Lecture 11
Planning - Il - Configuration
Spaces
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Course Logistics

e Quiz 5 was posted yesterday and was due today at noon.
* Project 4 was posted on 02/14 and will be due on 02/28.

o Start early!
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Previously

Bug O

|) Head towards goal

2) When hit point set, follow wall,
until you can move towards goal
again (leave point)

3) continue from (1)

R assume a left-
turning robot

® The turnirg directi

Tangent Bug: Heuristic Distance-to-Goal

d(x,0)+d(0;qgoa)

O; are visible obstacle extents

d(x,0j): robot can see
d(0;qgoal): best path robot cannot see

Continually move robot such that
distance to goal is decreased

Note similarity to A* search heuristic

Bug Algorithms

® Assume bounded world W
® Known:global goal

® measurable distance d(x,y)
® Unknown: obstacles WO,
® Local sensing

® tactile

e distance traveled

Goal

Bug |

|) Head towards goal

2) YVhen hit point set, circumnavigate
obstacle, setting leave point as
closest to goal

3) return to leave point

4) continue from (1)

|) motion-to-goal: Move to current 0; to
minimize G(x), until goal (success) or
G(x) increases (local minima)

2) boundary-follow: move in while loop:

a) repeat updates
dreach = Min d(qgocs, {Visible O})
dfaiow = min d(ggoa, sensed(WO)))
0= argmin; d(X,Oi}""d{O;,qw)

b) until
goal reached, (success)
robot cycles around obstacle, (fail)
dreach < dolow,

(cleared obstacle or local minima)

min G‘x‘ in reqli others in ‘ellow 3) continue from (1)
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Bug 2

I) Head towards goal on m-line

2) When hit point set, traverse
obstacle until m-line is encountered

3) set leave point and exit obstacle

4) continue from (1)

Tangent bug R=0

Tangent bug with limited
radius




Search Bounds:
Bug 1

Bounds on path distance, assuming

D: distance start-to-goal
Pi: obstacle perimeter

Best case: D

Worst case: D + [.5>; P;

Bug 2
Bounds on path distance, assuming

* D: distance start-to-goal

* P obstacle perimeter
e n: number of m-line intersections for

WO,

Best case: D

Worst case: D + 3 (nil2)P;
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Search Bounds:

Bug 2

Bounds on path distance, assuming

* D: distance start-to-goal
* P obstacle perimeter

e n: number of m-line intersections for
WO,

¥ Best case: D
. ;»pproaching

S Worst case: D + 3 (ni/2) P
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Tangent Bug

Maegan Tucker
Tangent Bug Simulation
ME 133(b) Final Project

Maegan Tucker
Tangent Bug Simulation
ME 133(b) Final Project

Environment 3 v Environment 5 v

https://maegantucker.com/projects/2018-04-01-me133b/
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Will our current search methods

apply to this robot?
2D Path Planning N-dimensional Motion Planning

18...0 SCero=namowe = '\ +

| S —

an‘sourc: search cawas Mrlzplanning scent
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Will our current search methods
apply to this robot?

Assumptions:

® Known graph of traversability
® How big is this graph! How was this graph built?
® Known localization and map/obstacles
® How do we detect collisions!?
® |s our robot just a point in workspace!

® Known link geometry

® Does robot geometry change wrt. configuration!?
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Configuration Spaces

seibertron.net YWAOTE &k&“ MQ@.&S &ké Qve
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Configuration Space
(or C-space)

® (-space (Q) is the space of all possible configurations (g) of a system
® kinematics: geometry of possible configurations, without respect to physics

® dynamics: evolution of configurations over time wrt. physics
® Each degree of freedom (qj) is a dimension of C-space

® The span of C-space is constrained by obstacles (QOi), joint limits, etc.
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Consider some examples of
configuration spaces



Configuration Space

® (Consider a robot d=21 DOFs, where each
DOF can take | of n=10 angular values

® How many configurations!
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Configuration Space

® (Consider a robot d=21 DOFs, where each
DOF can take | of n=10 angular values

® How many configurations!

® |0%l,ndin general
o “Curse of dimensionality”

® exponential growth of C-space wrt.
number of DOFs

® (Obstacles also create discontinuities and
nonlinearities in C-space
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C-space examples

® How many configurations are in the C-space
of a planar point robot in a bounded
rectangular world!?
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C-space examples

® How many configurations are in the C-space
of a planar point robot in a bounded
rectangular world!?

e DOFs:2, {x;x2}
® Number of poses is infinite

® (C-space: R?

t Toplogically, this C-space is a }
'homeomorphism of R?2
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C-space examples

® What is the C-space of a Turtlebot!?
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C-space examples

® What is the C-space of a Turtlebot!?
® DOFs:3, {x1,x2,0}

® (C-space: RZ x §

S! is the |-sphere @ 60°

group of ID rotations \\
/)

S$n is the n-sphere b

SIx STaz§n
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C-space examples

® What is the C-space of a Turtlebot!?
® DOFs:3, {x1,x2,06}

® (C-space: RZ x §

2D %ramstiau ra&&am i 2D

R2 x §lis also known as the SE(2) group.

Group of homogeneous Eransformations in 2D
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C-space examples

® What is the C-space of a planar arm
with 2 rotational joints!?
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C-space examples

® What is the C-space of a planar arm
with 2 rotational joints!?
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C-space examples

® What is the C-space of a planar arm
with 2 rotational joints!?

® DOFs:2, {©,0;}

® (C-space:R%2or SZ2or $/xS§!?

SI'x §SI'= 82 when torus axis on surface
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T2 Torus Group

Space must fuse on each DOF where 211=0

In is the torus group for an N-D rotational

system
4 T=5'%x5"%x---x 5"
w

n
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C-space examples

® What is the C-space of a Barrett WAM

arm with 4 rotational joints, not including
fingers of gripper?
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C-space examples

® What is the C-space of a Barrett WAM

arm with 4 rotational joints, not including
fingers of gripper?

® DOFs: 4

® (C-space: [*
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C-space examples

® What is the C-space of a quad rotor
helicopter?

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


http://autorob.org

Drone Racing League (2017) https:/www.youtube.com/watch?v=NpgGQCv6420
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IROS 2017 Autonomous Drone Racing Competition y
https:/www.youtube.com/watch?v=y1DvYkKkPCnmM ‘

\
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C-space examples

® What is the C-space of a quad rotor
helicopter?

® DOFs:6
® C-space:SE(3),

T—— rToup of homoqgeneous
® or R3X 50(3) Eransformations i 3D

3D tramslation 3D rotation SE(3) combines:
R3: 3D translation and

SO(3): 3D rotation

V. Kumar et al. - UPenn SO(3) =S x §I x §l
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C-space examples

® What is the C-space of a Fetch robot,
not including grippers!?
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C-space examples

® What is the C-space of a Fetch robot,
not including grippers!?

HEAD PAN JOINT ——_ Y [ORSU LIF 7 JOINT
T /

HEAD TILT JOIN]
SHOULDER PAN JOINT

SHOUI DFR 1IFT JOINT —._

UPPERARM ROLL JOINT '\

ELBOW FLEX JOINT—,

FOREARM ROLL JOINT—, |
WRIST FLEX JOINT—,
WRIST ROLL JOINT "

GRIPFER JOINT —
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C-space examples

® What is the C-space of a Fetch robot, S——— oo

. . . 7 HEAD TILT JOINT
not including grippers!
SHOULDER LIFT JOINT —
UPPERARM ROLL JOINT — \\
ELBOW FLEX JOINT — A
FOREARM ROLL JOINT — \

WRIST FLEX JOINT —

WRIST ROLL JOINT
GRIPPER JOINT —

BASE
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C-space examples

® What is the C-space of a Fetch, not Sp— e
i n C I u d i ng gri P Pe rs ? HEAD TILT JOINT - \\ ¢$¢*: O

SHOULDER PAN JCINT x
SHOULDER LIFT JOINT x \

UPPERARM ROLL JOINT — N \ X 5 g
o D O F S. I 3 ELBOW FLEX JOINT— \\ \\ \ LN
FOREARM ROLL JOINT \ N N = |
WRIST FLEX JOINT — \ \ \\ aavSA
1 l““';
® 3 in base: SE(2) wmsrrouson— \ N\ N\
|.'|‘|Il “'-l\l / f

GRIPPER JOINT —

® /inarm: T/

® | in the spine: R/

® 7 in neck: T2
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Did we get this wrong?

® What is the C-space of a Fetch, not W ——

o o o HEAD TILT JOINT TN
including grippers!?  swommr

\)
UPPERARM ROLL JOINT —— \ \
' D O Fs o I 3 ELBOW FLEX JOINT \
o \ \

FOREARM ROLL © OINT
IIIIIIIIIIIII

® 3 in base: SE(2) Gﬁsz:f;;o'm
. A Cownsider h \‘\ \ ,,
W

fotnk Limiks
Jot LYWL - \, 7

® | in the spine: R/

® 2 in neck:F |
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C-space with joint limits

HEAD TILT JOINT -

inCIUding gripperS? SHOULDER PAN JCINT
SHOULDER LIFT JOINTX

UPPERARM ROLL JOINT —— N\

' DOFS: I3 ELBOWFLEXJOINT—\ \\
® 3in base: SE(2) et O N

GRIPPER JOINT —

® What is the C-space of a Fetch, not Sp—— oo

® /inarm: R’/

® | in the spine: R/

® 2 in neck: RZ
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C-space with joint limits

® What is the C-space of a Fetch, not exo N P
sronsenurrion—_ N\
BN

i n C I u d i ng g ri P P e I‘S ? HEAD TILT JOINT —~_ ('/ 8 X
UPPERARM ROLL JOINT — . NG\

’ D O FS: I 3 FOREARME ;E:)cr :LXTJ()I{K \\ \\ \\ ) <
WRIST FLEX JOINT — AN g A
¢ 3 in base: SE(Z) WRIST ROLL JOINT \ \

GRIPPER JOINT — \ \

NQ’« BM% W ﬁ&
sam[ﬂ@. g,-wsg&@@-
| usihg vector |
operations |

® /inarm: R’/

® | in the spine: R/

® 2 in neck: RZ
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Still not quite right...

® What is the C-space of a Fetch, not W ——

HEAD TILT JOINT TN

including grippers!?  sousaman— (

x '\ Pp= 2
UPPERARM ROLL JOINT —— \ D1/ » WA
@ D O F : I 3 ELBOW FLEX JOINT N\ \ \ % .
s ¢ \ \ \ \ | :
’o 7},}!‘_’ .

FOREARM ROLL J OINT N
TTTTTTTTTTTTT

® 3 in base: SE(2) \x \

w
N

® /inarm: %/

® | in the spine: R/

® 2 in neck: RZ

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


http://autorob.org

Still not quite right...

® What is the C-space of a Fetch, not revolute remrmnionr— J————

. . . revolute Heapmur JOINT—__
INC I U d | ng gl‘l P Pe I'S ? revolute sHouLDER PAN JOINT
revolute SHOULDERLIFT JOINT \
contlinuous UPPERARM ROLL JOINT — \C

® DO Fs: I 3 | revolute EewBowFrLEX JOINT— \\
contlnuous ForREARM ROLL\.OINT—\ \ .

revolute wrsTrEexsonT

® 3 in base: SE(Z) contlinuous wrisTROLLJOINT —

prismatic GRIPPERJOINT —\

® /inarm: %/

prismatic
/

BASE

¢ planar

. . . [ rigid

® | in the spine: R body
® 2 in neck: R4
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® What is the C-space of a Fetch, not revolute remmionr— J————

revolute weap T ot — prismatic
/

i NC I U d i ng g ri P P ers ? revolute sHOUuLDER PAN JOINT 29 x
revolute SHOULDERLIFT JOINT Q |
continuous UPPERARM ROLL JOINT — N
@ D O F S. I 3 revolute EBowFLEXJOINT —\ \\ \
continuous FoREARMROLL JOINT \. . N ]
revolute wrstriexsont— \ N
@ 3 i N bas e: SE(Z) continuous wRISTROLLJOINT \ \ \ N t
prismatic GRIPPERJOINT— \\ '- °
® 3 continuous: I3
planar
. . I I rlgld
| prismatic: R oty

® 6 revolute: R
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C-space examples

® What is the C-space of a MR2!?
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C-space examples

® What is the C-space of a MR2!?
e DOFs: |14
® 3in base: SE(2)

® S5inarms: -
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C-space examples

® What is the C-space of a Robonaut 2 on
the International Space Station!?

CSCI 5551 - Spring 2024

® What is the C-space
of a PR2!?
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What about the robot's
physical geometry?
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Configuration v.Workspaces

® Other than rotation, how is the Turtlebot
different than the point robot! T

{

start
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Robot Geometry

® Turtlebot is larger than a point, having a circular radius in the
robot’s planar workspace

® As this radius increases, the C-space shrinks

workspace ' [ >/ I |
('-\Pucc - -
N ____
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Robot Geometry

® Turtlebot is larger than a point, having a circular radius in the
robot’s planar workspace

® As this radius increases, the C-space shrinks

workspace ' [ | N I
('-\lmcc - -
N ____
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Conversion to point robot
C-space

® Workspace for robot can be
converted to point robot C-space

Expand
obstacle(s)

® Expand obstacles by tracing robot
geometry along boundary

Reduce
robot

® Computable by Minkowski sum

i Trom R, Chosed,
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Minkowski
Planning

Given Compute

R obot CObstacle

Minkowski sum
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Minkowski
Planning

Occlude locakion f robob intersects obstacle

Leave location free if robot
“ non-intersecting with object

Minkowski sum: identify non intersecting robot Locations

Room I '
Robot Obstacle

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

Occlude locakion f robob intersects obstacle

Leave location free if robot

l‘ non-intersecting with object

Minkowski sum: identify non intersecting robot Locations

_ —— —— — ——

\ | / l
R © i =
' I
.'l AL ~‘! 44
4NN WA
Robot
geometry
Space of valid paths defined by Minkowski sum
CSCI 5551 - Spring 2024 Slide borrowed from Michigan Robotics autorob.org


http://autorob.org

Minkowski
Planning

Occlude locakion f robob intersects obstacle

Leave location free if robot

l‘ non-intersecting with object

Minkowski sum: identify non intersecting robot Locations

= T -

A valid path

Robot
geometry

Space of valid paths defined by Minkowski sum
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VWhat does an obstacle ook like
N configuration space”



C-space depends on rotation

configuration
space

workspace
O

.....

QO ={¢e Q| h’“/'ﬂ‘\'“: # 0},
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Consider this workspace...

I

qgoal
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C-space where obstacles are grown with all possible
object positions and orientations

qoal

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


http://autorob.org

C-space where obstacles are grown with all possible
object positions, orientation constrained to 45 degrees

qinit

Qeoal it depends...
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C-space where obstacles are grown with all possible
object positions, orientation constrained to O degrees

qinit

it can make it...

qgoal
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Configuration v.Workspaces

® Other than rotation and geometry, how is the 2-link arm different
than the point robot!?
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Workspace is w.r.t. end-effector position (x,y)
C-space is w.r.t. joint angles (©),0,)
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Obstacles in T2

360

270 T

180 T

t
0 a
45 90 135 180

Circular obstacle in workspace C-space representation
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Path in T2 with several obstacles

. Ry
/ »

T

Arm navigation in workspace C-space representation
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C-space for 3-link arm
The Configuration Space (C-space)

0, .0, 0,
TOP
VIEW

workspace C-space
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Generalizing graph search
for robot configurations



Costmaps: Graph Search Revisiteo

o Optimality: Path length vs. Path cost?

 Costmap provides weights on graph nodes based on cost factors:
 Robot motion: joint limits, holonomicity, smoothness
* Collisions and safety: distance from objects, trajectory predictions

* Environmental conditions: traversabillity, slip
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Distance Transtorm

Compute distance of each grid cell to nearest obstacle boundary;
Weight grid cell cost higher if closer to a boundary

D000 000 0O0100O0O00O0 0 0

D 000 0OOODOOOIOOOODO 00

D O OprBERER O O OO0 O O pap! 00

‘N1 (111 1 0m'Bap''Rl 24 0 0

| . . 0 o FRERERERER 0 0 | 0 o FREAE: 00
http://www.gavrila.net/Research/Chamfer System/chamfer basics2.qit y o FIEEEIEREE o o | 0 o EREYP 0 0
0 O OBNESER 0O O OO0 O O R 00

D0 000 OOOBFRO]J]OOO0O0DO BO

5 000 0O0OFBROOIO OO 00

Nasonov and Krylov 2010
(zero indicates obstacle)
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https://blog.pal-robotics.com/blog/tiago-ros-simulation-tutorial-2-autonomous-robot-navigation/

&]Interact 2 Move Camera [ Select <=f;:> Focus Camera mm Measure  , 2D Pose Estimate  # 2DNavGoal @ PublishPoint o o=y

3 Displays x
» % Global Options
» v Global Status: Ok
» € Grid
v [ Robot
> h, RobotModel
> JETE
» € Odometry
> $° Dynamics
» Wil Footprint
» Wl Dynamic Footprint
> @ Twist
> @ Mode
v [& Sensors
> ~, Laser
» ~%. RGBD scan
» ¥ Virtual Obstacles
» % Depth Cloud
» W Sonars
» ¥ Sonar Cloud
» [ Control
» [ Planning
» [ Localization
» [ Mapping
» E& RGBD

AR QEREN 1 HaE

RGBD LaserScan

Displays the data from a sensor_msgs::LaserScan
message as points in the world, drawn as points,
billboards, or cubes. More Information.

Add | Duplicate | | Remove | | Rename

RGBD x
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Search algorithm template
all nodes « {diststart Infinity, parentstart < none, visitedstart — false}
start_node « {diststart— O, parentstat < none, visitedstart — true}
visit_list « start_node
while visit_list = empty && current_node != goal
cur_node +« highestPriority(visit_list)
visitedcur node ¢ true
for each nbr in not_visited(adjacent(cur_node))
add(nbr to visit_list)
If disthor > distcur node + distance(nbr,cur_node)
parentn,r + current_node
distnor < disteur node + distance(nbr,cur_node)
end if
end for loop
end while loop
output « parent, distance

starf™
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Search algorithm template
all nodes « {coststart— Infinity, parentstart < none, visitedstart «— false}
start_node « {coststart— 0, parentstart — none, Vvisitedstart — true}
visit_list « start_node
while visit_list = empty && current_node != goal
cur_node < highestPriority(visit_list)
visitedcur node ¢ true
for each nbr in not_visited(adjacent(cur_node))
add(nbr to visit_list)
If COSthbr > COSteur node + COSt(Nbr)
parentn,r < current_node
COStnor + COSteur node + COSt(Nbr)
end if
end for loop
end while loop
output « parent, distance

sfarf: p
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A-star shortest path algorithm
all nodes « {coststart— Infinity, parentstart < none, visitedstart «— false}
start_node « {coststart— 0, parentstart — none, Vvisitedstart — true}
visit_queue + start_node
while (visit_queue != empty) && current_node != goal
dequeue: cur_node + f_score(visit_queue)
visitedcur node ¢ true
for each nor in not_visited(adjacent(cur_node))
engueue: nbr to visit_queue
If COSthbr > COSteur node + COSt(Nbr)
parentn,r < current_node
COStnor + COSteur node + COSt(Nbr)
f_score « costnor + line_distancenor,goal
end if %
end for loop g_score.
end while loop cost from start h scbre: empty

output « parent, distance opfimistic cost to goal queue
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Can a robot move in any
direction instantaneously’



Holonomicity

® Does the Turtlebot have 2 DOFs,
instead of 3!

® The Turtlebot can only move along 2 axes
® |inear: forward/backward

® angular: turning

Turktlebot is Mamhaamamw

CSCI 5551 - Spring 2024
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Holonomicity

https://www.youtube.com/watch?v=c-IE|VsoiGo https://www.youtube.com/watch?v=1ak17mdRg5I|&t=75s

® A robot is holonomic if it can change its pose instantaneously to move
in all directions

® Otherwise, the robot is nonholonomic
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Holonomic mobile robot systems

Omni-wheel drive 1 || = l =

A

\

Fil e Killough platform
' Synchro drive
E. Leland, Segway, robotthoughts.com - - Mecanum wheels
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Synchro Drive

L J

markclego, https://www.youtube.com/watch?v=THdu6QD8Roc
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KUKA YouBot with Mecanum wheels

-

Me teleoperating KUKA YouBot from my house via a web browser, http://youtu.be/sVWrRiyOAM_w
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D|l Robomaster Racing

3 I

e R —

e

— - —
-

e - .

4! N —
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Killough platform

..............
R, o

robotthoughts.com; http://technicbricks.blogspot.com/2008/08/
going-to-all-places-in-all-directions_29.htmi
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Recommended: D’Andrea on Omni-drive

Raffaello D'Andrea 2011 WORLD.MINDS INTERVIEW Q »
ZURICH.

e i 4

4

https://www.youtube.com/watch?v=p_WI-C-ORso
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4,

Visualization developed by Dror Atariah and Gunter Rote - https://www.youtube.com/watch?v=SBFwgR4K1Gk
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How do we search arbitrary C-spaces?

: -
Arm navigation in workspace C-space representation

How build graphs in arbitrary C-spaces?
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Next Lecture
Planning - IV - Sampling-based
Planning
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