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Approaches to motion planning

- Bug algorithms: Bug[0-2], Tangent Bug
 (Graph Search (fixed graph)

o Depth-first, Breadth-first, Dijkstra, A-star, Greedy best-first
o Sampling-based Search (build graph):

* Probabilistic Road Maps, Rapidly-exploring Random Irees
* Optimization (local search):

» (Gradient descent, potential fields, Wavefront
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Should your robot’s decision making

fully think through react quickly to
solving a problem!? changes in its world?
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Deliberation v. Reaotin

Sensors ——P

perception
modelling

deliberative:
sense-plan-act

reaction: subsumption,
Finite State Machine

controllers act in parallel
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task execution
motor control

Sensors —P

—§> Actuators

reason about behavior of objects

—— R

plan changes to the world

identify objects

monitor changes

build maps

explore

wander

avoid objects

—P Actuators


http://autorob.org

—= Actuators

Sensec
Model
Plan
Act

Deliberation T

“Sense-Plan-Act” paradigm

® sense: build most complete model of world

® GPS, SLAM, 3D reconstruction, affordances

® plan: search over all possible outcomes

® BFS, DFS, Dijkstra, A*,RRT
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Explore

Wander Around

o
R e a Ct I O n Nensors —= = Actuators
Avold Obstacles

Avold Collision

® No representation of state

® Typically, fast hardcoded rules

® Embodied intelligence
® behavior := control + embodiment
® ant analogy, stigmergy

® Subsumption architecture
® prioritized reactive policies

® Ghengis hexpod video
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Remember your path planner?

How to get from Location A to
Location B!
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Base Navigation

® How get from point A to point B
® What is the simplest policy to perform navigation?

® Remember: simplest reactive policy!?
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Random Walk: Goal Seeking

® Move in a random direction

until you hit something /,,,--

® Then go in a new direction

® Stop when you get to the goal,
assuming it can be recognized

S

Lisa Miller, http://www.youtube.com/watch?v=VBzXDrz8rMI goal: exit here
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Base Navigation

® How get from point A to point B
® What is the simplest policy to perform navigation?
® random walk (2010 Enclosure Escape project)

® reactive: embodied intelligence

® What is a “simple” deliberative policy?
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Bug Algorithms

® Assume bounded world W
® Known: global goal

® measurable distance d(x,y)

® Unknown: obstacles WO,
® | ocal sensing
® tactile

® distance traveled
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Bug Algorithms

® Assume bounded world W
® Known: global goal

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

® | ocal sensing

® distance traveled

bumr,v@.r is essentially an on/off button
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Bug Navigation

dq: goal state (Goal

Plan navigation path from start gs
to goal gq

as a sequence of hit/leave point
pairs on obstacles

Hit point: g

’ Start Qs start state
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Bug O

|) Head towards goal

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

/ leave point g/t

®_ assume a left-
turning robot

3) continue from (1)
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Wall following

follow wall

One approach:
a) move forward with slight turn

b) when bumped, turn opposite
direction

) goto (a)

Trevor Jay


http://autorob.org

What map would foil Bug ©7 Bug 0

|) Head towards goal
2) When hit point set, follow wall,
until you can move towards goal

again (leave point)

3) continue from (1)

®_ assume a left-
" turning robot

The turning
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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)

® start

Can you trace the Bug © Fw&h%’
Can we malke a belbber bug? How?
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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)

® start

Can you trace the Bug © Fw&h%’
Can we malke a belbber bug? How?
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Bug |

|) Head towards goal

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

3) return to leave point

4) continue from (1)
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Bug |

|) Head towards goal

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

3) return to leave point

4) continue from (1)
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What map would foil Bug 17 Bug |

|) Head towards goal

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

3) return to leave point

4) continue from (1)
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What map would foil Bug 17 Bug !

|) Head towards goal
2) When hit point set, circumnavigate
obstacle, setting leave point as

closest to goal

3) return to leave point

4) if bump current obstacle,
return fail;
else, continue from (I)
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Whakt map would ﬂfo»E;L Bug 1? BUg I :

no path exists: line(q/L,qq) intersects
current obstacle

failure bump occurs immediately

Detecting Failure

|) Head towards goal

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

3) return to leave point
4) if bump current obstacle,

return fail;
else, continue from (1)
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Bug |:
Search Bounds

Bounds on path distance, assuming
D: distance start-to-goal
Pi: obstacle perimeter

Best case:.
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Bug |:
Search Bounds

Bounds on path distance, assuming

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

Best case: D
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Bug |:
Search Bounds

Bounds on path distance, assuming

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

Best case: D

Worst case:D + 1.5); P;

Is there a faster bug?
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m-=line: straight line path to goal Bug 2

|) 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 ()
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Bug 2

|) 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 ()



http://autorob.org

What map would foil Bug 27 Bug ’)

m-line

|) 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 ()
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Bug 2

|) 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 ()
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Bug 2

|) Head towards goal on m-line

2) When hit point set, traverse
obstacle until m-line is encountered
& closer to the goal

3) set leave point and exit obstacle

4) continue from ()
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no path exists: no leave point before returning
to g

Bug 2:
Detecting Failure

|) Head towards goal on m-line

2) When hit point set, traverse
obstacle until m-line is encountered
& closer to the goal

or hit point reached

3) if not ith hit point, set leave pt.
and exit

4) continue from ()


http://autorob.org

s Bug?2 better than Bug1?



Bug | v.Bug 2:

Draw worlds where Bug 2 performs better than Bug | (and vice versa)

Bug 2 beats Bug 1 Bug 1 beats Bug 2
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Bug | v.Bug 2:

Draw worlds where Bug 2 performs better than Bug | (and vice versa)

Bug 2 beats Bug 1 Bug 1 beats Bug 2
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Bug | v.Bug 2:

Draw worlds where Bug 2 performs better than Bug | (and vice versa)

Bug 2 beats Bug 1 Bug 1 beats Bug 2
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Bug | v.Bug 2:

Draw worlds where Bug 2 performs better than Bug | (and vice versa)

Bug 2: greedy, better Buq 1: exhaustive search,
typical performance more predictable
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Bug 2:
Search Bounds

Bounds on path distance, assuming

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

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

Best case: .
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Bug 2:
Search Bounds
Bounds on path distance, assuming

* D: distance start-to-goal

* P obstacle perimeter

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

Best case: D
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Bug 2:
Search Bounds
Bounds on path distance, assuming

* D: distance start-to-goal

* P obstacle perimeter

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

Best case: D

Worst case: D + 2 (ni/2)P;
Why?
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Whj? Consider all leave points on m-line; Bug 2,

only half are valid

Search Bounds

Bounds on path distance, assuming

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

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

Best case: D

Worst case: D + 2 (ni/2)P;

Each leave pt might require traversing entire
obstacle perimeter, including the outside
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SUppPOose robot has a range sensor.

s there a better Bug algorithm?



Tangent Bug

® Assume bounded world

® Known: global goal
® measurable distance d(x,y) * Start
® | ocal sensing

® range finding

® odometry
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Emit laser beam in a direction

Distance to nearest object related to time from

Lase I’ Rangeﬁ N d i ng emission to sensing of beam

(briefly) (assumes speed of light is known)

Planar range finding : reflect laser on spinning
mirror (typlcally at IOHz)

Robotshop.com;
Trossen Robotics

@Rotatlng mirror

- range {mc&er Obste
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Move Camera Select 2D NavGoal 2D Pose Estimate

=] /base_link
/base_laser_link

Add | Remove V| A

o ——

Displays ® | Views 3R
Sl Giobaloptions ——___________ orbit 3l
Background Color [} (0,0,0)
Fixed Frame /map
Target Frame Jodom
.Global Status: OK
B3] 01. Grid (Grid) V'
02. Static Map (Mapi¥4
.
04. Laser Scan (Lase [
=] 05. TF (TF) V|
=] Status: OK
Show Names v
Show Axes v
Show Arrows v Save Current| Load | Delete
Updateinterval 0
Frame Timeout 15 Selection [

wall Time: | 1293847957.843813 | Wall Elapsed: |69.088318 ROSTime: 1293847957.843807 ROSElapsed: 69.088318

Reset

ROS LaserScan definition

LaserScan message:

Header header
uint32 seq
time stamp
string frame_1d

float32 angle_min

float32 angle_max
float32 angle_increment
float32 time_increment
float32 scan_time

f

f

f

f

loat32 range_min
loat32 range_max
loat32[] ranges
loat32[] intensities
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http://www.ros.org/doc/api/std_msgs/html/msg/Header.html

SLAM - BotlLab

ROB 550 / EECS 467
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ROB 550 BotLab / EECS 467 Escape Challenge

Command Speed:

0.60

Right Wheel Trim: (%)

0.00

Available Pose Traces

ODOMETRY

C.}.n Traces

Exploration State

Finding Key
Grabbing Treasure
Escaping Map
Completed Exploration
Failed Exploration

Reset Exploration States

Global: (3.91,0.53) Cell: (178,110) Log-odds: 0 TRUE_POSE: (2.71,0.12,0.82)

- - —” il = —
Jasmine Liu et al.
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Tangent Bug: Heuristic Distance-to-Goal

O; are visible obstacle extents

d(x,0)): robot can see
d(O,qgqoa): best path robot cannot see

Continually move robot such that
distance to goal is decreased

Note similarity to A* search heuristic
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Tangent Bug: Heuristic Distance-to-Goal

O; are visible obstacle extents

d(x,0)): robot can see
d(O,qgqoa): best path robot cannot see

Continually move robot such that
distance to goal is decreased

Note similarity to A* search heuristic
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Range Segmentation

range scan P(x,0): sensed distance along
ray at angle © within limit R

discontinuities {O;} in scan result from
obstacles

{Oi} segments scan into intervals
continuity, with obstacles and free space
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Range Segmentation

range scan P(x,0): sensed distance along
ray at angle © within limit R

discontinuities {O;} in scan result from
obstacles

{Oi} segments scan into intervals
continuity, with obstacles and free space
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Tangent Bug Behaviors

Similar to other bug algorithms, Tangent Bug uses two behaviors:

motion-to-goal boundary-follow
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|) motion-to-goal: Move to current O; to

Tangent Bug minimize G(x), until goal (success) or

G(x) increases (local minima)

G(x) = d(x,0))*d(0O;,ggoa)

2) boundary-follow: move in while loop:
a) repeat updates
dreach = Min d(qgoa;, {Visible Oi})
dollow = mMin d(ggoa, Sensed(WO)))
O; = argmin; d(x,0i)+d(0;,qggoal)
b) until
goal reached, (success)
robot cycles around obstacle, (fail)

dreach < dfollow,
(cleared obstacle or local minima)

3) continue from (1)
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|) motion-to-goal: Move to current O; to

Tangent Bug minimize G(x), until goal (success) or

G(x) increases (local minima)

G(x) = d(x,02)+d(02,Ggoa)

2) boundary-follow: move in while loop:
a) repeat updates
dreach = mMin d(qgoal, {Visible Oi})
dollow = mMin d(ggoa, Sensed(WO)))
O; = argmin; d(x,0i)+d(0;,qggoal)
b) until
goal reached, (success)
robot cycles around obstacle, (fail)

dreach < dfollow,
(cleared obstacle or local minima)

min G(x) in red, others in yellow 3) continue from (l)
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|) motion-to-goal: Move to current O; to

Tangent Bug minimize G(x), until goal (success) or

G(x) increases (local minima)

G(x) = d(x,01)+d(01,qgoa)

2) boundary-follow: move in while loop:
a) repeat updates
dreach = mMin d(qgoal, {Visible Oi})
dollow = mMin d(ggoa, Sensed(WO)))
O; = argmin; d(x,0i)+d(0;,qggoal)
b) until
goal reached, (success)
robot cycles around obstacle, (fail)

dreach < dfollow,
(cleared obstacle or local minima)

min G(x) in red, others in yellow 3) continue from (l)
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Example: range R=

Hi: hit point

Di: Depart point
Li: Leave point
M;: local minima
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Example: range R=

Note: T is known when
R:OO

T e W0

Hi: hit point

Di: Depart point
Li: Leave point
M;: local minima
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Example: range R=

motion-to-goal

Hi: hit point
min G(x) in red, others in Di: Depart point
yellow Li: Leave point

M:: local minima
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Example: range R=

motion-to-goal

Hi: hit point

Di: Depart point
Li: Leave point
M;: local minima
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Example: range R=

motion-to-goal H;: hit point
Di: Depart point
Li: Leave point
M;: local minima
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Example: range R=

follow-boundary H; hit point

start following: Di: Depart point

min d(qgoal, {Visible Oi}) < min d(qgoa, sensed(WO))) %-Flia!ael E*::::na
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Example: range R=00

follow-boundary
3 Hi: hit point
end following: Di: Depart point
min d(qgoas, {visible Oj}) < min d(ggoa, sensed(WO))) Li: Leave point

M:: local minima
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Example: range R=

motion-to-goal

Hi: hit point

Di: Depart point
Li: Leave point
M;: local minima
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Example:
range R=0

Hi: hit point

Di: Depart point
Li: Leave point
M;: local minima
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Example: Hi: hit point

Di: Depart point

range R=O Li: Leave point

M:: local minima

Motion-to-goal hits and departs
obstacles

-
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Example: Hi: hit point

Di: Depart point

range R=O Li: Leave point

M:: local minima

Local minima encountered
G(x1) > G(M3) < G(x2)

Local minima at increase of G(x) = d(x,0;)+d(0;,ggoal)
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Example: Hi: hit point

Di: Depart point

range R=O Li: Leave point

M:: local minima

Boundary following at
local minima to leave pt

Local minima at increase of G(x) = d(x,0;)+d(0;,ggoal)
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Exam Ple: Hi: hit point

Di: Depart point

range R=O Li: Leave point

M:: local minima

Leave when dreach<dfliow

Local minima at increase of G(x) = d(x,0;)+d(0;,ggoal)
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Exam Ple: Hi: hit point

Di: Depart point

range R=O Li: Leave point

M:: local minima

“\@/ \)
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Tangent bug R=0

Tangent bug with limited
radius

Tangent bug R=infinity
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What does BugX assume that Random
Wallke does nok?
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What does BugX assume that Random
Wallke does nok?

Localization: knowing the robot’s location, at least wrt. distance to goal
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What does BugX assume that Random
Wallke does nok?

Localization: knowing the robot’s location, at least wrt. distance to goal

What do grapk search algorithms
assume that BugX does not?
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What does BugX assume that Random
Wallke does nok?

Localization: knowing the robot’s location, at least wrt. distance to goal

What do grapl« search algorithms
assume that BugX does not?

A graph of valid locations that can be traversed

S%FF’OSQ we have or cawn bl&btd such a SV&ka
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Next class: configuration Spaces

more than meets the eye




