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* Path planning: is to find an optimal path (smooth and feasible path) with the least cost on the road
network graph. (A* and Dijkstra)

* Trajectory planning is an essential task in mobile robot navigation that involves:

1. generating a smooth and feasible path for the robot to follow from its current position A to a desired goal position B
while avoiding obstacles (Path planning)

2. adhering to constraints such as maximum velocity and acceleration between the given position A and position B.

* whereas motion control is the process of
generating a sequence of control signals

to follow the planned Trajectory.
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Motion planning algorithm PA

evaluation index deola

Completeness Optimality

Using this algorithm, the optimal path can
be found (shortest distance, minimum time
consumption, minimum energy
consumption, etc.)

Using this algorithm, all solved
problems can be solved within a
limited time
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Bug algorithm 1

Algorithm 1 Bugl Algorithm

Input: A point robot with a tactile sensor
Output: A path to the g, Or a conclusion no such path exists

1: while Forever do

2 repeat

3 From ¢/ |, move toward gy,

4:  until g,y is reached or an obstacle is encountered at ¢
5:  if Goal is reached then

6 Exit.

7. endif

8 repeat

9 Follow the obstacle boundary.

10:  until gy, is reached or g/ is re-encountered.

11:  |Determine the point ¢/ on the perimeter that has the shortest distance to the goal.

122 Gotog/.

13:  if the robot were to move toward the goal then
14: Conclude g0 1s not reachable and exit.

15:  end if

16: end while
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Algorithm 2 Bug2 Algorithm

Input: A point robot with a tactile sensor

Output: A path to ggoal or a conclusion no such path exists

while True do
repeat
From q;—b_lj move toward ggoal along m-line.
until
dgoal 18 Teached or
an obstacle is encountered at hit point q_gH .
Turn left (or right).
repeat
Follow boundary
until
Geoal 18 Teached or
gl is re-encountered or
m-line is re-encountered at a point m such that
m # g’ (robot did not reach the hit point),
d(m, ggoa1) < d(m.g!) (robot is closer), and

if robot moves toward goal, 1t would not hit the obstacle

if Goal is reached then
Exit.

end if

if qiﬂ is re-encountered then
Conclude goal is unreachable

end if

Let qs‘:L+1 = m

Increment i

end while
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Bug algorithm 1 &2 ﬁ

q goal

The Bug?2 algorithm
reports failure.

The Bugl algorithm reports the goal is unreachable
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A C B G
S 1S | INF | 4S | INF
A - 6A | 3A | 13A
B - 5B - 13A
C - - - 3C

S-A->B->C-G
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W=130cm

L=200cm
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Homework!
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2D path planning algorithm P:,
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W=130cm

L=200cm
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G(A - B) = 25
H(B) = 163.2
F(A - B) = 188.2

G(A-C)=35
H(C) = 155.7
F(A - C) = 190.7

G(A-D)=60.4

H(D) = 134.6

F(A-D) =195

134.6
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G(A-B-C)=35
H(C) = 155.7
F(A-B—C)=190.7

155.7

G(A—B-D) =80
H(D) = 134.6
F(A-B—D)=214.6
134.6
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G(A—B-C—H) =177
H(H) = 15.8
F(A—B—C—H)=192.8

15.8

G(A—B—-C—-E)=90

G H(E) = 125.4

G(A—B-C-G)=169
H(G) = 21.2
F(A-B—-C—-G)=190.2

21.2

®

Already visited
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A-B-C-G ° o 15.8

GlA-B-C=G-F)=275""
H(E) = 125.4
F(A—B-C—G—-E)=400.4

G(A—B-C-G—H) =179
H(H) = 15.8
FIA-B—C—G—-H)=194.8

125.4
° ° G 10
134 106 -
However H has been visited
through Cin the previous step.
We go to the previous step and
e complete the path through C to

H

134.6 5

° (A-—B—-C—-G-D)=284.4

H(D) = 134.6

F(A—-B—-C-G-D) =419
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A=B-C-+ G oig)
15.8
‘ 115/ G(A-B-C-H-2)=192.8
0 2 H(Z) =0
FIA-B-C-H-2)=192.8
& @ 07

G(A—-B—C—-H-E)=292.4
H(E) = 125.4
FA-B—C—-H—-E)=417.8

25

134.6
b 4 G(A-B-C—-H-D)=302
H(D) = 134.6
Already visited F(A—B-C—-H-D)=436.6
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A-B-C-H-Z 6)liadl

GA—B-C-H-2)=192.8
H(Z) =0
FA-B-C-H-2)=192.8
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Homework B

® Write a Code to program it.

®* Draw an environment with obstacles
® Detect the vertices.

* Detect the start and end point

® Detect the path

https://manara.edu.sy/
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Gradient of a Scalar Function PA
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Say that we have a function, f(x,y) = 3x°. Our partial derivatives are:

8f(:1;,y) L 0 <
or &fch y = byz

8f(377y) . a 2 2
By aySw Y = 3%

If we organize these partials into a horizontal vector, we get the gradient of

flxy), or Tfxy):
Of (xz,y) Of(x,y)

= 9y | = [6yz, 327

https://manara.edu.sy/
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What happens when we have two functions? Let’s add another function,
g(x,y) = 2x+y®. The partial derivatives are:

dg(xz,y) O 8\
Ox _833(2x+y)_2
dg(z,y) O

= — % = - 7
B 8y(w+y) 8y

So the gradient of g(x,y) is: Vg(:c, y) _ [agéwi y) ’ ag((;"ﬂ y)] _ [2} 8’97]
L Y
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Gradient of a Vector Function PA
deal

Now that we have two functions, how can we find the gradient of both
functions? If we organize both of their gradients into a single matrix, we
move from vector calculus into matrix calculus. This matrix, and
organization of the gradients of multiple functions with multiple variables, is

known as the Jacobian matrix.

[ Of (x; of(z,y) ]
. [Vf(w,y)] Iy ofpal] [6ya: 3a:2]

Vy(z,y)| ~ |29y dg9(y) 2 8y’

Ox Oy

https://manara.edu.sy/
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&jliall

LR, PR L T

Artificial potential field method (incomplete and not optimal)

Potential functions can be viewed as a Iandscape
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* Theidea of a potential field is
® Forinstance, a
[ ]

The idea is that depending on , the ball can arrive at the source of the field the valley in this example.
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Artificial Potential Field %\7
Method dseola

Repulsive force

L1

++++++ e Potential function guides the robot as if it were a particle moving in

gradient of the energy is force.

start + + goal agradientfield.
, « Analogy: robot is positively charged particle, moving towards

y negative charge goal. attractive force

G e Obstacles have ”repulsive" positive charge. same charge as robot —

repeIIing force

Q-
. The idea is that depending on _the particle

can arrive at the source of the field, the magnet in this example.

Attractive force

https://manara.edu.sy/
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Attractive Field + Repulsive Field = Resultant sum
7 7 6 6 7 7 8 %) <] 10 70 100 100 70 7 7 16 76 107 107 78
6 6 5 5 6 6 7 (%) 2] 10 100 100 6 6 15 165 187
4 5 4 4 5 6 6 e 2] 10 100 Obstacle 100 - 5 14 104 Obstacle 186
5 7.3 1 1 2 5 6 %} (%) 10 1606 100 5 2 B 101 186
4 1 1 4 6 %} 2] 10 70 160 100 70 4 1 101 104 76
Goal Goal

4 1 1 4 6 (%) <] %] 10 10 10 10 4 1 11 14 16
5 2 1 1 2 5 6 (%) 2] (2] %] %] 2] 2] 5 2 1 1 2 5 6
4 5 4 4 5 6 6 (%) (%) (%) %) %) (%) %) 4 5 4 4 5 6 6

The target point is at the bottom. Attractive Potential Function is distance from goal.

T Green cells with “lowest” value
of potential (most possible
robot paths to Goal).

The farther away from the target point, the higher the attractive potential field (large potential
energy), goal state has zero potential energy.
At the same time, in order to avoid collision, a repulsive potential field is added around the

obstacle (the potential energy is maximum at the obstacle). Obstacles create high energy.

https://manara.edu.sy/
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Robot “attracted” to the goal and “repelled” from the obs@gﬁiJ

Path of robot is from state of high energy to low (zero) energy at
the goal. Robot moves from high-value to low-value Using a
“downhill” path (i.e negative of the gradient). This is known as
gradient descent —follow a functional surface until you reach its
minimum. Gradient descent follows energy minimization path to

goal so Path is negative gradient, largest change means high energy

Robot transition to lowest value of

potential field.

22

25

16

15

28

36

43

16

21

54

26

17

15

16

In our case robot has four possible motion transitions (choices to move) forward, back, left and right.

Before transit to the next cell (discrete position) the robot check the cell with lowest value of the potential.

The process repeats while the robot achieves a destination.

https://manara.edu.sy/
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Artificial Potential Field algorithm can be easily explained by dividing the

main idea for two sub-tasks:

* the robot space (here XY plan) has to be divided by a grid of certain discrete
positions of the robot, where potential field can be computed at each: q=(x,y)

* For each discrete position of robot g=(x,y),

the artificial potential field consists of two different

components: Total Potential
_P U() =Usi(@) +BIE  runction

Jsiall dlass

) ) — U, is the “attractive” potential --- move to the goal
They are sum up to compute the potential field =

acting on the robot: — U, Is the “repulsive” potential --- avoid obstacles

https://manara.edu.sy/
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The artificial force acting on the robot at the position:

F(q) =-VU(q)
¥ &

where VU (q) donetes the gradient vector of U at position g.

- U
velocity becomes the gradient VU = g;

dy _

https://manara.edu.sy/
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Computing Attractive Potential Pf
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Badl dadi g g9 adledl B9800l dlads Lo a3l 2[5\..4«.1.‘ doudy yhle JSCéo Lsys Attractive field od)!l Ja>  ®
Sl (0 oyl o Lo s S gl 25

Quadratic Potential . ‘ NN
N H / ////// i \
Um.r('?) = E km’f pgﬁ,m S —*’ . ‘*~ — ‘ : : " \ ‘{ ‘1 }
A [ \. N NG B o N
whose gradient is S . =
(a) (b) (c)

1 k )
VUal(g) =V E att d*(q, Ggoal)

Figure 4.4 (a) Attractive gradient vector field. (b) Attractive potential isocontours. (¢) Graph
of the attractive potential.

Foul@) =K gge (q, ‘?30'1)

where k,,, positive scaling factor and sp ., denotes the Euclidean distance.
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Computing Repulsive Potential Dﬂv

The repulsive field “generated” by obstacles can be computed according to the following formula. As expected, the value increases, while

the robot approaches to obstacle.

! 1 _ 1y
v, = | 2ker (GG =37 0@ < po
0 if p(q) 2 po

where k., is a positive scaling factor, p(q) denotes as a minimal distane from g to the object and

po the distance of influcence of the object.

should increase as we near the obstacle

Figure 4.5 The repulsive gradient operates only in a domain near the obstacle.
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whose gradient is

Py

skrep (g — i)z if p(q) < po

if p(q) = po

krep| 5 = — 1 ), .plg) <P
VUrep(q) = { p(po p(q)) pz( V p(q , p(q N 70
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Example:
Attractive field of the Goal
NNNNNNNANN VS f A st
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w ]
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-10.0 =75

0.0

wn
b

deal ~

6)liadl

®* We can also define another behavior
that allows the robot to avoid
obstacles. We make each obstacle
generate a repulsive field around it. If
the robot approaches the obstacle, a
repulsive force will act on it, pushing

it away from the obstacle.

75

50

00

5.0

Example:

Repulsive field of the obstacle

..,..__.______‘/),/ ——
- -
A"/ / 4 \ \\‘\:‘:-.

\\\\\ ALERENS

LA } \

-10.0 -15 5.0

* Forinstance, let's assume that there is no obstacle in the environment and that the robot should seek this goal. In conventional planning,

one should calculate the robot's relative position to the goal and then apply the suitable forces that will drive the robot to the goal.

* Inthe potential field approach, we create an attractive field going inside the goal. The potential field is defined across the entire free

space, and in each time step, we calculate the potential field at the robot position and then calculate the induced force by this field. The

robot then should move according to this force.
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Example
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Combined Potential when Goal and Obstacle are different
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the robot then can follow the force induced

.
4

The two behaviors, seeking and avoiding, can be combined by combining the two potential fields

by the new field to reach the goal while avoiding the obstacle
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Ve=Kg*rg = Kg »/(x —xg)? + (y — yg)za%V
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agll J8 ey Liareial 23a; 2B s Kg
adgll g g gl e ddliiall rg

Vo=Ko/ro = Ko/\/(x — x0)? + (y — y0)?
Caolad) g g Il s Ll Jis - Vo
lall J85  aay Liasanal 23ay &uli : Ko

Gl s D gl LAl : po

V=Vg+Vo
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Limitations of the [>A

Artificial Potential

deol ~

Field Method e

01

02

03

When the object is far away from the target point, the gravitational force will become

particularly large, and the relatively small repulsive force may even be ignored, and

obstacles may be encountered on the path of the object.

When there are obstacles near the target point, the repulsive force will be very large

and the gravitational force will be relatively small, making it difficult for the object to

reach the target point.

There is a local minimum problem when faced with specific obstacles.
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Local minimum %

6jliall

® Local minimum:

attractive force (goal) = repulsive force (obstacles) o goal

® Local minimum: attractive force = repulsive force

Solution: Take a random walk — perturb out of minima

Need to remember whereyou have been!

2

0

Figure 4.7 Local minima of rays determine the distance to nearby obstacles.
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Potential Fields Summary Df

6jliall
More than justa path pIanner: Provides simple control function to move
robot: gradient descent
e Allows robot to move from wherever it finds itself |
» Can get trapped in local minima

e Can be used as online, local method:

- The potential field map is computed once before robot movement. =
However this assumption is valid only for the static environments. In

dynamic spaces, where the obstacles can change the position the potential

field has to be computed as frequent as possible (in order to avoid collision). w— T
— As robot encounters new obstacles via sensors, it can compute the
Potential Function online

— Laser/sonar scans give online distance Computation to obstacles

https://manara.edu.sy/
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Program flow chart

Set starting and target positions:

source=[50 50];
goal=[450 450];

Reading obstacles:

obstacle(:,:,1)=
int16(im2bw(imread('mapl.bmp')));

[

&jliall

start .

start

I

Set start point

Reading
obstacles

A

Next position

Move robot

|

no

end
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Artificial Potential Field
Method EL%

&)Ll
Determine next step:

(1) Calculate gravitational potential and repulsive potential

(2) Calculate the next feed angle

(3) Calculate the next step position

https://manara.edu.sy/
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Py

R, T

Draw the robot:

plotRobot(position,direction,map,HalfDiagonalDistance);

Determine whether the end point has been reached:

Gradient Descent:

q(0)=q_start

distanceGoal=( sqrt(sum((currentPosition-goal).*2))); i=0

iefndoilstanceGoaI<distanceThreshoId, pathFound=true; while || v U(q(i)) ” o
q(i+1) = q() - a(i) V u(q(i))
1I=i+1
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