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Nomenclature

State x=[r o v w ...]"

State Space X Configuration Space C
Configuration a

Action u

Action Space U(x) U(q)

S /C F' (state-space) (configuration-space)
tate/Configuration . .

Transit Eg . x=f(x,u) qg=~f(q,u)
ransition qUGfIOﬂ (state-space) (configuration-space)

Trajectory x(t) = [ x(to) x(t1) x(tz) ]T

(state-space)
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Actions

U is the set of all possible
actions over all states

Example: Moving on a 2D grid

x=[z y]"

x' =f(x,u)=x+u

U= {(07 1)7 (07 _1)7 (17 0)7 (_17 O)}

Xy Q/:‘ March 29, 2011 ME/CS 132
Actions (cont.)
Example: Moving on a 3D grid U= U U(x)
X = [ T Yy =z ]T xeX
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Actions (cont.)
In continuous spaces the next U = U U(X)
state is determined by a xeX
integrating the state transition
equation
/ T+az
Example: One-dimensional X
particle
x = [z]"
X = v, x
U= (o} =[-1,1] )
X
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Kinematic Constraints
Implicit g(q,q) X 0
Parametric q=f(q,u)
Pfaffian g1(a)q1 + g2(a)ga + ... + gn(a)gn =0
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Kinematic Constraints (cont.)

Pfaffian  g1(a)q1 + 92(q)g2 + ... + gn(a)g, =0

Configuration transition

equation
(jl = u n—k+1 = fn—k-l—l(qa u)
G2 = u2 Gn-k+2 = [o-kt2(q,0)
In—k = Un—k Gn = fo(q,u)
(these are determined by solving for the remaining variables)
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Kinematic Constraints (cont.)

A quick example...

C = R?’ (three dimensional state space, n=3)

7q1 — 3QQ + (j3 = () (one Pfaffian constraint, k=1)
/ (two control inputs (n - k = 2)

(jl = w (jl = U1
(12 = U2 Cj2 = U9
(substituting for configuration rates) gs = —Tuy+3ug
Tup — 3us + g3 =0 (configuration transition equation)
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Simple Car Model

Rigid body that moves in a two-
dimensional configuration space

C=R%2xS!

fl(xa Y, 0, vz’bodya ¢>
= fQ(xayaeaUx|bodya¢>
0 = f3(x7y70av:v’bodya¢>
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Simple Car Model

R!gld b.ody that moves in a two- C=R2xS!
dimensional configuration space

—&sin(0) + ycos(f) =0
(rewritten as a Pfaffian constraint)

cos(0) = vg|podycos(8)

= sin(0) = vg|poaysin(f)
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Simple Car Model

How are these constraints
found?

C=R%2xS!

—isin(0) + ycos(f) =0
(n=2, k=1)[
T = u
= wuytan()

(substituting for u1)

x = cos(0)
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Simple Car Model

R!gld b.ody that moves in a two- C=R2xS!
dimensional configuration space

(distance travele@ — pde

do = qu(gb) dw
(divide by dt) <A 9 _ /Ux|b0dyt n(¢)
L

| March 29, 2011 ME/CS 132 14




Simple Car Model

With control inputs of the form
u = (uvm\body’u¢>)
the configuration transition
equation is

T = Uy |yoa, cos(0)

y = uvm‘body Sln(e)

A uvm |bod
6 = —= o t
an(U¢)
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Variations of the Simple Car Model

Simple Car
/\ cannot turn in place

U= [_17 1] X (_¢mam7¢max) ( " place]

Tricycle ~
m™ T (can turn in place)

U [ ? ] X ( 27 2)

Reed-Shepp Car
/\ (can drive forwards and
U = {_17 07 1} X (_¢mam7 ¢max) backwards)

Dubins Car
U= {0’ 1} X (_¢),max7 (z)maw)/\(connotdrive backwards)
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Differential Drive Model

With inputs of the form C—R2 xS

T
g=[z y 0]
The configuration transition

equation is +y
- Wwh Vwheel “+x

U= (uwr7uwl)

T = =(uw, + Uy, )cos(0) U
; r NN
y = §(uwz + U, )stn(6)
. r ('-Ta y)
0 = Z(UUJT - uwl) r\ 9
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N-Trailers

A variation of the simple car
model involves one that is

. . -
pu!llng N passively controlled g=[z y 6 O 0]
trailers

C=R%ZxS!'xS'xS!
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Dynamic Constraints

Implicit gi(4,4,9) =0 \

similar to the kinematic constraints

Parametric q= f(él, q, u)
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Phase Space

define a phase vector
Increase the dimension

to remove higher-order x = (1,72)

derivatives
set the values of the phase vector
a single constraint I = y creates new constraints
4G —55+y =0 T2 =Y g =
T = T
system is converted into two first-order
differential equations .
rT = X2
: dTy — X1
Ty = —
4
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Improved Car Model

Use a double integrator to T
i = 0

ensure a continuously x=[z y ¢ |

varying steering angle

u = (uvw|body ) uw)

<

T ‘body

+y
N
z V| bodycos(0) Y
U = Vzlpodysin(f) ‘
b= )
QS = Uy
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Improved Differential Drive Model

This can similarly be applied for
the differential drive model

x:[av y 0 w o wr

u = (Uqy; Ua,) +y
Wwh Vwheel +x

r = g(wl + w,)cos(0) ) T
S L
§ o= (wtw)sin(@) T Ve
. % wr = Uq, (33, y)
0 = Z(wr —wy) Y
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Predictive Model Applications

Predictive Terrain Compensation [Howard07a]

Exploited a motion model that simulated the effects of
terrain geometry to plan paths that considered rough
terrain and wheel slip models
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Predictive Model Applications (cont.)

Autonomous automobile navigation
[Ferguson08a]

Modeled curvature, curvature rate, safety
controller constraints

Image: [Howard09a]

Image: [Howard09a]
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Current and Active Research

Online Slip Identification [Rogers-

Actual Path

Marcovitz10a] v Path wio Slip
10 Path w/ Slip
. €
Extended Kalman filter to calibrate >
a parameterized predictive motion
model in realtime ) - R
5 10 15 20
X (m)
Planar slip disturbances modeled Image: [Rogers Marcoviz 0]

as second-order functions of
velocity and curvature

Demonstrated on multiple
platforms

Image: [Rogers-Marcovitz10a]

March 29, 2011 ME/CS 132 25

Next

Lecture 2: Motion simulation (3/31)
Newton-Euler Mechanics
Motion of Particles
Motion Simulation (Linear, Euler, Runge-Kutta)

Homework #1 Assigned
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