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nsider a nonlinear control system

e Zgz’(x)uz
==l

e—"hiE)
‘:’{‘: When
= )= 4z, [51(z)  gn(z)| =B, hiz)=_Cx,

We have a linear system.
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‘___.§eéi<ing, oBiée-rvability implies that if x; #
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=

:::Ly(t L1, U ) 7é y(t L2, U ) NS [OvT]a
= ':: e admissible u.
fj:‘%}f linear systems, observability is decided by (C,A) only.

- ® Eor nonlinear systems, observablility depends on h(x),
f(x) as well as g(x).

:> Uniform and non-uniform observability
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= gL T Ul
U3T] + U9
T = 43

L3

“Thls is the bilinear model for using a low-pass sensor

— = ~— to measure the pitch and roll angles of a rigid body.

-~ One can see easily that in order to have observabil-
ity, the open-loop control us needs to satisty certain
constraint.
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1 ‘an observer should take the following

"'4-
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a —j

5

& = p(a, h(x(t)), u(t)
‘iﬁ*-a é:correspondlng error dynamics asymptotically
ble. Consequently, ||z(t) — 2(¢)|] — 0 as t — 0.

Active sensing [———> find optimal u(t)
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FOIRINEAN SYS iems, observability implies the existence of
OIEEIVErS.

FOf ]Jf]:‘gh ystems observablility is only necessary for
HEREXIStENCE of observers.

-'-.L _:

— bxe mple. Consider

-_ ::-.. S . S 3
— 1 = —T1T Ty
_"__-_.-il— ‘_" . 2
- o = X2 == L1

itig—+— T].

One can easily show that this system is observable.
However, no Observer exists for this system.
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FOf Jmegnr tems ene can first design an eptimal
fOfJFfJH* X) ‘assuming all the states x are available;

iien: 951gn an observer x(t) to estimation x(t);

'_—-n- _._,-|—- '_

4 inally, use u(x(t)) in implementation.

-—_,-:'_'_-._. -
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SAIMINIINERIRSSIENIS, the Separation principle
does not poleipefdpeell

= Werhave to treat sensing and control in an
. Integrated fashion.

ﬁ
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J a moving target:

Target
|II- .! .IT | ;}II

il
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mobile robotic systems, one typically uses sen-

i’ﬁteraet with the environment, such as lasers

. Based on this background, we consider the
V1 -g system

| = i = f(z)+g()u
= g h(5>5)
e ze(s) = ¢(s),

where x € R", y € RP, u € R™ and s € RY. z.(s) =
¢(s) defines manifolds in R™ that model the environ-
ment.
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nsi der an oriented robot in the plane, using
ec unicycle model. Namely, the state of the
descrlbed by ( (z1,z2) ,0) € R? x S! and
'_'_0 control inputs, the translational velocity v
é‘ _érangular velocity w.

"_—-|- -\_._q—-'_

X2t

q.

v

X1
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e gove rmng dynamlcs are

h="1e
1 = vcost

Lo = v Sin O

g — .
e 6 =w.
— i

e - -
i
—

e —
e — m——

- Furthermore, we assume that the robot is equipped

- with video camera and/or range-measuring sensors.

L
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robot does change and a video
camera with focal length one
is mounted on top of the
robot. Given a feature point
(z1¢,x2¢), we then have the
image of the point as:

y = tan(¢),

where ¢ = arctan(zar —
o )

\4
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Optical axis

ppose the point’s position is (5131,5132,33‘3) in
;:ii“’ en in the i image plane we have (y1,y2) = (f2, f=2).

= x3’ Y X3
= relatlve motion of the point (f = 1):
— %1 0 —w3 Wy 1 V1
T - B ) == w3 0 —Ww1 To | + | v
- xr3 —Wo Wi 0 3 U3

Y1 .
= - x 0,
() = (8) =7
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equipped with video
as. Known point features in the environment
used i for localization.

i el

=C en81der

T = A(t)x + Bu(t)
e 1205

e e =

q

where A(-) is a C! n x n matrix and both ||A(¢)|| and

|A(t)|| are uniformly bounded, P is a m x n matrix
and g is n X 1 matrix.
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is -an be interpreted as if the output is defined
imp 161t1y Using the equation above we consider the
'o 10W1ng class of observers

"_—-|-
i

G AWE+ Bu) + LOP -y
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let ®(7,t) be the state transition matrix. De-

i

(P —y(m)g" ) (P —y(r)g").

e t+T

e O L (7, )M (7)® (1, t)dr > €l

— t

-~ for all ¢ > tg, |rg| < m and some positive T" and
e. Then there is an exponential observer, i.e. the
error dynamics converges to zero exponentially for all
|zg| < m.




o
£KTH %
°%O%X<£§°

ROYAL INSTITUTE
OF TECHNOLOGY

nown theoretically how We can construct
| EX c1t|ng control so that the state can be

- Jn rnru?'% example, it is well known that quick
gslational movements in planes parallel to the

:L-.-—

p lon plane provide very rich depth information.
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1 = vcosb

Lo = vSin @
=
Y1 = pP1
Y2 = p2.

_ We suppose r(s) is closed and
X,  known.



4,

$KTHE - - __

g g% 1
R el - |
ROYAL INSTITUTE -ﬁ. Centre for Autonomous Systems

-
D CONnst an observer 1or t e

1 he robot. It is easy to see that this problem
/ __nt to the reconstruction of orientation 6 and
=;5$irameter values s1,s9 € S - corresponding to
é-"- 1Iits on the curve measured against.
= _:: = _ln order to do this we define a (new) state vari-
abTe p = (s1,82,0) € S, which we call the parameter
= f;anﬁgumtzon Since we will be concerned with local
- properties only, we can consider p as an element of R3.

-
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ng *"'"(;nly the values of p; and p it is easy to see
e W 7ill, in general, only be able to determine the
oul tlon of the robot up to some curve in R? x St.
O ?:'n' picture this by following a planar curve with
EE— “-- __1f)é of two extended fingers. We call this curve

g

— the statically unobservable submanifold. This fact in

—

-.=:_:part1(:ular suggests that the nonlinear system is not
always observable.
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,we will discuss what can be done in the stat-

unobservable direction.

A 155 suming that we have obtained a point on the

curve of feasible configurations by some optimization

e hod we would now like to localize the actual con-

"‘ﬁguratlon of the robot by finding a point on the curve
~where the estimated output flow (time derivatives of
the measured distances) coincide with the actual out-
put flow.

1-—

g
=
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o

i.l

e
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6 into account, we find

'E‘ervable submani-
2—( 1men51ona1
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hnear observe:
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| e:&cztzng control v, w should be designed such
_ nw; —wp; #0, fori=1,2.

1 ”' "ng one of the components zero corresponds to

. _an in such a way that s; = 0 for that sensor. If the

5 nsors are directed to different sides of the steering

'—'-:.:- direction and the control input is not zero, this cannot

——— —z_._—-—

* - happen since p; and p2 both are positive.
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= —k(9p2)" 2(D) — k(9pF)" F(p),

-f-’- 2, F define the statistically and dynamically

=" ﬂnobservable submanifolds, £ > 0 is a suitably tuned

= — feedback gain. The estimation error is bounded locally
“and the bound can be made arbitrarily small by tuning
k, provided, for example, periodic control is used.

——

—
-
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" rhe exploration strategy based on known data

|

env ironment.

5‘3’9

_—_.ﬂ- -

2 _5" ehicle servoes around an unknown object, making

L
-

“-'—-l- 5_-

: ;-r::. " noise contaminated distance measurements. One vehi-

_— —cle makes several revolutions. On each revolution, the

— s

= =

—— _explormg path is modified based on the data already
= collected.
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— ;:z_':; - First revolution 12:th revolution
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Pl

— = subiect to = U
e g 002

ro = r(0)=r(T).
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Ve\ Drawback the problem grows.
k—1

€ method the spline x is included in

1 on for spline z*:
i._‘.= '._' : Lk k—1I\T 1.k k—1
_.__:Lsm xk Ji = 2(330 L ) Fy (33'0 L =t

'_—"

= LTk b (1) TQ ()~ (1) di

—_—

-r"'-

— 1':-'-__ '
_nI"' T -

T~

- —
T

= — e

' '*_- =% zéilm—ti_1><zf—Cw‘C(t@-))TRal(zk—

)
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SIGEEINpEI planning  using splines.
SNirElNVeRicle approachi for path following.

First revolution 12:th revolution

10% measurement error
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l.;zlz,z—l -, N
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vvme;zi can| be viewed! as heading, position or other
;uantltles

=
-h-

"EE: - H'We define the consensus problem as follows:

i ——
S

= —Fmd u;(t) such that as ¢ — oo we have

il
—_

z1(t) = z2(t) = -+ - = zn(?),

Question: what is the minimum information needed
for each agent?
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JfJfﬁFh ructure security (line of sight)
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| stance and direction)
; *’We consider a controller of the following type:

=1

_— ui(t) = ) aij(z; — z2),

— JEN;

L

where a;; = aj; are positive weights.
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,.:I: D A = diag( Za1],~ ,Z anj) — |ai)-
= j#1 J#EN
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- * We say a graph is connected if any two nodes are
connected by edges.



£, | i
FXTHY M . -
ws Melesing . Remarks,

Q%X(

!":
{
— — — »* — ’ ..-.-
Centre for Autonomous Systems
ROYAL INSTITUTE

OF TECHNOLOGY

- e = e
- - s - -'q- —

FOf oAl Eal systems suich' as mobhile robots,
oowrvrw ty depends alse on the control.

FOf rrur Ie reboets using exteroceptive sensors, active
SENISIN 9 15 especially important.

e ,#_e ng and control should be treated in an integrated
afs*hlon

_f—-_"* Fer multiple robot systems, active sensing also concerns
the topological structure of the sensing data.
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