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Abstract: The paper considers a model validation problem for a class of uncertain systems
in which the uncertainty is described by an integral quadratic constraint and the uncertain
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1. INTRODUCTION

An important idea in the field of robust control theory
is the use of uncertain system models to represent
no only the nominal behaviour of a system but also
the uncertainty in the dynamic model. An important
class of uncertain system models are those in which
the uncertainty is modelled via an Integral Quadratic
Constraint (IQC). This class of uncertain systems also
allows for the tractable solution to problems of min-
imax optimal guaranteed cost control and set valued
state estimation; e.g., see (Petersen et al., 2000; Pe-
tersen and Savkin, 1999).

This paper considers a problem of characterizing the
set of possible input-output pairs for a given 1QC
uncertain system model defined over a finite time
horizon. The solution to this problem allows one to
solve a model validation problem in which it is desired
to determine if a given uncertain system model can
be invalidated by a measured input-output pair. This
process of model validation plays an important role
in the construction of an uncertain system model for
a given physical process in that it enables the uncer-
tainty bound to be set in such a way that the uncertain
system model covers all measured input-output pairs
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and yet is not so large as to lead to excessive conser-
vatism within the uncertain system model.

Uncertain system model validation problems of the
type considered in this paper have previously been
considered in the papers (Savkin and Petersen, 1996;
Savkin and Petersen, 1997). A critical distinction be-
tween the model validation problem considered in this
paper and the model validation problem considered in
the papers (Savkin and Petersen, 1996; Savkin and Pe-
tersen, 1997) is that in this paper, the initial condition
of the uncertain system is assumed to be zero whereas
in the papers (Savkin and Petersen, 1996; Savkin and
Petersen, 1997), the initial condition was assumed to
be unknown but bounded as part of the IQC. This is
important since in many practical finite horizon model
validation experiments, the system is known to be ini-
tially at rest. However, extending the results of (Savkin
and Petersen, 1996; Savkin and Petersen, 1997) to
the case of zero initial conditions introduces a num-
ber of technical problems in that the free endpoint
optimal tracking problems considered in (Savkin and
Petersen, 1996; Savkin and Petersen, 1997) must be
replaced by fixed endpoint optimal tracking problems.

An alternative interpretation of the main result of this
paper is that it provides a behavioural description of
an 1QC uncertain system. That is, it describes the set
of possible input-output pairs for the uncertain system.



This behavioural description of an IQC uncertain sys-
tem has been applied in the papers (Petersen, 2001b;
Petersen, 2001a) to study equivalence relations and
inclusion relations between pairs of uncertain systems.

2. PROBLEM STATEMENT

We consider an uncertain system described by the
state equations on the finite time interval [0, T|:

X(t) = Ax(t) + Byw(t) +Byu(t); x(0) =0;
z(t) = Kx(t) + Gu(t);
y(t) =Cx(t) +v(t) 1)

where x(t) € R" is the state, w(t) € RP and v(t) € R!
are the uncertainty inputs, u(t) € R" is the control
input, z(t) € RYis the uncertainty outputand y(t) € R'
is the measured output.

System Uncertainty The uncertainty in the above
system is required to satisfy the following Integral
Quadratic Constraint (IQC). Let d > 0 be a given
constant, and let Q and R be given positive definite
weighting matrices. We will consider uncertainty in-
puts w(-) and v(-) and initial conditions x(0) such that

/O T w(t)Quit) + v(t)Rv(t)Jdt

)
<d+ [ )Pt @

Here || - || denotes the standard Euclidean norm. Fur-
ther discussion concerning this case of uncertain sys-
tems can be found in (Savkin and Petersen, 1995;
Savkin and Petersen, 1996; Savkin and Petersen,
1997; Petersen et al., 2000; Petersen and Savkin,
1999).

Definition 1. Letug(-) and y,(-) be given vector func-
tions. The input-output pair [uy(-),Yo(-)] is said to be
realizable for the uncertain system (1), (2) if there
exist [x(-),w(-),v(-)] satisfying conditions (1), (2) with
u(t) = ug(t) and y(t) = yo(t).

Definition 2. The uncertain system (1), (2) is said

to be verifiable if the set of all realizable pairs
[Uo(+),Yo(+)] is not whole space L ,[0,T].

Moddl Validation Problem We will consider the fol-

lowing problem: Given an input-output pair [uy(-),Yo(-)],

determine if this pair is realizable for the uncertain
system (1), (2).

3. FIXED ENDPOINT OPTIMAL CONTROL
Our solution to the above model validation problem

involves a certain fixed endpoint optimal control prob-
lem. In this section, we develop a solution to this fixed

endpoint optimal control problem which will be used
in our main result presented in the next section.

We consider a fixed endpoint optimal control problem:

T
P(Xy) = irdf/ (X' Qox+ U'Rou)dt
0
subject to

X =AoX+Bou;  x(0) =xq 3)

and x(T) = 0. It is assumed that R, > 0 and Q, can
be written Qo = C{Co — K;Ko. Also, it is assumed that
the pair (Ao, Bo) is controllable.

Our solution to this fixed endpoint optimal control
problem will involve the following Riccati Differential
Equation (RDE) which is solved backwards in time:

P = AP + PA, + PQoP — BoR, 'By;
P(T)=0. 4

Lemma 3. There exists a > 0 such that the RDE (4)
has a solution P(t) > 0 on [T — 3, T). Furthermore,
P(t) is monotone decreasing on [T — 3, T).

The proof of this lemma will be given in the full
version of the paper.

Using the above lemma, we can now define a matrix
function X (t) as follows: X (t) = P(t)~t fort € [T —
0,T) and fort < T — &, X(t) is the solution to the
following RDE which is solved backwards in time:

—X =XAo+ ApX + Qo — XBoRg 1BLX;
X(T-3)=P(T-0)"L (5)

If the RDE (5) has no finite escape time on [0,T — 9],
then X(t) is defined on [0, T]. If the RDE (5) has a
finite escape time at y € [0, T — 9], then X (t) is defined
on (y,T]. Note that it follows from this definition that
X(t) satisfies the RDE (5) over the whole range for
which it is defined. Moreover, the fact that P(t) is
monotone decreasing implies that X (t) is monotone
increasing.

Lemma 4. Suppose that the above fixed endpoint op-
timal control problem is such that ¢(x,) > 0 for all x,.
Then the RDE (5) does not have a finite escape time
on [0,T) and @(Xg) = XpX (0)X,.

The proof of this lemma will be given in the full
version of the paper.

From the above lemmas, we immediately obtain the
following theorem.

Theorem 5. If ¢(x,) > 0 for all x,, then the RDE
(4) does not have a finite escape time on (0,T] and
P(t) > 0 for all t € (0, T). Furthermore, there exists
an £ > 0 such that the RDE (5) with boundary con-



dition X.(T) = L has a solution X.(t) on
lim, _oXe(t)=P(t)"1>0forallt € (0,T).

[0,T] and

4. THE MAIN RESULT

Our solution to the model validation problem of Sec-
tion 2 will be given in terms of the following RDE
which is solved forward in time:

P =AP+PA’ +P[K'/K — C'RC|P
+B,Q7'B}; P(0)=0. (6)
Also, our solution to the model validation problem

involves a filter defined by the state equations

R(t) = [A+P(t)[K'K —C'RC]] X(t)
+P(t)C'Ry,(t) + [P(t)K'G + B,Juy(t);
£(0)=0 @)

and a quadratic functional defined by

[I>

Pluo(-):¥o()]

[ [n(Kx(t) o) it
(CR(1) —yo(D) /RICK(D) ~ Y1)
®)

Note that the filter (7) takes the form of a robust
Kalman filter; e.g, see (Petersen and Savkin, 1999).

Theorem 6. Consider the uncertain system (1), (2).
Then the following statements hold:

(i) If the system is verifiable then the solution P(t)
to Riccati equation (6) is defined on the interval
[0,T) and satisfies P(t) > 0 fort € (0,T).

(if) Suppose the uncertain system is verifiable and let
Uo(t) and y,(t) be given input and output signals.
Then, the pair [uy(-),Yo(-)] is realizable if and
only if the quantity p[uy(-),Yo(-)] defined in (7),
(8) satisfies p[uy(-),Yo(-)] = —d.

PROOF. (i) Given aninput-output pair [uy(-),Yo(-)],
we have by Definition 1 that this pair is realizable
if and only if there exist vector functions x(-),w(-)
and v(-) satisfying (1) and such that the constraint
(2) holds. Now substitution of the equation y,(t) =
C(t)x(t) +v(t) into (2) implies that the pair is real-
izable if and only if there exist a vector x; € R" and
an uncertainty inputw(-) € L,[0,T] such that x(0) =0
and J[x,w(-)] <d. Here J[x;,w(-)] is defined by

) )

/T (W(t)’QW t) — [[(Kx(t )+Guo( )
o\ +(o(t) —Cx(t))R(yo(t) — Cx(t
©)

and x(-) is the solution to the state equation
X(t) = Ax(t) + Byw(t) + Boug(t); x(T)=x; (10)
with uncertainty input w(-).

Now it follows from Definition 2, that the system
(1), (2) is verifiable if and only if there exists a pair
[Uo(+),Yo(+)] such that

J[Xr,w(-)] >d >0 (11)

forall x; € R"and forall w(-) € L,[0,T] such that the
corresponding solution to (10) satisfies x(0) = 0. We
now consider the functional Jg[x,w(:)] = J[x¢,w(-)]
with uy(-) =0andy,(-) =0;i.e.,

Jolxg,W(-)] =
/T w(t) Qw(t) — || (Kx(t)[|* ) 4,
o \ +X(t)C'RCx(t) '
Then, Jy[xy,w(-)] is a homogeneous quadratic func-
tional of [x;,w(-)] € R" x L,[0,T]. Also, note that
the quantity J[x;,w(-)] will be a quadratic func-
tion of [xr,w(-),Xg,Ug(),Yo(:)]. In particular, for the
given pair [Ug(-),Yo(-)], I[Xg,w(-)] will be a non-
homogeneous quadratic functional of [x;,w(-)]. Thus,

if the pair [uy(-),yo(-)] is realizable, then it follows
from (11) that

‘][Xva(')] >0

for all [x;,w(-)] in the following subspace correspond-
ing to the constraint x(0) = 0:
} . (12)

(X, w(-)] € R"x L,[0,T]:
T
e ATx; —/ e ATB,w(1)dT =0
0
Hence, it follows from (11) that the homogeneous part
of this quadratic functional must be non-negative for
all [x,w(-)] in the subspace (12). That is
JolX7,wW(-)] =0 (13)

forall x; € R"and forall w(-) € L,[0,T] such that the
corresponding solution to the state equation

X(t) =Ax(t) +Bw(t); x(T)=x; (14)
satisfies x(0) = 0. Given any x; € R", we now define
V(x7) to be the value of the following constrained
optimal control problem:

V(1) 2 inf

w()aLyoT] JolX,w(-)] (15)

subject to (14) and x(0) =
V(xy) > 0forall x; € R".

0. It follows from (13) that

We now apply the Kalman decomposition to the sys-
tem (14). That is, we assume, without loss of general-
ity that the matrices A and B, can be partitioned as

_ A A . _|Bu
a=lonizl e=g (16)
where the pair (A;;,B,) is controllable. Also, the ma-

trices K, C and the state vector x are correspondingly
partitioned as



K=[Ky Kyl;
C=I[C, C5f;
— X
X {XJ . @an

Now for any x; of the form x; = XT1| and for

0
any w(-) € L,[0,T], the corresponding solution to (14)
satisfies x,(t) = 0. Also, x,(t) is the solution to the
state equation

Xe () = ApXe (1) +Bygw(t);  x1(T) =Xgq4. (18)

Hence, the corresponding value of V (x;) is equal to
the value of the following reduced dimension con-
strained optimal control problem:

V(xp) =Vy(Xpy) = w(-)eiEf[o 1
2lY

0. Here

JorXrw()]  (19)

subject to (18) and x,(0) =

Jor X W()] =
w(t)' Qw(t) — [[Kyxy (t)]|?
/0 (+X1() RClxl(l)l )dt' (20)

The constrained optimal control problem (15) can be
regarded as an optimal control problem of the form
considered in Theorem 5 but operating in reverse time.
Hence, using that fact that V, (x;,) > 0 for all x4, it
follows from Theorem 5 that the RDE

P, = AP, +PiAY; + Py [KiK, — CIRC, P,
+B;,Q 'Bly; Py(0)=0. (21)

does not have a finite escape time on [0, T) and Py (t) >
0 for all t € (0,T). From this it is straightforward to
verify that the matrix

P(t) = [(F)’l(t) 8} >0
satisfies the RDE (6) on [0,T). This completes the
proof of (i).

(ii) We showed above that a pair [uy(-),Yo(-)] is re-
alizable if and only if there exist a vector x; € R"
and an uncertainty input w(-) € L,[0,T] such that
the corresponding solution to (10) satisfies x(0) = 0
and J[xy,w(-)] < d. For a given pair [uy(-),Yo(-)], this
leads us to consider the following reverse-time fixed
endpoint optimal tracking problem:

A .
W = fJ : 22
(X7) w(~)e|E2[0,T] [Xp,W(-)] (22)
subject to (10) and x(0) = 0. Thus, the pair [uy(-),Yo(-)]

will be realizable if and only if there exists an x; such
that W (x;) <d.

To solve the tracking problem (22), we let x(t) be the
solution to the state equation

X(t) = AX(t) +B,u,(t); X(0)=0

and define X(t) = x(t) — x(t). Then
X(t) =AX(t)+Byw(t); K(T)=%  (23)

where X; = x; —X(T). Also X(0) = x(0) —x(0) = 0.
Furthermore, the cost function J[x,w(-)] can be re-
written in terms of X(t) as

I[xr,w()]
= J[%p,w(-)]

_/ (WQW [[K( x+x)+Gu0||2 )dt
C(X+X))'R(yo—C(X+X))

Thus, the optimal tracking problem (22) is equivalent
to the following optimal tracking problem

~ A - N
w =W = f . 24
(Xr) (%) w(-)eIEZ[o,T]J[XT’W( )l (24)
subject to (23) and X(0) = 0. In this tracking problem,

the vector functions y,(-),
as reference inputs.

Up(-) and x(-) are all treated

The tracking problem (24) can be simplified by intro-
ducing a state partition as in (16), (17). Then, if we
write X = , it follows from X(0) = 0 and (23)
that %,(t)

Xy (1) = A%y (1) +Byyw(t);

2
= 0 and X, (t) satisfies the state equation
X(T)=%:1.  (25)

pé ~ o
[oTl for W (X;)

to be finite. For such values of X, we obtain

Thus, X must be of the form X =

J[Rp,w()] =
iRy w(-)] =
/T [W/QW—||K1X1+K)Z+GU0||2+ ]dt
o [ (o—Ca%y — CX)'R(yo —Cy%; —CX).
and the optimal tracking problem (24) is equivalent to
the following reduced dimension tracking problem:

W(XT) :Wl()le) £ inf J~1[XT17W(')] (26)

w(-)€L,[0,T]

subject to (25) and %, (0) = 0. Thus, the pair [uo( ) Yo ()]
will be realizable if and only if there exists an X, such
that W, (%;,) < d.

In the proof of part (i) above, we used Theorem 5 to
conclude that the RDE (21) has a solution P;(t) >0
on (0,T). Hence, X,(t) £ P, (t)~ 1 satisfies the RDE

X, (t) = X, ()AL +ALX (1)
+X,(1)B1,Q By Xy (1)
+K{K, —CiRC, (27)

n (0,T). Also, it also follows from Theorem 5 that
there exists an € > 0 such that for all € € (0,¢],
the RDE (27) with initial condition X,(0) = IE has a
solution X£(t) on [0, T]. Furthermore X5 (t) — X, (t) =
P, ()™t > 0as &€ — 0 for all t € (0,T). Moreover,



it follows from the continuity of the matrix function
X, (+) that X,(T) > 0.
For each of the solutions X; (t) to RDE (27), we asso-

ciate a corresponding free endpoint optimal tracking
problem;

WER )L inf  FER, w(- 28
1 (X7q) W(-)GIEZ[O,T} 1%, W()] (28)
subject to (25). Here
. A
Ji[&rp,w()] =
4 2
%O,
€
/T [W'Qw— IKy Ky + KX+ Gu*+
o | (Yo—CyX; —CX)'R(Yo —C;%X; — CX)
Now as in (Savkin and Petersen, 1996), we can write

dt.

WE (%) = (Rpy = R0(T))XE(T) Ry = %5(T))
)] (29)

where

~E

Ry (t) = [Agy + (X£ (1)) H[KiK, —CIRC]] %5 (t)

+(XE (1) KK — CIRCIX(t)
+(XE (1) 'CIR)Yo(t)
+HX{ (1) KiGUg(t):  X((0)=0  (30)

and

PElUo(+):Yo()] £
/T [I(KH K X§ + Gug)||*~ ] dt:
0 [ (CX+CX§—Yo)'RICX+CRE—Yyy) |
31)
see also (Bertsekas and Rhodes, 1971; Lewis, 1995).
Therefore, it follows as in the proof of Theorem 11.4.2
of (Clements and Anderson, 1978) that W, (%) in

(26) satisfies W, (%) = lim,_ oW (%;,). Hence, tak-
ing the limit as € — 0in (29), (30) and (31), we obtain

(%rg = 2(T)) Xy (T) Ry = X(T))
—P1[Ug(-) Yo ()] (32)
where X, (T) is defined by

W, (Rry) =

Ry (t) = [Agg + Py () [KiK, —CIRC,]] %, (t)
+P; (1) [K{K — C1RC]x(t)

+P (1)CIR(1)Y(t) + Py (1) K1 Gug(t);
2,(0)=0 (33)
and p;[Ug(+),Yo(+)] is defined by
Palug(-).¥o()] £
/T { (KX +Ky2y +Gug) 2 it
0 | —(CX+CiX; — Vo) RICX+Ci% —Yo) |

(34)

Since, X,(T) > 0, it follows that the pair [ug(-),Yo(-)]
will be realizable if and only if p, [uy(-),Yo(-)] > —d.

Now let 2 = | X1 | 4% and P(t):{gl(t)ngence,

.
P(t) is the solution to (6). Also

0
[ az] 3]« [on R
[0 o] [ w3
[0 6] [&]rev a3
+[a o] [
_ :(F)’la) 8 gz RCK
+ :gl(t) 8 g; RYo
+ -gl(t) 8 Ei Gu,

— AR+ B,y + P(t)K'KX — P(t)C'RCK
+P(t)C'Ryy + P(t)K'Gu,

and X(0) = 0. That is, X(t) is defined as in (7). More-
over

P1[Uo(+), Yo ()]
2

T A
KX+ Ky Ky [él dt

CX+ " lex+
—/T C C][il} R| [ C][il] dt
A 18l g 1Cal | g
—Yo —Yo

/T [| (Ki G - (C *]dt
0 R(CRX—y,)

—P[Uo(')7)’0( )l

]'l‘GUO

0

as defined in (8). Therefore, the pair [ug(-),yo(-)] will
be realizable if and only if p[uy(-),yo(-)] > —d. This
completes the proof of the theorem.

O

Remark 7. (i) As in (Savkin and Petersen, 1995;
Savkin and Petersen, 1996), we can also use
the above theorem to obtain a set valued state
estimate of the state of the uncertain system (1),
(2). Indeed, if we define a quantity X; = X; +X;
then it is straightforward to verify that X, is the
solution to the filter state equations



Xy = [Agy +Py(1)[K1K, — CIRCy]] % (1)
+[Ag5 + Py (1) [K{K; — C1RC %, (1)
+P; (1)CIR(1)y(t) + Py () K1 Gug(t)

%,(0) =0,
Also, X,(t) is the solution to the state equations
Xy = AgXy +Boollg;  X,(0) = 0.

Furthermore, the quantity p;[uy(-),Yo(+)] can be
re-written as

P1Uo(+):Yo ()] =
7 [ 1(KyXy + KX, + Gug) ||~

/0 (€%, +C%, Yo' dt.
XR(CyX; +CoXy —Yp)

Hence, using the fact that x; = & +x(T) =
%1 , it follows from (32) that the set of pos-
2
sible values for the state of the uncertain system
(1), (2) attime T is given by

{ [iﬂ D% = X)Xy (T) (% — %) } '
< d+py[ug(),Yo()] & X =X,(T)

(ii) An alternative interpretation of Theorem 6 is
that the state equations (7) and the condition
plug(-),Yo(-)] > —d provide a behavioural char-
acterization of the uncertain system (1), (2). In-
deed, from this point of view, the set of real-
izable input-output pairs is defined as a level
set of the quadratic functional p[u,(-),yo(-)]. In
this description, there is no need to distinguish
between the input u,(-) and the output y,(-) and
thus this description of the uncertain system can
be regarded as a behavioural description.
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