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new theory developed.

Manuscript received January 10, 2003; revised December 14, 2003;
released for publication April 12, 2004.

IEEE Log No. T-AES/40/3/835886.
Refereeing of this contribution was handled by J. T. Barnett.

Authors’ addresses: J. Hespanha, Dept. of Electrical and Computer
Engineering, University of California, Santa Barbara, CA 93106; O.
Yakimenko and I. Kaminer, Dept. of Mechanical and Astronautical
Engineering, Naval Postgraduate School, Monterey, CA 93943,
E-mail: (oayakime@nps.navy.mil); A. Pascoal, Dept. of Electrical
Engineering and the Institute for Systems and Robotics, Torre
Norte, Instituto Superior Técnico, Av. Rovisco Pais, 1, 1049-001,
Lisbon, Portugal.

0018-9251/04/$17.00 © 2004 IEEE

I.  INTRODUCTION

This paper addresses the problem of estimating
the relative position and velocity of an unmanned
air vehicle (UAV) with respect to a reference point
on a ship. The sensor suite considered in this
application includes an infrared camera (IR), an
inertial measurement unit (IMU) and a pressure
altitude sensor. These passive sensors, installed
on board the UAV, provide data on the aircraft’s
inertial position and attitude as well as on the ship’s
position in the image frame of the camera. The ship’s
reference point is represented by the centroid of the
image of its smokestack (referred to as a hot spot) in
the IR camera plane. The primary application of the
proposed solution is for the autonomous landing of an
UAV on a ship in an adversarial environment, hence
the reliance on passive sensors. In this environment,
the ship will not expose itself by transmitting its
position to the UAV.

This problem has been previously addressed in
[1], where sufficient conditions for the existence of
nonlinear filters to estimate the relative position and
velocity of a UAV with respective to a ship using
passive sensors were obtained. The structure of
the filters derived is appealing because it embodies
straightforward kinematic relationships and allows for
an intuitive interpretation in terms of rotation matrices
between the different reference frames involved.
Stability and performance of the filters developed in
an H_ setting were established by solving a set of
linear matrix inequalities (LMIs). However, the results
reported in [1] did not address the critical issue of
out-of-frame events, inherent to the operation of the
IR camera and that arise when the camera loses sight
of the image it is tracking.

The key contribution of this work is the
extension of the results in [1] to deal explicitly
with out-of-frame events. Sufficient conditions are
obtained for the existence of filters with guaranteed
regional stability and performance in the presence
of out-of-frame events. In addition, an LMI-based
design technique is developed that allows an engineer
to study the trade-off between filter performance, the
size of a suitable spatial “work” region where good
performance is desired, and the maximum expected
duration of out-of-frame events.

The results obtained in [1] used the theory of
linear parameter varying systems (LPVs), which are
defined as linear systems whose dynamics depend on
time-varying parameters. In its simplest form, an LPV
admits the representation

x = A(p())x,

where p is an arbitrary signal taking values in a
parameter set P. Further assumptions may include
restrictions on the parameter rates of variation.
The representation (1) may also be extended to
include exogenous inputs and outputs. In some

xeR" 1)
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cases, the parameter p may itself be a function of

the state x (see [2, 3] and the references therein).

By casting the dynamics of a general (possibly
nonlinear, time-varying) system in the form of an
LPV, similarities with linear systems can be exploited
to yield powerful results on stability and input-output
behavior characteristics. The results are established for
all possible parameter variations, irrespective of which
specific parameter trajectory (not known a priori)
affects the system dynamics. This is in striking
contrast with standard linear time-varying system
theory, where the model description is assumed to be
known for all times. LPVs provide thus an elegant and
powerful set-up for the analysis of some classes of
linear time-varying and even nonlinear systems.

In order to extend the results obtained in [1] to
include out-of-frame events, a new mathematical
machinery has been developed for the analysis of
LPVs with so-called brief instabilities. This can be
simply explained by considering an LPV of the form
(1). If one assumes that any piecewise-continuous
signal p is allowed in (1), then stability of all the
matrices A(p), p € P is necessary to guarantee
boundedness of any solution to (1) (here, stability is
equivalent to requiring that all eigenvalues of A(p)
have negative real parts). However, this is no longer
the case when the time variation of p is such that the
resulting A(p) is only temporarily unstable. The work
presented here shows how, with an appropriate notion
of “brief instability,” it is possible to prove that the
state space trajectories of an LPV system converge to
zero exponentially even when some of the matrices
A(p) are unstable for brief periods of time. Necessary
conditions for this to occur are cast in terms of a
parameterized family of LMIs, which have become
the tool par excellence for controller and filter system
analysis and design. For LPV systems described
by (1), together with additional input and output
equations, the paper analyzes the impact of brief
instabilities on the performance of an LPV system,
as measured in terms of its input-output L,-induced
operator norm. In particular, a parameterized set of
LMIs is derived that, when feasible, provides an upper
bound on the L,-induced norm of an LPV system
with brief instabilities.

The analysis of LPV systems with brief
instabilities is inspired by previous work of the first
author on switched systems [4, 5] as well as by
the work reported in [6] and [7]. Switched systems
can be viewed as a form of LPV systems where
the signal p(¢) in (1) is restricted to be constant
between two consecutive discontinuities. The idea of
brief instabilities was introduced in [6] for switched
systems,! where the authors provide conditions for

! Although in [4] the authors consider a slightly more conservative
definition of brief instabilities, their results seem to be easily
extendable to the definition given in Section II.

exponential stability of switched system with brief
instabilities. These results were extended in [7] for L,
disturbance attenuation.

The work reported here is also closely related
to that described in [8], where the authors provide
conditions for the stability of asynchronous dynamical
systems (ADSs). The latter can also be viewed as a
particular form of switched systems for which the
system dynamics change in response to external
asynchronous events. These events may make the
system become unstable for certain periods of time.
In [8] the authors provide a set of LMIs that, if
feasible, guarantee exponential convergence of the
state of ADSs. Feasibility of the LMIs requires that
the periods of instability occur for a small fraction
of the time. Because the authors of [8] only consider
asymptotic rates for the occurrence of the events that
trigger changes in the dynamics, their results are only
asymptotic and do not provide uniform bounds on the
state.

In this paper, new results of the analysis of LPV
systems with brief instabilities are shown to provide
an appropriate framework for the design of filters
that integrate IR, inertial, and air data to estimate the
relative position and velocity of an UAV with respect
to a given point on a ship and to yield guaranteed
regional stability and performance in the presence of
out-of-frame events. Field tests with a prototype UAV
illustrate the performance of the filter and the scope of
applications of the new theory developed.

The paper is organized as follows. Section II
introduces basic theoretical results that play a key role
in analyzing the stability and performance of LPV
systems with brief instabilities. Section III applies
the theory developed in Section II to the design of
an integrated vision/inertial filter for an air vehicle.
The experimental set up that was used to implement
and assess filter performance is described. Finally,
the paper ends with some conclusions and a brief
description of problems that warrant further research.

II.  LPVS WITH BRIEF INSTABILITIES

This section introduces the concept of LPV
systems with brief instabilities. This is followed by the
derivation of stability and performance analysis results
for LPV-based systems. Consider the homogeneous

LPV system ]
,_{x:A@n
P ly=Cpx
that is obtained from (1) by including an output
equation for the variable y. In (2), p denotes a
piecewise-continuous? time-varying parameter taking

values in the set P C R*, k> 1 and A: P — R and
C : P — R™ are functions of the parameter set P.

2)

2We say that a signal v : [0,00) — R¥ is piecewise-continuous if v
has a finite number of discontinuities on any finite interval.
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Let P, denote the subset of P for which A(p) is
a stability matrix, i.e., A(p) is stable if and only if
P € Pypie- The remaining elements of P form the set
P able- We assume that P is a compact (closed and
bounded) subset of a finite-dimensional space and
that A and C are continuous functions in P. Because
of these assumptions, it is straightforward to show
that P, 1. 1 also compact. In the sequel we derive
conditions on p that are sufficient to guarantee that x
converges to zero exponentially fast. We also compute
an upper bound on the transient response of the
output y.

For a given time-varying parameter p and ¢ > 7 >
0, let 7;,(7-,1) denote the amount of time in the interval

(7,t) that p remains in B ... Formally,

= [ x(po)ds 3)

T

where y : P — {0, 1} denotes the characteristic

function of P, . defined as
- — 0 pPe Pstable
x(p) = :
1 pe R]nstable

The integral in (3) is well defined because
piecewise-continuity of p and compactness of P, .pie
guarantee that x(p) is also piecewise-continuous. We
will say that X, has brief instability if

Y}J(T,t)g%+a(t—7'), vV t>7>0

for some 7, > 0, o € [0, 1]. The scalar 7is called the
instability bound and « is the asymptotic instability
ratio.

A. Stability

The following result gives conditions under
which system (2) is stable in the presence of brief
instabilities.

LEMMA 1 = Consider the LPV system ¥, defined by
(2) and assume there exist positive definite matrices
R e ™™ and X € R"™" and positive scalars Ay, (v such
that
AP X + XA(p) < —AoX,

A(p) X + XA(p) < piX,

V pelupe
v IS Punstable (5)

and

X>C(p)'RC(p), ¥V peP. 6)

Further assume that 3, has brief instability with
instability bound T, and asymptotic instability ratio
a<a* =N /(\g+p). Then, x and y converge to zero
exponentially and y(t)" Ry(t) < e+ x(0)" X x(0),
Vt > 0, along solutions of (2).

Note 1 When (4) holds, (5) will always hold for
sufficiently large i Moreover, X can always be scaled
so that (6) also holds.

PROOF OF LEMMA 1
of (2), let

Given an arbitrary solution x(t)

V(@) := x(0)" Xx(1).

From (4)—(5) it follows that V < —\,V while

P € Pype and V <V while p € P, Therefore,

nstable *

V() < e T HEDHLED () Y > >0,

N
Let X := Xy — a()y + ). From the assumptions of the
theorem, A > 0 and

Nt =7 = T,(r0) + uT,(1.1) < (g + )Ty — At — 1),

vV t>72>0. (8)
Using (7) and (8) yields

V() < orh DY (r), Y 1> >0.

Furthermore, (6) implies that
Y@ Ry(1) < x(1)" Xx(t) < X004 x(0)" Xx(0)
©)

for every t > 0, thus completing the proof.

LPV models such as (2) are often used to model
nonlinear systems where the time-varying parameter p
is a function of the state, e.g.,

p(0) := f(x(2),0)

where f : R" x [0,00) — P. When this happens, further
care must be taken to ensure that the parameter p
does indeed lie in P for all possible trajectories of

the state x(.). This can be done by restricting the set
of initial states in (2), thus yielding a local version

of Lemma 1. To that effect, take a positive definite
matrix R € ™" and consider the set of states for
which the output y is guaranteed to be in the ellipsoid
defined by y"Ry < 1, i.e., in the set

Q:={weR" :wI'C(p)'RC(p)w < 1, Vp € P}.

We now consider a version of Lemma 1 that
is local to the set €2. Suppose that there exists a
symmetric positive definite matrix X € R and
positive scalars ), x for which

AP X + XA(p) < —N\X, V t: x()eQ and
p(0) € Bype  (10)

APIX +XA(p)<pX, V¥V t:x()eQ and

p(t) € Punstable (1 1)
X>C(p)RC(p), V t:x(t)eQ and
pt) €P. (12)

By requiring that the initialization of (2) satisfy
eotWh x(0)T Xx(0) < 1, it is straightforward to
prove by contradiction (see (9)) that x(¢) will always
remain inside 2 along solutions to (2). The following
corollary of Lemma 1 is thus proved.
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COROLLARY 1 Assume that (10)—(12) hold. Suppose
that X, has brief instabilities with instability bound

1y and asymptotic instability oo < o, and assume that
x(0)'Xx(0) < e~ N+ Then, x converges to zero
exponentially along solutions of (2), without leaving €.

B. Performance

Suppose now that an input # and an extra output
z are added to the LPV system considered in Section
ITA to obtain the new system

x = A(p)x + B(p)u

X, =qy=C(px

z=D(p)x

The reason why two outputs are included will
become clear in the sequel. The variable z denotes
the true output of the system under study, whereas
y is a fictitious output aimed at restricting the state
x to a desired region. The next result quantifies the
input/output behavior of the above system. Namely,
it provides conditions under which an input signal
of bounded energy u will generate an output signal
of bounded energy z and sets an upper bound on the
ratio of their energy contents. The following standard
notation is required.

Given a signal p in L,, we denote by | p||, its

fooc lp(®)||?>dz. Given the LPV

system ¥, of (13), we say that X is finite gain stable
if it maps L, to L, and the induced operator norm

{ 12,/ 1l
1F1l2

from u to z is well defined and finite. This induced
norm captures the worst case of input-output energy
amplification when the parameter p undergoes
arbitrary trajectories in the parameter space P.

The lemma below shows how to upper-bound the
L,-induced norm of (13) from u to z when p has brief
instabilities.

(13)

L,-norm, i.e., ||p||, =

1Z, 2, = sup sup
peP feL,

feLy |fls # o}

LEMMA 2 Consider the LPV system ¥, defined by
(13) and assume there exist positive definite matrices
R e R™™ and X € R"™" and positive scalars Xy, p and
~ such that

J< *)\OX, A pE Pstable (14)
Js 'uX’ v pe Rlnstable (15)
and (6) holds, where
D(p)D(p)T
3 =AP"X +XA(p) + XB(p)B(p)'X + %
(16)

Suppose p has brief instability with instability bound
1, and asymptotic instability ratio o < o and that u is

892

bounded. Then x and y remain bounded along solutions
of (13) with

YO Ry (1) < e (x(0)" Xx(0) + /0 t [u(s)[|*ds),

v t>0.

Moreover, the L,-induced norm from u to z is no larger
than ~v\/e®o+h )\, /(\g — a(N + 1)) and both x and y
converge to zero if u € L,.

PROOF OF LEMMA 2 Given an arbitrary solution
x(t) of (13), let V(¢) := x(1)T Xx(¢). Consider now an
interval (t,,t,) on which p € P, ,.. The existence of
such an interval follows from the fact that p has brief
instability. Inequality (14) implies that

V<AV o+ [lu]? — ||z

on that interval and therefore

V) ()]~ [z 2
V) < S v dr,
te[t,5]. (17)

Similarly, it follows from (15) that on any interval
(t,,t3) on which p € B, the function V satisfies

V()
e—Mi—t)

nstable

t 2 2,,-2
([ Il Py

eﬁu,(tfr)

V() < dr,

teltut]. (18)

Iterating (17) and (18) over consecutive intervals
yields

4<)

V(t) < e —T=Tp(T.1)—pTp(7.1) dS,

+ / )P~ )2

eAO(t—s—Tp(s,r))—;J;y(s,t)
vV t>7>0.

Using the above relationship, the two following
inequalities are also obtained for V¢ > 7 > O:

Ve VO S 0
>~ e)\o(t—7'77;,(7',[))—/1,7}(7',[) - e)\o(tfxpr(s,t))fqu(s,t)
‘ (19)
an
! 2
LOP o VO
,YZe)\O(r—s—T/,(S,I))—uT,)(s,f) — e)\O(T—T—T,,(T,I))—“T,)(r,t)
t
[lus)]*
+ / exooﬂfr,,(s,t))furp(s,r)ds'
-
(20)

Let A := XAy — a()y + ). From the assumptions of
the theorem, A > 0 and (8) holds true. From (8) and
(19) it can be concluded that

V() < ()\0+/1,)TE)7)\(7'71‘)V( )+ ! HM(S)H2 d
se T P P TESY S,

V t>7>0.
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Furthermore, (6) implies that

X(0)7 Xx(0)
YO Ry() < X0 Xx(1) < =5
2
+ Doty "u@s)|| s,

Jo e)\(tfs)

Using (8) in (20) and the fact that (\, + ,u)Y;)(s,t)
>0 yields

t t
=zl . V@) lu)l* ¢
12N = = CoriTy A=) O+l +ai—» 4°°
JT JT
Vo i>r>0. (21

Integrating both sides of (21) over the interval
(1,00) gives

1 /°° “lzo|?
7% J;

Ao(t—s
e o(t—5)

V(7)
o oty

Ju(s)||? O]
oot il +ai—n 45

Exchanging the order of integration, it is easy to

show that

1 00 ) e(/\0+/1,)7}) 00 )

e — <

s [l < S (v + [T s,

thus completing the proof.

dsdt <

A local version of Lemma 3 is derived next. Take
a positive definite matrix R € R™*" and consider the
set ) of states for which the output y is guaranteed to
be in the ellipsoid defined by yTRy <1,i.e.,

Q:={weR" :wI'C(p)'RC(p)w < 1, Vp € P}.

Suppose now that there exist symmetric positive
definite matrices R € SR"*" and X € R"*" and positive
scalars Ay, i, and y such that

J<-XNX, ¥ i:x()eQ and

P(0) € Bple (22)

J<upX, VY ot: x()eQ and
PO € Bipgaple (23)

X>C(p)'RC(p), V¥V t:x()eQ and
p(nyePp (24)

where J is defined in (16). The following Corollary of
Lemma 3 is then straightforward to derive.

COROLLARY 2 Assume that (22)—(24) hold. Suppose
that ¥, has brief instability with instability bound T
and asymptotic instability ratio o < o, u is bounded,
and x(0)T Xx(0) + f(; lu(s)||*ds < e~ oWl Then, x
converges to zero along solutions of (2) without leaving

Fig. 1.

Coordinate systems.

the set ). Furthermore, the L,-induced norm from u to

z is no larger than ~v./ePo+h )\, /X,

Ill.  APPLICATION. DESIGN OF INTEGRATED
VISION/INERTIAL FILTERS

This section contains the main results of the paper.
Specifically, the theoretical results of Section II (on
LPV systems with brief instabilities) are applied to
the synthesis of a nonlinear filter that estimates the
relative position and velocity of a UAV with respect to
a given point on a ship. These results extend the work
reported in [1] to explicitly account for out-of-frame
events.

A. Process Model

Consider an aircraft equipped with an IR vision
camera operating in the vicinity of a ship that is
moving with a constant velocity (this is a general
requirement during shipboard landing operations).
The situation is depicted in Fig. 1. Let {I} denote an
inertial reference, {B} a body-fixed frame attached
to the aircraft, and {C'} a camera-fixed frame (we
assume without loss of generality that the origins of
{B} and {C} are coincident). The symbol {S} denotes
a ship-fixed body frame.

Suppose that: 1) the ship’s inertial velocity is
constant, 2) the ship is always located in front of the
UAV’s camera, and 3) the height of the ship’s deck
above the sea surface is negligible when compared
with the altitude of the UAV. Following the notation
introduced in [1], let p. = [xc y¢ zc]' denote the
relative position of the center of {C} with respect to
{S} and let LR and LR denote rotation matrices from
{C} to {I} and from {B} to {I}, respectively, that
we assume are available from the onboard attitude
measurement system. Further let p = LRp. and %a,,
be the inertial acceleration of the UAV (expressed
in body frame {B}), as available from the onboard
inertial navigation system. Using this notation, the
underlying process model developed in [1] can be
described as
p=v

- _éR(Bam + Wa)

Y =8MPc) + W,

G = (25)

where y,, € ®? denotes the vector of measurements
available from the onboard IR camera and altimeter,
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2(pc) : |3 — M3 is given by

£
8 (pC ) = 'xC ZC s
—sinfx. — cos@sin gy, + cosdcos ¢z,

(26)
and w, and w, denote process and measurement noise,
respectively. In (26), f denotes the focal length of the
IR camera, and ¢ and 6 represent the roll and pitch

angles, respectively, of the IR camera with respect
to {I}.

B. Problem Definition

The practical problem considered in [1] consisted
of determining the relative position and relative
velocity of an aircraft with respect to a landing site
using IR vision and other onboard passive sensors. In
[1], the structure of a nonlinear filter was proposed
and its stability and performance characteristics were
assessed in the presence of measurement noise, but in
the absence of out-of-frame events.

However, a realistic scenario suggests that the
image of the ship smokestack can be lost temporarily
by the onboard camera due, for example, to excessive
aircraft rotational motions. It is thus crucial that the
results of [1] be extended to deal explicitly with
out-of-frame events.

As a first step in this direction, define a binary
signal s:[0,00) — {0, 1} as follows:

0

s(t) .=
® { 1 camera tracks the smokestack at time ¢.
(27)

out-of-frame event at time ¢

Furthermore, for a given binary signal s and
t > 7 >0, denote by T (7,t) the amount of time in
the interval (7,7) that s = 0. Formally, T;(7,?) :=
12 = syl

The signal s is said to have brief out-of-frame
events if T.(7,t) <71, + a(t — 1), ¥t > 7 > 0, for some
1y > 0 and o € [0,1]. Notice the parallel with the
definition of brief instability introduced before.

In what follows, due to operational reasons, the
vector p. is assumed to lie in the compact set

PC = {pC * Xmin S"CC S'xmax’ Ymin SyC < Ymax>
Zmin < ic < Zmax}
where the positive numbers x,;,,..., 2y, are

determined from the geometry of the problem. As
will become clear, filter design will aim at ensuring,
among other objectives, that the estimates p. of p.
also lie in a compact set

-~ _ ~ _ ~ ~ ~ T. ~
PC_{pC_[xC Ye ZC] '|xC7xC‘§xmax7xmin+dx’
‘yC _yC| Symax_ymin +dy’

‘EC - ZC‘ < Zmax ~ Zmin + dZ}

894

where dx, dy, and dz are positive real numbers, and
dx < x,;,. Equipped with the above notation, we
now introduce a mathematical formulation of the
practical problem that is a natural extension of the
one in [1].

Problem F1: Regional Stability. Consider the
process model (25) and assume that w, = w, = 0.
Given sets F, and ISC, find a; >0 and a causal
dynamical system (filter) F that operates on y,, and
Ba_ to produce estimates p of p and v of v in the
presence of brief out-of-frame events, such that:

Po®)€P. forany 1>0
pe —pell + V=] =0  as r— oo,

provided that

I(Pc©) —pe)" (V(O0) =vO) T < ap. (28)

Problem F2: Regional Stability and Performance.
Consider the process model (25) with the noise vector
w:=[wl wlT:||w|, <&, @ > 0. Let the sets P
and i’c of allowable position and estimation vectors
respectively, defined before, be given. Given v >0
and a; > 0, find a stable filter F' that operates on y,,
and Za,, to obtain estimates p of p and v of v in the
presence of brief out-of-frame events, such that if (28)
holds, the filter satisfies the following conditions for
al we L,, [|w|, <&:

t>0
3

pc() € ISC for all

IPc —pcll + V=V —0 as f— oo
||T;wH2,i <7

where T, ,, : W — €, is a closed-loop operator from
disturbances to the position estimation errors e, :=
Pc — Pc (a bound on e, will be computed later in the
Proof of Theorem 1).

C. Proposed Solution

This section describes the solutions to problems
F1 and F2. For technical reasons, it is necessary to
assume that

(29)

We start by presenting a solution to problem F1.

THEOREM 1 Let F. and r, be given. Assume that (29)
holds. Suppose there exists a matrix X = X € R6*6
and positive constants Ty, o, o, Ao, and i such that

3As long as w € L, we always obtain convergence to zero.
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Fig. 2. Filtering structure: filters F| and F,.
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a < (Ag/Ag+ ) and

X>0 (30)
FTX + XF —2(1 —r)*CTC < -\, X 31)
FTX + XF < uX (32)
X-62CTC>0 (33)
aple ol — x >0 (34)
where
0o I
F =
o ol
=[1 0]
6:= min{xmax ~ Xmin + d‘x’ Ymax ~ Ymin + dy’ Zmax ~ Zmin + dZ}
and
peeh peek
(35)

where H(p.) denotes the Jacobian of g(p.) with
respect to pe and E(pe) 1= HT (po)H (Pe).
Define the filter (see Fig. 2)

f’ =v+ Kllc‘RHT(f’c)(g(f’c) )
Fy:= Qv =—BRBa, +sK,.RHT(P)(g(Pe) —y,)
ﬁc ={ Rp
(36)
where s is defined by (27) and
K
K= { 1} = X' -r)CT. (37)
K,

Then, filter F; solves the filtering problem F1 for brief
out-of-frame events characterized by the parameters T,
and «, provided that (28) holds.

REMARK 1 Theorem 1 is an extension of Theorem
4 in [1] to out-of-frame events. The key difference

is the addition of inequality (32) and of the positive
constants 7y, a, Ay, and p. As a result, the matrix
inequalities (30)—(34) are nonlinear in the parameters

X, T, A\, and p. In contrast, the matrix inequalities
obtained in Theorem 4 of [1] are linear.

REMARK 2 Notice how the proposed filter
complements the information from the vision and

air data sensors with that available from the inertial
navigation system (INS) (see Fig. 2). In the presence
of out-of-frame events, the filter simply integrates
the inertial acceleration to obtain an estimate of the
relative position (dead reckoning). Once a reliable
image is reacquired the integrators are reset based on
the new vision data.

REMARK 3 The solvability of inequality (31) is
addressed in [1]. There, it is shown that the inequality
has a solution if and only if r, < 1.

PROOF OF THEOREM 1 Define the error state e =

(e e!]” where e, :=p—p and e, := V—v. Simple
algebra (see [1]) shows that the error dynamics can be
written as

d

e
{ }—(F'FSKCRW(pcapc)IRTC){ } (38)
dt e,

where the operator (p¢,pc) is defined by 7(pe,pe) =
HT(po)diag(koxg', Yeye',0)H (o). Notice that the
error dynamics correspond to an LPV system with
parameters s and p.. To show that p. € F, it is
sufficient to prove that ||e,|| < § or, equivalently, that e
remains in the set 2 := {e| ||Ce|| < 6}. From Corollary
1, it can be concluded that this is true provided there
exists a matrix X > 0 and constants A, and x such that
(32) and (33) hold,

(F + K.RT(P,Po)eR"C)' X + X(F + K.RT(Pesp)-RTC)
<=2 X (39)

is satisfied for all times for which e € Q2 and s = 1, and
[e(0)] e(0)31X[e(0)] e(0)3]" < e b, (40)

Inequality (40) follows from [[[e(0)T e(0)1]7| < oy
and (34). In the following, we focus on the solvability
of (39). Given (37) it is straightforward to conclude
that (39) is equivalent to

Frx s xp e | 20T WeRTBeRCRT 0]
0 0
(4D
In the set 2 we have ||e,|| < ¢ and therefore
(e —xo)xg! 0 0
diag(Xoxz" 3oy, D =T+ 0 (e —xp)xc' 0
0 0 0
. (42)
Thus,

—2(1 = r)eRT(Pe. PR < =2(1 = r)*CREDE)CRT
< =2(1 —r)%l. (43)
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Because of this and the fact that

I 0
CTC:|: :|,
00

we conclude that (31) implies (41) in the set 2. Now,
from Corollary 1 it follows that ||e,(?)|| <, V¢ > 0 and
e (1),e,(t) —0ast— oo.

The next theorem provides a solution to the
filtering problem F2.

THEOREM 2 Let F be given. Assume that (29) holds.
Given vy > 0, suppose there exists a matrix X = XT €
M<¢ and positive constants Ty, o, oy, Ny and p such
that o < (N\y/ Ay + ) and

X>0 (44)
eGo+mTy Ao

FTX +XF + )X + s—1—(1-r)c|CTC XF"
Ay ; <0

FX -1
(45)
(Ao + )7
FTX +XF +XFTFX + & /0\ —CTC <X (46)
y
ag(e Qo g1 — X >0 (48)
where
o o
F =
00
C:=[I 0]
6 i=min{x_ .. — Xy +dX, Yoo — Ymin + 4,
Zmax ~ Zmin + dZ}
and

€= mip )\min(g(f)c))-
pcefe

Define the filter (see Fig. 2)

f) =V+ SK]éRHT(ﬁC)(g(f)C) - Ym)
Fy:= 1 v=—LRBa, +sK,L.RH” (B)(g(Pc) — ¥,)
f’c =1C Rf’
(49)
where
K, 1 T
K = ==X"(1-r)C". (50)
K,

Then, filter F, solves the filtering problem F2 for brief
out-of-frame events characterized by the parameters T
and «, provided that (28) holds.

REMARK 4 Theorem 2 is an extension of Theorem
5 in [1] to out-of-frame events. As in the case of
Theorem 2, the key difference is the addition of
inequality (46) and of the positive constants 7, o, A
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and p. As a result, the matrix inequalities (44)—(48)
are nonlinear in the parameters X, 7, A\, and /.
Again, this is in contrast to the matrix inequalities
obtained in Theorem 5 in [1].

PROOF OF THEOREM 2 Using the same notation as in
Theorem 1, the error dynamics can be written as (see

(1D
d|e N e
4 { 1} = (F + sSKLR7(Pc,pe)-RTC) { 1}
dt € €

+ < 0 } — sKéRHT(f)C)> w. (5D
LR
We now show that if inequalities (44)—(48) are
satisfied and (28) holds, then p € P for all w € L,

for which ||w|, <w.

To prove that p,. € B-, it is sufficient to show
that ||e, || < é or, equivalently, that [e] el]” remains
in :={e|||Ce|| < é}. From Corollary 2 (with p :=
Y/ A/ePotlo ) ) it can be concluded that this is true
provided that there exists a matrix X > 0 and constants
Ag» 1 such that (46) and (47) hold,

(F +KLRT (P p)LRTO) X + X(F + KLRT(Pe PRI C)

(Mg +T;
eHotwlo .

+X(FTF + KLRHT (P )HPLRTKDX + 2 C<-XX

(52)
is satisfied for all times for which [e] el]” € Q and
s=1, and

[e(0)] e(0)]1X[e(0)] e(0)]]" + / [W(s)[|*ds < e~ o,
J0

(53)
In (46) and to obtain (52) the following identity was

used:
|: |: | |: ‘

Inequality (53) follows from [|[e(0)T e(0)!]7| <
oy, ||Wll, < w, and (48). We now discuss the
solvability of (52). Equation (50) yields

XK =-(1-r)C"
and therefore (52) is equivalent to

F'X +XF + XFTFX
eGo+lo Ao
A2
=2(1 = r)LR7(PP)LRT O = 707
0 0

I+ —r)’LR¢(PLRT

Using the first inequality in (43), the above matrix
inequality reduces to

F'X + XF + XF'FX

ePCo+lo \ R
——2I— (1 —r)*LREPLLRT 0

+ )\’yz < 7)\0X.

0 0
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Furthermore, using the second inequality in (43)
and the fact that
I 0
Cc'cC = { }

00
it is straightforward to show that the latter inequality
holds if
eMo+iTo \ 0

FTX + XF + XFTFX +
A2

—(1—r)%e < —)\X.

(54)

By applying Schur complements [9] and from
definition (35), (54) holds because of (45). The
theorem then follows from Corollary 2.

The next theorem derives necessary and sufficient
conditions under which (45) is satisfied.

THEOREM 3 Let F, v and € and be defined in
Theorem 2. Then, 3X = X > 0 such that

Qo+ )
FTX + XF + \X + | ———21—(1-r)% | CTC XFT
2 x
FX -1
Qo+ )
§0®T0—(1—r¥)25§0.
. |

Notice how Theorem 3 entirely avoids searching over
the parameter space in equations (44)—(48). This is
done by exploring the geometry of the problem under
consideration, namely using indentity (19) in [1].

PROOF OF THEOREM 3 The results are obtained by
rescaling v in the proof of Theorem 5 in [1].

REMARK 5 Theorem 3 shows that the LMI (45) is
feasible if and only if

Qo+ o Pty o

— —r)e< 2>7.
pve I—(1 rx)gf()(:)'y7)\(17}3()2E

Recall that

¢ = min {IPin €PN} < pfcneilglc{H/\mm(HT(Pc)HT(Pc))H}

Pc€fc

= max {[[(H" () Hr(pe)) 1}

and therefore
e(/\o +)Ty )\0

>____ ‘0
T =N -

= max {||(H" (pc)Hr () [}

(55

This inequality imposes a lower bound on the
achievable values of ~. Furthermore, since A :=
Ap — a(Ag + p), it follows that

o+ o 1

T (1—-r)*

The above expression shows that the lower bound
on the achievable v in the absence of out-of-frame
events converges to the lower bound derived in [1].

i
Tr—0—0 A1 —1,)>
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The bound derived in (55) bears close affinity
to the classical positional dilution of precision
(PDOP) metric that is commonly used in navigation
systems to determine a lower bound on the achievable
error covariance as a function of geometry of the
underlying navigation problem [10-12]. Using our
notation, the PDOP for the problem at hand can be
written as

PDOP = \/tr(HT(pC)H(pC))*l.

We therefore see that the new bound derived
here captures a worst case performance scenario and
the estimate of x increases the lower bound on the
achievable ~, since 1 > (1 —r,)? > 0.

D. Numerical Implementation and Performance
Studies

In the absence of out-of-frame events (a =0,
1, = 0) the matrix inequalities developed in Theorem 2
can be reduced to the set

X>0
FTX + XF + (iz —(1- rx)zs) cT’c XFT

v <0
FX —1

1 -2

—(1-&)-X>0

g

X-62CTC>0

where € is inversely proportional to the “size” of f’c,
~ determines the filter’s performance, and o, is the
bound on the initial error in position and velocity
estimates.

From a design standpoint, one would like to
minimize € and maximize «,. In what follows we
solve a related problem that allows for the study
of tradeoffs involved in filter design. This is done
by letting w, =~2, w, = 1/ad, w; = ¢ and defining
the cost functional J = ¢;w, + c,w, + c;w;, where
¢, ¢, C5 are positive weights to be selected by the
designer. This leads naturally to the following convex
optimization problem that can be solved numerically
using MATLAB’s LMI toolbox [13]:

find minJ subject to
X>0
FTX + XF —(1—r)*wy,CTC CT XFT
c -w, 0 | <0
XF 0 -1
wy(1-&%) —X >0
X -62CTC >o0.

For a given choice of weights ¢;; i =1,2,3 the
resulting values of X, oy, and ~y can then be used
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Fig. 5. Experimental setup.

to study the impact of out-of-frame events on filter
performance using equations (45)—(48) in Theorem 2.
This was done here by inserting the solutions X, «,
obtained above into equations (45)—(48) and studying
the evolution of « as a function of out-of-frame
parameters 7;, and o,.

In a particular design example that we considered,
and in the absence of out-of-frame events, the value
of the performance bound ~ achieved with the filter
was 35. However, in the presence of out-of-frame

898

events the value of +y increases as a function of T

as illustrated in Fig. 3. The numerical values of «
obtained were on the order of 10~ — 10~* and their
impact on the levels of achievable ~ is thus negligible.
Furthermore, as the graph in Fig. 3 suggests, T,
exhibits logarithmic dependence on . This implies
that for values of 7, > 2.5 s small increases in 7, result
in large increases in achievable -, in other words,
recovery from out-of-frame events that exceed 2.5 s
becomes very difficult.
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o

Fig. 6. Examples of IR images. (a) At range of 450 m. (b) 80 m.
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Fig. 7. Performance of filter during final approach.

Another interesting trade-off is shown in Fig. 4,
where for two value pairs of (1,7v) = (0.52,55),
(Ty,7v) = (2.5,250) the graphs of w versus o are
plotted. Recall, in this work o, defines the bound on
the norm of the initial estimation error (28), while w
defines the bound on the norm of the sensor noise.
Fig. 4 shows the trade-off between the size of the
initial estimation error tolerated by the filter and the
bound on the sensor noise. Clearly, as 7 increases the
achievable values of w and o, decrease.

E. Experimental Setup and Flight-Test Results

This section describes briefly the experimental
setup and the flight test experiments that were
executed to evaluate the performance of the nonlinear
filter obtained in the previous section. The Frog UAV
operated by the controls lab at Naval Postgraduate
School was equipped with an IR video camera (pixel
resolution of 320 x 240), a DGPS receiver, an IMU,
and a pressure altitude sensor. Fig. 5 illustrates the
complete experimental setup that includes the UAV,
onboard avionics schematics and ground station.
(Reference [14] contains a complete description
of the onboard sensor suite and the performance
characteristics of the UAV.)

HESPANHA ET AL.: LINEAR PARAMETRICALLY VARYING SYSTEMS WITH BRIEF INSTABILITIES

A charcoal grill was used to model the hot spot
on a ship and an image-processing algorithm was
developed to find and track the grill observed by
the airborne IR camera. Fig. 6 includes examples
of the images taken by the IR camera. A detailed
description of the image-processing algorithm can be
found in [14]. The image plane coordinates and GPS
altitude were used by the integrated IR/Inertial filter to
compute the relative position and velocity with respect
to the hot spot.

Fig. 7 shows the results of applying the integrated
IR/Inertial filter to the flight test data. In particular,
the upper graph shows the DGPS landing approach
trajectory. The bottom left graph shows estimation
errors computed by comparing the DGPS position
with the position estimates produced by the filter. It
shows rapid convergence of the position estimation
errors, down to a few centimeters in less than a
second from the time the hot spot was acquired by
the onboard vision system. The bottom right graph
shows the filter’s response to an out-of-frame event.
It zooms in on the position estimation errors in the
interval between 1.3 s and 1.8 s. The out-of-frame
event took place in the interval of [1.3 s, 1.45 s] and
resulted in the gradual increase in the x and y position
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errors. The filter quickly recovered once the image
of the hot spot was reacquired. Notice that the errors
in the z channel remained small due to uninterrupted
availability of barometric altitude sensor.

IV.  CONCLUSIONS

This paper introduced the concept of LPV systems
with brief instabilities and derived new results for
stability and performance analysis of such systems,
where performance is evaluated in terms of L,
induced norms. The main results show that stability
and performance can be assessed by examining the
feasibility of parameterized sets of nonlinear matrix
inequalities. These results were applied to the design
of an integrated IR/inertial/air data navigation filter
with guaranteed stability and performance in the
presence of out-of-frame events. Numerical trade-off
studies were conducted to determine the filter’s
achievable performance versus the duration of the
out-of-frame events. Finally, the filter was tested using
flight test data collected by a UAV equipped with
air data and inertial sensors as well as an IR camera.
The results of the test showed that the filter performs
well in the presence of out-of-frame events. Future
work will aim at extending these results to address
the problem of determining the relative position,
velocity, and orientation of multiple vehicles flying in
formation by using vision, passive sensors, and other
navigational data available through the inter-vehicle
network. Vision is expected to play a major role
in situations where the network quality of service
deteriorates.
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