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Velocity Motion Model

State and Control

© Robot moves in 2D plane.

X
@ Robot’s state in 2D planeis | y
0

X . .
° ( ) is the location.
y

o 0 is the orientation or bearing.
. v
Q Control is uy = < t >
Wt
@ v; is the translational velocity.
@ w; is the angular velocity.
Q So robot is moving on a circle with radius r = | ¥|

QIf Iimor = 00, then robot moves on a straight line.
w—

© During At, both v; and w; are constant.
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Velocity Motion Model

Velocity Motion Model §5.3

Robot moving on a circle

Y
,,,,,,,, T
r sin(6-90)
= -rcos(6) 9
,,,,,,,, I
(I’)(:’y(')j
777777 Gl
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X = Xc+ rsiné

Y =Yyc— rcosf

v .
X =x — —sinf
w

14
Ye =Yy + —cosf
w



Velocity Motion Model

After At the robot will be at

x' Xe + Zsin (0 + wAt)
y' | = ve— Lcos(0 +wAt)
¢’ 6+ wAt
X — KsinQ—Ffsin (0 +wAt)
4,_z
Xc
= v+ Kcos@—fcos(0+wAt)
NI
Ye
0+ wAt
X —Zsinf + Zsin (0 + wAt)
=y |+ L cosf — L cos (6§ + wAt)
0 wAt

state update
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Velocity Motion Model

Real motion involves noise in the control

< ‘7 > - < X > + < 6a1vz+a2w2 ) (510)
w w €asv2+agw?
——— —_———

actual noise

@ Here {a1, ap, a3, a4} are robot specific parameters.
@ Common choices for the noise €,2(a) are

Normal with zero mean. e(a L
o p(a) ~ 75

@ Triangular with zero mean. ¢(a) ~ max{O, ﬁ - %}
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Velocity Motion Model

Better model for pose

after execution of u; = ( :} ) at x;_1 = new state is
N X %sin9+% n (60 + OAt)
yl=1vy |+ ¥ cosf — L cos (0 + WAL)
0’ 0 A
WAt
Problem

Support of p(xt|ut, xt—1) is 2D, while x; is 3D.

Assume the robot performs a rotation 4 when it arrives at its final

pose. So|0' = 0 + &AL + YAt | and [ = €py12 4 age
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Velocity Motion Model

Better model for pose

Now that we have state update given by

M N —Zsing + Lsin (0 + @AL)
yl=1vy |+ ¥ cos — L cos (0 + WAL)
4 0 WAt +AAL
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Velocity Motion Model

Computation of p(x¢|us, x¢—1)

Want to calculate p(x¢|us, x¢—1): control u; carrying the robot
from pose x;_1 to x¢ in time At. First find {; that takes x;_1 to x;
regardless of the final orientation.

<[If ’ ’y r )
T ——
y+y' X
2
y ‘A -----
- cos(8) L
,,,,,,, i /6-90 |
(r("yv)
2 sin(@) o
2
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Velocity Motion Model

From the figure above

()= (338)-(Em ) em

Xc=x—rsin6 and y.=y-+rcos6

Right hand side term: center of the circle (x. y.)' lies on a ray
that lies on the half-way point between (x y)7 and (x' y')7 and is
orthogonal to the line between these coordinates. (page 130)
To solve for u:
@ Eliminate A first.
@ Then solve the resulting equation for u. (assuming w # 0)
1(x—=x")cosO+ (y —y')sind

n= 2(y —y')cosf — (x — x')sinf
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Velocity Motion Model

") cos O+(y—y’) sin 0

<&>__ 4 L Rl (v + ) 10
e v g Leoxjeosialy—y)ind (0 )

Moreover, notice that

re - x 2 (- ve? E 6 x)? — ye)?

A0 = atan2(y' — ye, X' — x) — atan2(y — ye, x — xc)

0¢ Or—1
arctan (%) if x>0
atand — sign(y) (7 —arctan|£|)  ifx <0
ifx=y=0
sign(y) 5 ifx=0,y#0
Adist =r - Af
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Velocity Motion Model

From Adist, Af and At can compute the velocities Vv and @

o Adist

A At

ur = ~ =

t ( w > [0
At

The rotational velocity 4 is obtained from ‘9’ =0+ OAt+AAL

L =0
7T AT
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Velocity Motion Model

Computation of p(x¢|us, x¢—1)

The motion error is the deviation of {i; and 4; from the command
ur=(vw)T and y=0

Verr =V — V
Werr =W — @
Yerr = 7Y

From (5.10) and |4 = €,,,24 4.2 || Probabilities of these errors are

€arv2+anw? ( Veff)
€azv2+ayw? (Werr)

€asv2+asw? (F}/err)
Assuming independence, we get

p(Xt|ut> Xt—l) = €y V2+a2w2(Verr) * Cazv24aw? (Werr) * Cagv24agw? (76")
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Velocity Motion Model

Motion-Model-Velocity(x:, us, x;—1), page 123

Q Algorithm Motion-Model-Velocity(x¢, ut, xt—1):

1 (x—x')cosO+(y—y')sin6
Qu= 2 (y—y’)cos0—(x—x")sin@

Q xc =5 +uly —y')
Q yo =1 + u(x —x)

Q.= \/(X_Xc)2+(y_YC)2
Q Al =atan2(y’ — yo, X' — xc) — atan2(y — ye, x — xc)

Q O:ﬁ_?rc

~ _ AD
0 w=7%;

A 0=0 A
Q7 ="%5 —w
@ return:

prob(v—0, a1 vi4aow?)-prob(w—a0, aszvi4asw?)-prob(4, as v +agw?)
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Odometry Motion Model

Odometry Motion Model §5.4

@ Practice shows odometry to be more accurate than velocity.
@ Odometry is available only after the robot has moved.

@ Odometric information are sensor measurements, not controls.

Problem

Modeling odometry as measurements , requires Bayes filter to
include actual velocity as state variables—which increases the
dimension of the state space.

Solution
To keep state space small, it is common to consider odometry data
as as if it were control signals.
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Odometry Motion Model

Format of control information

@ Odometry model uses relative motion information, as
measured by robot's internal odometry.

@ In the time interval (t — 1, t] robot advances from pose x¢_1
to pose x;.

@ The odometry reports back a related advance
— </

X X
fromXe1=| vy |toxe=| ¥V
0 0
@ Relation between bar coordinates and global coordinates is
unknown.

@ Relative difference between X;_; and X; is a good estimator of
the difference between poses x;_1 and x;.
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Odometry Motion Model

Format of control information

@ The motion u; information is given by the pair

(%)
Uy — —_
Xt

@ To extract relative odometry, u; is transformed into a
sequence of three steps:
© Rotation (initial turn) dyot1. Followed by
© Straight line motion (translation) d¢rans. Followed by
© Second rotation doto.

Each pair of positions (S ') has a unique parameter vector

5roifl
Otrans | . These three parameters assumed to be corrupted by

5roif2
independent noise(s).
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Odometry Motion Model

Format of control information

OrotZ

5trans
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Odometry Motion Model

Motion-Model-Odometry(x;, us, x;—1), page 134

O Algorithm Motion-Model-Odometry(x;, ug, x¢—1):
Q Sror1 = atan2(y —y, X' —x) — 0

Q dirans = VXXV + (7 -¥)’

Q Oror2 = 5/ -6 drot1

Q drot1 = atan2(y’ —y, X' —x) — 0

Q trans = v/ (x = X2+ (y — y')?

9 8rot2 =0 —0— Srotl

0 p]. - prOb((Srotl - Srotla algrzot]_ + a28$rans)
Q p= prOb((stl’anS — Otrans; a3(5t2rans + O‘4(530t1 + a4530t2)
@ p3 = prOb(5r0t2 - 5(01227 a15r20t2 + a26$rans)

@ return: p1-pr - p3
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Motion and Maps

Motion and Maps §5.4

A map m of the environment is a list of objects in the environment

and their locations. ‘ m={my,my,mz,...,my} ‘

@ Feature based. Constructs the shapes in the environment
from sensor data.

@ Location based. Occupancy grid assigns {0,1} to each (x, y).

. b

© The motion model thus far: p(x¢|ut, x;—1) assumes that robot
is moving on an empty plane.

@ Occupancy maps m, distinguish traversable (free) terrain from
an occupied one.

© Map based motion model: p(x¢|us, x¢—1, m), computes the
likelihood that robot placed in a world with map m, will arrive
at pose x; upon executing action u; at pose Xx¢_1.
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Motion and Maps

Motion and Maps

Problem
No guarantee that unoccupied path exists between x;_1 and x;
(after executing uy).

Solution

If the distance between x;_1 and x; is small (compared to diameter
of the robot), then can approximate

p(xe|ue, xe—1)p(xe|m)
p(xt)

p(xe|ug, xe—1,m) =1

Here p(x:|m) expresses the “consistency” of pose x; with map m.

-
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Motion and Maps

Apply Bayes rule p(A|B. C,D) = p(B‘Abe?g’?é/)“c'D) twice

~p(m|xt)

p(mlue, xe—1, x¢) p(Xe|ue, Xe—1)
p(m|ut7 Xt—l)
~ np(m|xe)p(xe|ue, xe—1)

xt\m)pérﬂf

= % (Xt) Xt‘ut,Xt 1)

p(Xt|UtaXt—17 m) =

P(Xt‘Ut, Xt—l)p(Xt|m)

p(xt)
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