/
@ Near(T, q,ew, ) determines all \ /
nodes from T whose distance to ~ 7
dnew 1S @t most r.

&
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Exercise 3.4: Nodes for the Rewire step (1) A\‘(IT

Karlsruher Institut far Technologie

B Qnear = Near(T, quew,T) q, 2 @ - 'CI4
uT:Tree 2. 2, @
_ g, 1 .
® Gyt New node in the tree ® ;7 gy
® r: Max. distance to determine / @ q7. 1 }\
neighboring nodes G @\
1

® () cqr: Set of neighboring nodes with

: J qo l
distance < r |\/‘qnew
]

/
® Qnear = { \\ /

&
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Exercise 3.4: Nodes for the Rewire step (2) A\‘(IT

Karlsruher Institut far Technologie

®Q,cqar = Near(T, quew,7) . 2 ® 1 .q4
W T:Tree 2. 2 @ 7s
: q, ! - T~ 1
® g 0w New node in the tree ® , s a5@y
® r: Max. distance to determine /! @ q7‘ 1 }\
neighboring nodes ;] 45 3 @\
1

® () cqr: Set of neighboring nodes with

: J qo l
distance < r |\/‘qnew
]

® Qnear =145, 97, 93, 99} N /

&
69 Robotics I: Introduction to Robotics | Exercise 04 H2T



70

Exercise 3.5: Rewire step (1)

B Qnear =195 97, 93, 9o}

Robotics I: Introduction to Robotics | Exercise 04
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Exercise 3.5: Rewire step (2)

® Qnear = {45, 47, qs, 49}
@ g, is already connected t0 q,,c\

® g5 is part of the path with the
minimum cost to q4
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Exercise 3.5: Rewire step (3) A\‘(IT

Karlsruher Institut far Technologie

B Qnear = {qu q7, qs, CI9}
@ Costs

® Cost(qnew) = 8

® Cost(qs) =6

® Cost(qg) = 10

® Cost(qg) = 10

® Cost(qnew, qs) =1
@ Rewire qg:

@ Nodes in Qnear
@ Node under consideration

D
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Exercise 3.5: Rewire step (4) A\‘(IT

Karlsruher Institut far Technologie

® Qnear = 145, q7, qs, do}
@ Costs

® Cost(qnew) = 8

® Cost(qs) =6

® Cost(qg) = 10

® Cost(qg) = 10

® Cost(qnew, qs) =1
@ Rewire qg:

B Cost(qnew) + Cost(qnew, qs) =8+ 1

® 9 < Cost(qg) = 10
=>» Rewiring

@ Nodes in Qnear
@ Node under consideration

D
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Exercise 3.5: Rewire step (5) A\‘(IT

Karlsruher Institut far Technologie

B Qnear = {qu q7, qs, CI9}
@ Costs

® Cost(qnew) = 8

® Cost(qs) =6

® Cost(qg) = 10

® Cost(qg) = 10

® Cost(new, qo) =1
@ Rewire qq:

@ Nodes in Qnear
@ Node under consideration

D
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Exercise 3.5: Rewire step (6) A\‘(IT

Karlsruher Institut far Technologie

® Qnear = 145, q7, qs, do}
@ Costs

® Cost(qnew) = 8

® Cost(qs) =6

® Cost(qg) = 10

® Cost(qg) = 10

® Cost(new, qo) =1
@ Rewire qq:

B Cost(Gnew) + Cost(qnew, q9) =8+ 1

® 9 < Cost(gg) =10
=>» Rewiring

@ Nodes in Qnear
@ Node under consideration

D
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Exercise 3.5: Rewire step (7)

B Qnear = {qu q7, qs, CI9}
@ Costs

® Cost(qnew) = 8

® Cost(qs) =6

® Cost(qg) = 10

® Cost(qg) = 10
® Qutcome:

® Rewire: new — qs

® Rewire: new — 9o

@ Nodes in Qnear
@ Node under consideration

H2T
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Exercise 3: RRT*, Bonus

® How does the RRT* algorithm differ from the RRT algorithm?

a) Unlike RRT, RRT* does not require any preprocessing
b) The search tree is optimized iteratively during the search

c) The search is conducted from both sides (qs¢qr: and g 4oq1)
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Exercise 3: RRT*, Bonus A\‘(IT

Karlsruher Institut far Technologie

® How does the RRT* algorithm differ from the RRT algorithm?

a) Unlike RRT, RRT* does not require any preprocessing

b) The search tree is optimized iteratively during the search
Correct: This is the purpose of the “Rewire” step, see previous slides

c) The search is conducted from both sides (qs¢qr+ and g 4oq1)

D
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Exercise 3: RRT*, Bonus A\‘(IT

Karlsruher Institut fir Technologie

® How does the RRT* algorithm differ from the RRT algorithm?

a) Unlike RRT, RRT* does not require any preprocessing
Wrong: Neither RRT nor RRT* require preprocessing.
However, preprocessing is required for probabilistic road maps.

b) The search tree is optimized iteratively during the search
Correct: This is the purpose of the “Rewire” step, see previous slides

c) The search is conducted from both sides (qs¢qr+ and g 4oa1)
Wrong: This applies to bidirectional RRTs like RRT Connect

D
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Exercise 4: A*-Algorithm

1. Find the optimal path from v, to v3
® Only horizontal and vertical movements allowed
® Costs:
® Entering a greycell: 1
® Entering a yellow cell: 4

® Heuristic h:
Euclidean distance to v;3

(e.g. from vy to vy3: h(v1y) = V2)
2. Why is the Euclidean distance a suitable
heuristic?

3. When does the A* algorithm find a valid
solution?
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A*- Algorithm (1) A\‘(IT

Karlsruher Institut far Technologie

@ [terative approach

® Two node sets:
® Open Set O: nodes not visited yet
@ Closed Set C: nodes already visited

® Update: for a visited node v,;:
® Predecessor node pred(vy,)
® Accumulated cost to reach v,,: g(v,,)
® Total cost f(v,) = g(v,) + h(vy), with h(vy,) being a heuristic estimating the cost to v,4;

R Initialize
" 0 ={v} B gv)=o 1<i<K
=4 o g(vs)=0

&
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A*- Algorithm (2) A\‘(IT

Karlsruher Institut far Technologie

® Algorithm
while 0 # @
® Determine next node to expand
® find v; € O with minimal f(v;) = g(v;) + h(v;)
B ifv; = Vgoa
found solution: traverse predecessor of v; until vg 4, is reached

0.remove(v;)
C.add(v;)
Update all successors v; of v;

if v; € C, skip v;

ifv; € 0,0.add(v)

if g(v;) + cost(v;,v;) < g(vj)
g(vj) =g(v) + cost(vi,vj)
h(v;) = heuristic(vj, vgoar)

pred(v]-) =v;

&
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Exercise 4.1: A*- Algorithm, Initialization A\‘(IT

Karlsruher Institut fir Technologie

® Initialization:

u0= {Vz}
JazZ £ 12 U1 U3 U3
a f(vz) =0+ h(vz) = 4‘2 + 12 =~ 4.12
Uy Us Vg
mC = {}
Uy Vg Vg
V10 V11 V12
V13 V14 VU1s

&
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Exercise 4.1: A*- Algorithm, Step 1 (1)

@ State:
u0= {Vz}
® f(vy) =0+ h(vy) =V42 + 12 = 4.12

" C={}
® Update:
® Expand v,
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Exercise 4.1: A*- Algorithm, Step 1 (2)

@ State:
u0= {Vz}
® f(vy) =0+ h(vy) =V42 + 12 = 4.12

"c=()
® Update:
® Expand v,
"0= {v1»v3rv5}
® fvp)=1+h(v)=1+4=5
B f(v3)=1+h(v;) =1+V42+22 ~ 547
B f(vg)=4+h(vs) =4+V32+12~7.16
" C={vy}
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Exercise 4.1: A*- Algorithm, Step 2 (1) A\‘(IT

Karlsruher Institut fir Technologie

@ State:
m0= {v1'v3'v5}
UV, €=V, =V
" fln)=5 ] .
B f(v;) = 5.47 v
a f(vs) =~ 716 v4 vs v6
" C={vy}
® Update: v, Vg Vs
V10 V11 V12
V13 V14 VU1s

&
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Exercise 4.1: A*- Algorithm, Step 2 (2)

@ State:
u0= {v1'v3'v5}
® f(vy)=5

B f(v3) = 547
B f(vg) = 7.16
B (= {v,}
® Update:
® Expand v4
B 0 = {v;3,v5,V4}
® f(vy) =2+h(vy) =2+3=5
u (= {172,771}
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Exercise 4.1: A*- Algorithm, Step 3 (1) A\‘(IT

Karlsruher Institut fir Technologie

@ State:
B 0 = {v3,1,, s}
UV, =TV, =V
® f(v;) ~ 547 . IZ 3
" f(v) =5 v M
a f(vs) =~ 716 v4 vs v6
0 C={v,v,}
® Update: v, Vg Vs
V10 V11 V12
V13 V14 VU1s

&
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Exercise 4.1: A*- Algorithm, Step 3 (2) A\‘(IT

Karlsruher Institut fir Technologie

@ State:
B 0 = {v3,V,,Vs}
VUV, €= TVy =V
B f(v3) = 547 1 Iz 3
" f(vy) =5 | : v
" f(vs) ~7.16 | > vs | v
B C={v,,v,}
® Update: - o vy
® Expand vy
w0 = {v3,vs,v7} , , ;
10 11 12
® g(vy) +cost(vy,vs) =2+4=62=g(vs) =4
= No update
a f(v7) = 6 + h(v7) = 6 + 2 = 8 1.713 v14 v15
B C = {vq,V;,V4)}

&
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Exercise 4.1: A*- Algorithm, Step 4 [optional] (1) A\‘(IT

Karlsruher Institut fir Technologie

@ State:
® 0 = {v3,vs5,v,}
VUV, €=V, =pU
" f(vs3) ~ 5.47 5 : 3
B f(vg) = 7.16 v \ 4
a f(v7) =8 Uy Vs Vg
B C ={vy,V, 04} i
® Update: v, Ve Ve
V10 V11 V12
V13 V14 VU1s

&
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Exercise 4.1: A*- Algorithm, Step 4 [optional] (2) A\‘(IT

Karlsruher Institut fir Technologie

® State:
a 0 = ) )
{vs,vs,v7} v, €=V, -
a f(v3) =~ 54‘7 I I <«
B f(vg) = 7.16 v \ 4
" f(v;) =8 Uy Us Vg
B C={v, vy 14} i
® Update: v, Ve Ve
® Expand v3
u0= {v51v61 U7} v v v
10 11 12
a f(v6) =2+ h(176) =2+ V32 + 22 = 561
B C={vy,vy,1,v3}
V13 V14 Vis

&
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Exercise 4.1: A*- Algorithm, Step 5 [optional] (1) A\‘(IT

Karlsruher Institut fir Technologie

@ State:

" 0= {vs,ve v7} UV, €=V =mpUs
® f(vs) ~7.16 | : |
B f(ve) = 5.47 v \ 4 v
a f(v7) =8 Uy Vs Vg

B C = {vy,V,V3,Vs} i
® Update: v, Ve Ve
V10 V11 V12
V13 V14 VU1s

&
92 Robotics I: Introduction to Robotics | Exercise 04 H2T



Exercise 4.1: A*- Algorithm, Step 5 [optional] (2)

W State:
8 0 = {vs, v, v7}
® f(vs) ~7.16
B f(ve) = 5.47
" f(v;) =8
B C = {v,vy,v314}
® Update:
® Expand vg
w0= {vs,v7,v9}

B g(vg) +cost(ve,vs)=2+4=6=g(vs) =4
= Kein Update

® f(vy) =3+ h(vy) =3+V22+22~583

wl= {171,172,173,1)4,176}
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Exercise 4.1: A*- Algorithm, Step 6 [optional] (1) A\‘(IT

Karlsruher Institut fir Technologie

@ State:
" 0 = {vs,v7, o} UV, €=V =mpUs
u f(vs) = 7.16 | : |
" f(v;) =8 v v M
® f(vy) =~ 5.83 Uy Vg Vg
B C = {vy,v2,V3,04 Vs} 1} {
® Update: v, Ve Ve
V10 V11 V12
V13 V14 VU1s

&
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Exercise 4.1: A*- Algorithm, Step 6 [optional] (2)

® State:
" 0 = {vs,v;,Vo}
" f(vs) =716
® f(v,) =8
" f(vy) =583
B C = {v,V,,V3, V4, Ve}
® Update:
® Expand vg
B 0 = {vg,v;,vg,V12}
B f(vg) =3+4+h(vg) =7 +V1Z+22 ~9.24
® f(v1,) =3+ 1+h(vy) =4+V22+12 = 6.24
B C = {vq,V;y,V3,V, Ve Vg}
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Exercise 4.1: A*- Algorithm, Step 7 [optional] (1) A\‘(IT

Karlsruher Institut fir Technologie

@ State:
R 0= {v5l v, v81v12} V1 €= Uy == U3
B f(vs) = 7.16 ] ] |
" () =38 Y1yl
" f(vg) ~9.24 b e v6
" f(vy,) ~ 624 ¥ v
aC= {vl; VU3, V3, V4, Vg, v9} Uy Vg €= Vg
® Update: ;
V10 V11 V12
V13 V14 V1s

&
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Exercise 4.1: A*- Algorithm, Step 7 [optional] (2)

® State:
8 0 = {vs,v7,vg,V12}
® f(vs) = 7.16
® f(v;) =8
B f(vg) = 9.24
" f(vyp) = 6.24
B C = {vy,vy,3,V4 Vs, Vo}
® Update:
® Expand vq,
u0= {v51 U7,Vg, V11, 1715}
® f(vy) =4+4+h(v,)=8+V1Z+12 ~ 941
B f(vis)=4+1+h(vig)=5+2=7
u (= {vll U3, V3, V4, Ve, Vg, le}
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Exercise 4.1: A*- Algorithm, Step 8 [optional] (1)

® State:
u0= {USI U7,Vg, V11, vlS}
® f(vs) ~7.16
® f(v,) =8
B f(vg) = 9.24
" f(v11) = 941
B f(v5) =7
B C = {vq,V,V3, V4, Vg, Vo, V12}
® Update:
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Exercise 4.1: A*- Algorithm, Step 8 [optional] (2)

@ State:
® 0 = {vs, v, Vg, V1, V15)
" f(vs) =716
" f(v;) =8
" f(vg) ~ 9.24
" f(vy1) =941
B f(vy5) =7
a C = {Ul, Uz, 1.73, v4.; v6; v9) le}
® Update:
® Expand vqg
B 0= {’Us, V7,Vg, V11, v14}
a f(v14)=5+1+h(v14) =6+1=7
B C = {vy,V,, V3, Uy, Vg, Vg, V12, V15}
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Exercise 4.1: A*- Algorithm, Step 9 [optional] (1) A\‘(IT

Karlsruher Institut fir Technologie

® State:
® 0 = {vs,v7,Vg, V11, V14} D =1, =y
u f(vs) =~ 7.16 Il IZ ;’
" f(v;) =8 \/ \ 4 v
B f(vg) = 9.24 Uy Vs Vg
" f(vy1) =941 i ;
B f(vy) =7 v, Vg = Vg
B C = {v1,V,,V3,V4, Vs, Vg, V12, V15} I
® Update: v
V10 V11 €=Uy
v
V13 Vis = Vg5

&
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Exercise 4.1: A*- Algorithm, Step 9 [optional] (2) A\‘(IT

Karlsruher Institut fir Technologie

@ State:
® 0 ={ve,v,,Vg,V{q,V
{vs, V7, Vg, V11, V14} 5 A e
" f(vs) =716 I : I
e f(v,)=8 v v v
" f(vg) ~9.24 V4 Us Vs
: f(w) = 3-41 i ;
f(v14) = - DA
= {171,172,173,”4,176,179,1)12,1)15} ;
® Update: v
@ Expand vq4 V10 7111 4'-771Iz
" 0 = {vs,v7, V5, V11, V13} v
B f(v11) =6+4+h(vy) =10++V2 ~ 1141 > 941 Vi3 ¥ @ 5 V1s
B f(v3)=6+1+h(v3)=74+0=7

B C = {v1,V;,V3, V4, Vg, Vg, V12, V14, V15}

&
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Exercise 4.1: A*- Algorithm, Step 10 [optional] (1) A\‘(IT

Karlsruher Institut fir Technologie

® State:
® 0 = {vs,v7,Vg,V11,V13} D =1, =y
u f(vs) ~ 7.16 Il IZ ;’
" f(v;) =8 v v v
B f(vg) = 9.24 Uy Vs Vg
" f(vy1) =941 i ;
B f(viz) =7 v, Vg = Vg
B C = {vy,v3,V3,V4, Vg, Vg, V12, V14, V15} I
® Update: v
V10 V11 €=Uy
¢
Vi3 €= V1y Vs

&
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Exercise 4.1: A*- Algorithm, Step 10 [optional] (2) A\‘(IT

Karlsruher Institut fir Technologie

® State:
® 0 = {vs,v7,Vg,V11,V13} D =1, =y
u f(vs) ~ 7.16 5 : |
" f(v;) =8 v v v
" f(vg) ~9.24 V4 Us Vs
® f(vyy) =941 * ;
B f(viz) =7 v, Vg = Vg
B C = {v1,v;,V3, V4, Vg, Vg, V12, V14, V15} I
® Update: v
® Expand vq3 V1o V11 4'-771Iz
u0= {USI U7, Vg, V10, vll} @ v
B f(v9)=7+4+h(vyy) =11+1=12 _;UM Vs
B C = {vq,V,V3, V4, Ve, Vo, V12, V13, V14, V15}

&
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Exercise 4.1: A*- Algorithm, Step 11 [optional] (1) A\‘(IT

Karlsruher Institut fir Technologie

W State:
® 0 = {vs,v7, Vg, V19, V11)
a f(vs) ~ 7.16

" f(v)=8 Ty

B f(vg) = 9.24 Uy Vs Vg

" [ ~ 12 i !

" f(v11) =941 v, Vg €= g

B C = {vy,V;,V3,V4, Vs, Vg, V12, V13, V14, V15} I
v

V10 V11 €= V12

Vi3 €=V =V

&
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Exercise 4.1: A*- Algorithm, Step 11 [optional] (2)

@ State:
® 0 = {vs,v7, Vg, V19, V11)
a f(vs) ~ 7.16
" f(v;) =8
(] f(vg) ~ 9.24

" f(vio) = 12
" f(v11) =941

B C = {1, V3, V3, V4, Ve, Vg, V12, V13, V14, V15}

® Termination:
® Target node v,3; was expanded = Goal is reached
® Traverse predecessors of v;; to determine a path
.= VU, V3, Vg, Vg, V12, V15, V14, V13
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Exercise 4.2: A*- Algorithm, Suitable heuristic (1)

® Only horizontal and vertical movements

SKIT

Karlsruher Institut fir Technologie

allowed
® Costs: 21 V2 L
® Entering a grey cell: 1
® Entering a yellow cell: 4 Vs Ve Ve
@ Heuristic h:
Euclidean distance to v;3
Uy Vg Vg
® Why is the Euclidean distance a suitable
heuristic in this task? Viop | V11 | V12
V13 V14 V1s
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Exercise 4.2: A*- Algorithm, Suitable heuristic (2)

® Only horizontal and vertical movements

SKIT

Karlsruher Institut fir Technologie

allowed
® Costs: 21 V2 U3
® Entering a grey cell: 1
® Entering a yellow cell: 4 Vs Ve Ve
W Heuristic h:
Euclidean distance to v;3
U7 Vg Vg
® Why is the Euclidean distance a suitable
heuristic in this task? Vio | Vi1 | V12
® Heuristic must not overestimate the
remaining costs to the goal state 7 v v
13 14 15
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Exercise 4.2: A*- Algorithm, Suitable heuristic (3)

® Only horizontal and vertical movements
allowed

® Costs:
® Entering a grey cell: 1
® Entering a yellow cell: 4

® Heuristic h:
Euclidean distance to v;3

® Why is the Euclidean distance a suitable
heuristic in this task?

® Heuristic must not overestimate the
remaining costs to the goal state

® The Euclidean distance is suitable as the
cost to enter a cell is always > 1
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Exercise 4.3: A*- Algorithm, Termination (1)

® When does the A* algorithm find a valid solution?
a) When the next node to be expanded is the target node.
b) When the target node is added to the Open Set.

® Justify your answer.
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Exercise 4.3: A*- Algorithm, Termination (2)

® Algorithm
while 0 # @
® Determine next node to expand
® find v; € O with minimal f(v;) = g(v;) + h(v;)
B ifv; = Vgoa
found solution: traverse predecessor of v; until vg 4, is reached

0.remove(v;)
C.add(v;)
Update all succesors v; of v;

if v; € C, skip v;

ifv; € 0,0.add(v)

if g(v;) + cost(v;,v;) < g(vj)
g(vj) =g(v) + cost(vi,vj)
h(v;) = heuristic(vj, vgoar)

pred(v]-) =v;
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Exercise 4.3: A*- Algorithm, Termination (3)

® Algorithm
while O + @

® Determine next node to expand
® find v; € O with minimal f(v;) = g(v;) + h(v;)
(a) wify; = Vgoal
found solution: traverse predecessor of v; until vg 4, is reached
® O0.remove(v;)
® C.add(v;)
® Update all succesors v; of v;
if v; € C, skip v;
(b) if v € 0, 0.add(v))
if g(v;) + cost(vi,vj) < g(vj)
9(j) = g(w;) + cost(v;, vj)
h(vj) = heuristic(v]-, vgoal)

pred(v]-) =v;
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Exercise 4.3: A*- Algorithm, Termination (5)

® When does the A* algorithm find a valid solution?

a) When the next node to be expanded is the target node.

b) When the target node is added to the Open Set.

® Justify your answer.

® Option (b), adding the target node to the Open Set:
® Only one path to the target node was found
® There may still be shorter paths to the target node
® Algorithm cannot yet terminate

® Option (a), expanding the target node:

® There can be no shorter path to the target node
(provided that the heuristic is suitable)
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Exercise 4: A*- Algorithm, Bonus A\‘(IT

Karlsruher Institut fir Technologie

Bonus questions:

® |s the Euclidean distance a suitable heuristic if

diagonal movements with equal costs are i V2| s

permitted?

Uy Us Vg

® |s the Manhattan distance a valid heuristic for

the original problem? vy Vg Vg
® If so, is the Manhattan distance a better or Vio | V11 | V12

worse heuristic than the Euclidean distance

for the original problem? Viz | Via | Vis

D
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Exercise 5: Potential fields A\‘(IT

Karlsruher Institut fir Technologie

® Robot: g
@ Obstacles: 6
‘Irep,lr qre'p,z' qrep,3 5 “ .
W Goal: q4oa 4 @
3 @
1. Which repulsive potentials act 2
on the robot with pg = 5? 1
(0,0) 2 4 6 8 10 12
2. Determine U(qp) as the 5
. N () _
sum of the acting potential fields. qr = (5)
® Greps = (5) rene = () @vens = (5)
3. Determine the direction in which the Arep1 = 3 +Qrep2 = 4 +rep3 = 5
robot would move. @ (12
qgoal - 5

&
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Exercise 5.1: Potential fields — Repulsive potentials (1) ‘(IT

Karlsruher Institut fir Technologie
@ Obstacles create a repulsive potential

® The robot shall not be influenced for large distances to obstacles (> py)
@ Example (FIRAS function):

(

1 1 1\ |
——————| if p(q,qops) < po

Urep (Q) = 1 p(q qobs) Po

. 0 else

0(q, 9ops) = |19 — gops| is the distance between the robot and the obstacle

E — U =V< 1 _i) 1 .q_qobs
rep rep ,D(CI; qobs) Po p(‘l) Qobs )2 p(q, QObs)
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Exercise 5.1: Potential fields — Repulsive potentials (2) A\‘(IT

Karlsruher Institut far Technologie

| : LY lx — 2] < 1.5
Upep() =4 \lx—=2I1 15 if llx <1.

L 0 else

0.45 |

0.4

0.35

0.3+

0.25 -

0.2

0.15

== =1 Qbstacle

0.1t === Near the obstacle

0.05 |

N S-S EESESSEESEEEEESEESEEEEEEEEEEEE

m— Flse

0 0.5 1 1.5

&
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Exercise 5.1: Potential fields — Repulsive potentials (3) A\‘(IT

Karlsruher Institut fir Technologie

qr = (g)
®qrep1 = (;L)»Qrepz - (2)"“91%3 - (g)
Wp,=5

ey
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rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

.CIR:(E)

.Qrep1:(§) Qrep2 = ( ) qrepB—( )

®py=5
ol =|©)- ()] = Q)] =TT =5 ~22
ar— arep2ll = |(2) - Q)| = |G| = VD12 = V2 ~ 14
Ar — YQrep,3|| = (g)—(g) = ()” =\/m=ﬁ=1

ey
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Exercise 5.1: Potential fields — Repulsive potentials (5) = ‘(IT

ut flr Technologie

Sqr = (g)
qrep1 = (;L)»Qrepz - (Z)'qrelﬁ - (g)
W po =

qr — qrep,l ~ 2.2< Po
qr — CITep,Z ~14< Po
Ar — Qrep3|| = 1 < pg

=>» All three repulsive potentials act on the robot.

&
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Potential Fields — Attracting potential

B Attracting potential
= There shall be only a single minimum, located at q 44;

® Linear function of the distance to the goal:

Uattr(‘l) =k-|lq- qgoal”

q —49g0al
Fattr(q) = _VUattT'(q) = _k : ”q _ qgoal”
goa
allxll =«
ox I«
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Exercise 5.2: Sum of the acting potential fields (1)

U(qr) = Uger(qr) + -

Robotics I: Introduction to Robotics | Exercise 04

rep l (qR)

withk=1,v=1,py=5

AT
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Exercise 5.2: Sum of the acting potential fields (2) A\‘(IT

Karlsruher Instit

U(qr) = Ugter(qRr) + Zig=1 Urep,i(qr) Withk=1,v=1,py =5

Uattr(CIR) =k - ”qR — qgoal” — ”qR - qgoal”

122 Robotics I: Introduction to Robotics | Exercise 04

ut flr Technologie



Exercise 5.2: Sum of the acting potential fields (3) A\‘(IT

Karlsruher Institut fir Technologie

U(qr) = Ugter(qRr) + Z?=1 Urep,i(qr) Withk=1,v=1,py =5

Uattr(CIR) =k - ”qR — qgoal” — ”qR - qgoal”

U 1 ( 1 1 )2 1 ( 1 1 )2
. q = -V — -5 B
repLiR 2 ”‘IR — qrep,i” Po 2 ”qR B qrep,i” Po

&
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Exercise 5.2: Sum of the acting potential fields (4) A\‘(IT

Karlsruher Institut fir Technologie

U(qr) = Ugter(qRr) + Z?=1 Urep,i(qr) Withk=1,v=1,py =5

Uattr(CIR) =k - ”qR — qgoal” — ”qR - qgoal”

U 1 ( 1 1 )2 1 ( 1 1 )2
. q = -V — -5 B
repLiR 2 ”‘IR — qrep,i” Po 2 ”qR B qrep,i” Po

U(qr) = |lar - ||+23:1( ol 1>2
qr dr — Qgoal i:12 “qR—qrep,i” Po

&
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Exercise 5.3: Direction of the robot (1)

Direction: Which force acts on the robot?

F(qgr) = —VU(qR)

3
= =V Ugerr (qr) + z Urep,i(qr)

=1

= —VUger(qr) +

l

— |7Urep,i (qR)

3
=1
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Exercise 5.3: Direction of the robot (2) ‘(IT

Karlsruher Institut fiir Technologie

Richtung: Welche Kraft wirkt auf den Roboter?
F(qr) = —VU(qR)

= =V | Ugter (QR) + z Urep,i(‘IR)

i=1

— _VUattr(qR) + 2 _VUrep,i(qR)

i=1

_ dr — 9goal 23: < 1 1 ) 1 dr — Qrep,i
— _ + _ . -
lqr — qgoal“ = ||CIR — qrep,i” Po ”qR — CIrep,i” ”qR - qrep,i”

&
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Exercise 5.3: Direction of the robot (4) A\‘(IT

Karlsruher Institut fir Technologie

3

F(qp) = ——R— goal_, Z < ! - i) : - 3Tk~ Arep)
l9r = Qgoalll & lar — @repil| PO gz — @rep|| |z = Grep,i|

dr = (g)» Qrep1 = (g) yqrep2 = (Z) yqrep3 = (g)rqgoal = (152) Do =5

&
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Exercise 5.3: Direction of the robot (5)

qr — qgoal

F(qr) = —

”qR - qgoal”

dr = (g)' Qrep1 = (g) yqrep2 = (

ar — 4gou = (3) - () = (1 )

128 Robotics I: Introduction to Robotics | Exercise

04

3
1
e
i=1 ”qR_qrep,i”

1

Karlsruher Institut fir Technologie

qr — qrep,i

”qR - qrep,i“2 ”qR - qrep,i”

ar — dgoall
dr — 9rep1
dr — Qrep,2
dr — 9rep,3

):qrep,3 — (g)»qgoal — (152),,00 =5

H2T



Exercise 5.3: Direction of the robot (6)

3
- 1 1
F(gp) = ——R2 _dgoa! +Z< =

B ”qR - qgoal" ”‘IR - qrep,i” - 5

i=1

dr — 9goal = (g) s [|lArR — qgoal” =7, qr — Qrep1 = (;),

dr — Qrep2 = (_11),

qr — qrep,Z” = \/E, dr — Qrep,3 = ((1)) ’

F(qr) =

129 Robotics I: Introduction to Robotics | Exercise 04
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1 qar — qrep,i

>'||qR

- qr‘ep,i”2 ”qR o qrep,i”

qr — qrep,l” = \/g

qr — qrep,3|| =1



Exercise 5.3: Direction of the robot (7)

3
- 1 1
F(gp) = — 2 dgoa! +Z< =

B ”qR - qgoal“ ”‘IR - qrep,i” - 5

i=1

qdr — 9goal = (_07) qr — qgoal” =7, qr — Qrep1 = (1),

dr — Qrep2 = ( 11)

’
’

2
qar — qrep,Z” = \/E' dr — Qrep,3 = ((1)) g

Flan) =— () +
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1 qar — qrep,i

>'||qR

- qr‘ep,i”2 ”qR o qrep,i”

qr — qrep,l” = \/g

R Qrep,3|| =1



Exercise 5.3: Direction of the robot (8)

3
- 1 1
F(qp) = — %~ goat +Z< =

B ”qR - qgoal“ ”qR - qrep,i“ - 5

i=1

qdr — 9goal = (_07) U : ‘Lgoal” =7, qgr — Qrep1 = (1),

2
dr — Qrep2 = ( 11), ”qR - qrep,Z” = \/E, dr — Qrep,3 = ((1)) D

F(qgr) = ((1))+(%_§)§\/1§(§)
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1 qr — qrep,i

>'||qR

- qrep,i||2 ”qR - qrep,i”

qr — qrep,l” = \/g

R qrep,3|| =1



Exercise 5.3: Direction of the robot (9)

3
. Ar — 9goal Z < 1 1
F =— + — =
@r) 19z — 4goaill gz — Grepi|| 5

i=1
qdr — 9goal = ( 07)
qr — qrep,z - (_11) ”qR qrep,Z” 2 qr — qrepB ( )

Faaw = () + 5 (5) +

‘Lgoal” =7, qr — Qrepy1 = (;)

132 Robotics I: Introduction to Robotics | Exercise 04
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- qrep,i

) 1
”qR - QTep,i”Z

= Grepal| = V5

— Qrep,3 ” =1

.||‘IR

- qrep,i”



Exercise 5.3: Direction of the robot (10)

3

qr

KIT

Karlsruher Institut far Technologie

- qrep,i

qr — qgoal 1 1 1
e BT (1) |
. lar — qgoal“ g ”CIR - qrep,i“ 5 ||qR - qrep,iHZ

=1

dr — 9goal = (_07) , ||QR - ‘Lgoal” =7, qgr — Qrep1 = (2) ”qR qrep,l” = \/g

dr — Qrep2 = ( 11)' ”qR - qrep,Z” = \/E, dr — Qrep,3 = ( ) ”qR - qrep,3|| =1

F(qr) = (é)+%— (;)+(\/%_§)%\/%(—11)

133 Robotics I: Introduction to Robotics | Exercise 04
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Exercise 5.3: Direction of the robot (11)

3

KIT

Karlsruher Institut fir Technologie

F(qe) = — 1k~ goal Z( ! - 1) : . y Tk~ Arep
lgr — qgoal” ”qR - qrep,i” 5 ”qR — qrep,i” ”qR - qrep,i”

i=1

qdr — 9goal = (_07) , ||QR - qgoal” =7, qgr — Qrep1 = (%), ”qR - qrep,l” = \/g

dr — Qrep2 = ( 11)' ”qR - qrep,Z” = \/E, dr — Qrep3 = ((1)) r”qR - q‘rep,3|| =1

Faw = (o) + 5 )+ () +
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Exercise 5.3: Direction of the robot (12)

3

qr — qgoal
F(qr) = - - Z(
N TP

i=1

-7

1 1

”qR - qrep,i” - 5

:) lax

KIT

Karlsruher Institut fir Technologie

1 ar — qrep,i

- qrep,i||2 ”qR - qrep,i”

dr — 9goal = ( 0 )r ||QR - qgoal” =7, qgr — Qrep1 = (%), ”qR - qrep,l” = \/g

dr — Qrep2 = ( 11)' ”qR - qrep,Z” = \/i, dr — Qrep,3 = ((1)) r||QR - q‘rep,3|| =1

F(qp) = (1) _I_ﬂﬁ_ (1) + 10-2v2 (—1) n

0 125 \2 40
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Exercise 5.3: Direction of the robot (13)

3

qr — qgoal
F(qr) = - - Z(
N TP

i=1

-7

1 1

”qR - qrep,i” - 5

:) lax

KIT

Karlsruher Institut fir Technologie

1 qr — qrep,i

- qrep,i||2 ”qR - qrep,i”

qdr — 9goal = ( 0 )r ||QR - qgoal” =7, qgr — Qrep1 = (%), ”qR - qrep,l” = \/g

dr — Qrep2 = ( 11)' ”qR - qrep,Z” = \/E, dr — Qrep3 = ((1)) r”qR - q‘rep,3|| =1

F(qp) = (1) _I_ﬂﬁ_ (1) + 10-2v2 (—1) n

0 125 \2 40
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Exercise 5.3: Direction of the robot (14)

3

qr

- qrep,i

KIT

Karlsruher Institut far Technologie

qr — qgoal 1 1 1
F(qr) = - + Z ( - —> ' '
R ”qR - qgoal” e ”qR - Qrep,i” 5 ”qR - qrep,i||2 ”qR -

i=1

_ (7 _ _(1 _
qr — qgoal - ( 0 )r ||QR - ‘Lgoal” =7, qr — qrep,l - (2)' ”qR - qrep,l” - \/g
dr — Qrep2 = (_11)' ”qR - qrep,Z” = \/E, dr — Qrep3 = ((1)) r”qR - qrep,3|| =1

Faw = (o) + 5 )+ () +2- ()= (

o (73)

Direction:

137 Robotics I: Introduction to Robotics | Exercise 04
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Exercise 5.3: Direction of the robot (15) A\‘(IT

Karlsruher Institut fir Technologie

® Robot: g
B Obstacles: 6
‘Irep,lr qre'p,z' qrep,B 5
F
® Goal: qgoq 4 @ (qr)
3 O 0.22743
1. Which repulsive potentials act 2 ~ ( 1 )
on the robot with py = 5? 1

(0,0) 2 4 6 8 10 12
2. Determine U(qp) as the

sum of the acting potential fields. @ qr = (g)
® dreps = (3):renz = (3) @revs = (5)
3. Determine the direction in which the Arep1 = \3) Arep2 = \4 ) Arep3 = \g5
robot would move. @ (12
qgoal - 5

&
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Bonus: RRT in Simox (1)

Simox is a software toolbox for ...

® Modeling robots, objects, scenes
® Grasp planning & motion planning

@ Kinematic & physical simulation
a..

@ Hier: Plan a motion using
RRT on ARMAR-III

139 Robotics I: Introduction to Robotics | Exercise 04
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I‘ ¥
setup
| 5 N

Load Scene
Start Conf.
Traget Object
Robot Node Set
End Effector Hand L
Collision Detection Setup
Robot A (e.q arm)
Robot B (e.g. body)
Environmen t Set ColModel Obstacles ~
Min Grasp Score 0,001 *
Sampling

Collision Check %040~
Cspace Paths 0,080 ¢/ | testapproach

Planning Display options
Collision model
Plan Solution
RRT Grasps
Postprocessed Solu
Execute
Solution ® Postprocessed Sol.

Position on Solution | I

openhand| | close hand

H2T



Bonus: RRT in Simox (2)

Simox is a software toolbox for ...

® Modeling robots, objects, scenes
® Grasp planning & motion planning
@ Kinematic & physical simulation
i

@ Hier: Plan a motion using
RRT on ARMAR-III
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Setup
Load Scene
Start Conf.
Traget Object
Robot Node Set

End Effector | Hand L

Collision Detection Setup
Robot A (e.q arm)

Robot B (e.q. body)
Environment Set | colModel Obstacles ~ |
Min Grasp Score | 0,001 |2
sampling b |

Collision Check %030 I~
CSpace Paths |0,080 |+ | testapproach |

Planning  Display options

Collision model
Plai v Solution
RRT | | Grasps
Postprocess ed Solu
Execute
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Bonus: RRT in Simox: Code (1)

void GraspRrtWindow::plan()

if (not (robot and rns and eef and graspQuality))

returns

}

// Setup collision detection.
CDManagerPtr cdm(new CDManager());

if (colModelRobA)

{
cdm->addCollisionModel (colModelRobA);

}
if (colModelRobB)

cdm->addCollisionModel (colModelRobB) ;
}
if (colModelEnv)

cdm->addCollisionModel (colModelEnv) ;
}

cdm->addCollisionModel (targetObject);

https://git.h2t.iar kit.edu/sw/simox/simox/-/blob/master/MotionPlanning/examples/GraspRRT/GraspRrtWindow.cpp#L816

KIT

Karlsruher Institut fir Technologie

Setup collision
detection

Register collision
models



Bonus: RRT in Simox: Code (2) ﬂ(IT

Karlsruher Institut fir Technologie
void GraspRrtWindow::plan()

//

unsigned int maxConfigs = 500000,
cspace = std::make_shared<Saba::CSpaceSampled> (robot, cdm, rns, maxConfigs);

float sampl = static_cast<float>(UI.doubleSpinBoxCSpaceSampling->value()); Get parameters
float samplDCD = static_cast<float>(UI.doubleSpinBoxColChecking->value()); from GUI

float minGraspScore = static_cast<float>(UI.doubleSpinBoxMinGraspScore->value());
cspace->setSamplingSize(sampl);

cspace->setSamplingSizeDCD(samplDCD);

Saba::GraspRrtPtr graspRrt = std::make_shared<Saba::GraspRrt>(
cspace, eef, targetObject, graspQuality, colModelEnv, 0.1f, minGraspScore); Setup planner;

Set start config,

graspRrt->setStart(startConfig); .
Start planning

bool planOK = graspRrt->plan();

A &
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Bonus: RRT in Simox: Code (3) ﬂ(IT

Karlsruher Institut fir Technologie

void GraspRrtWindow::plan()

i

//

bool planOK = graspRrt->plan(); .

if (planOK) Planning

{
VR_INFO << "Planning succeeded " << std::endl; Get solution
solution = graspRrt->getSolution();
Saba::ShortcutProcessorPtr postProcessing =

std: :make_shared<Saba: :ShortcutProcessor>(solution, cspace, false);

int steps = 100; Postprocess
solutionOptimized = postProcessing->optimize(steps); solution (smooting)
tree = graspRrt->getTree();

}

else

{ Error handling
VR_INFO << " Planning failed" << std::endl;

}

sliderSolution(1000) ;

buildvisu(); Update GUI

}

&>
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Motion Planning: Problem Classes (1) A\‘(IT

Karlsruher Institut fir Technologie

® Class a

Known: complete world model
complete set of constraints
Required: collision-free trajectory from start to goal state

W Class b

Known: incomplete world model
incomplete set of constraints
Required: collision-free trajectory from start to goal state

Problem: collision with unknown objects

&
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Motion Planning: Problem Classes (2)

® Class ¢
Known:

Required:
Problem:

® Class d
Known:

Required:
Problem:

® Class e
Known:

Required:

Problem:

time-variant world model (moving obstacles)
collision-free trajectory from start to goal state
changing obstacles in time and space

time-variant world model
trajectory to moving goal (rendezvous problem)
changing goal state in time and space

no world model
collision-free trajectory from start to goal state
Mapping (creation of world model)

Robotics I: Introduction to Robotics | Exercise 04

SKIT

Karlsruher Institut far Technologie



