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Simultaneous Input and State Interval Observers
for Nonlinear Systems with Rank-Deficient Direct Feedthrough

Mohammad Khajenejad, Sze Zheng Yong

Abstract— We address the problem of designing simultaneous
input and state interval observers for Lipschitz continuous
nonlinear systems with rank-deficient feedthrough, unknown
inputs and bounded noise signals. Benefiting from the existence
of nonlinear decomposition functions and affine abstractions,
our proposed observer recursively computes the maximal and
minimal elements of the estimate intervals that are proven
to contain the true states and unknown inputs. Moreover, we
provide necessary and sufficient conditions for the existence and
sufficient conditions for the stability (i.e., uniform boundedness
of the sequence of estimate interval widths) of the designed
observer, and show that the input interval estimates are tight,
given the state intervals and decomposition functions.

I. INTRODUCTION

Motivation. In several engineering applications such as
aircraft tracking, attack (unknown input)/fault detection and
mitigation in cyber-physical systems and urban transportation
[1]-[3], algorithms for unknown input reconstruction and
state estimation have become increasingly indispensable and
crucial to ensure their smooth and safe operation. Specif-
ically, in safety-critical bounded-error systems, set/interval
membership methods have been applied to guarantee hard
accuracy bounds. Further, in adversarial settings with poten-
tially strategic unknown inputs, it is critical and desirable
to simultaneously derive compatible estimates of states and
unknown inputs, without assuming any a priori known
bounds/intervals for the input signals.

Literature review. Interval observer design has been exten-
sively studied in the literature [4]-[10]. However, relatively
restrictive assumptions about the existence of certain system
properties were imposed to guarantee the applicability of
the proposed approaches, such as cooperativeness [5], linear
time-invariant (LTI) dynamics [6], linear parameter-varying
(LPV) dynamics that admits a diagonal Lyapunov function
[8], monotone dynamics [4], and Metzler and/or Hurwitz
partial linearization of nonlinearities [7], [11]. An Lo/L
unknown input interval observer design for continuous-time
LPV systems is studied in [11]. However, this approach is not
applicable for general discrete-time nonlinear dynamics and,
moreover, the considered system do not include unknown
inputs that affect the output equation.

Leveraging bounding functions, the design of interval
observers for a class of continuous-time nonlinear systems
without unknown inputs has been addressed in [9]. However,
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no necessary and/or sufficient conditions for the existence of
bounding functions or how to compute them have been dis-
cussed. Moreover, to conclude stability, somewhat restrictive
assumptions on the nonlinear dynamics have been imposed.
On the other hand, the authors in [10] studied interval
state estimation by extracting a known nominal observable
subsystem and designing the observer for the transformed
system, but without guaranteeing that the derived functional
bounds are bounded sequences.

The problem of simultaneously designing state and un-
known input set-valued observers (with sets represented by
{o-norm hyperballs) has been studied in our prior works
for LTI [3], LPV [12], switched linear [13] and nonlinear
[14] systems with bounded-norm noise. Further, our recent
work [15] considered the design of state and unknown
input interval observers for nonlinear systems but with the
assumption of a full-rank direct feedthrough matrix.

Contributions. By leveraging a combination of nonlinear
decomposition mappings [16], [17] and affine abstraction
(bounding) functions [18], we design an observer that si-
multaneously returns interval-valued estimates of states and
unknown inputs for a broad range of nonlinear systems [16],
in contrast to existing interval observers in the literature that,
to the best of our knowledge, only return either state [4]—
[10] or input [11] estimates. Moreover, we consider arbitrary
unknown input signals with no assumptions of a priori
known bounds/intervals, being stochastic with zero mean (as
is often assumed for noise) or bounded. Further, we relax
the assumption of a full-rank feedthrough matrix in [15],
and extend the observer design to systems with (possibly)
rank-deficient feedthrough matrices.

In addition, we derive necessary and sufficient rank condi-
tions for the existence of our observer that can be viewed as
structural properties of the nonlinear systems, as an extension
of the rank condition that is typically assumed in linear state
and input estimation, e.g., [1]-[3]. We also provide several
sufficient conditions in the form of Linear Matrix Inequalities
(LMI) for the stability of our designed observer (i.e., the
uniform boundedness of the sequence of estimate interval
widths). Moreover, we show that given the state intervals and
specific decomposition functions, our input interval estimates
are tight and further provide upper bound sequences for
the interval widths and derive sufficient conditions for their
convergence and their corresponding steady-state values.

II. PRELIMINARIES

Notation. R™ denotes the n-dimensional Euclidean space
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and R positive real numbers. For v,w € R™ and M €
RPX4, ||v|| £ Vv Tv and || M| denote their (induced) 2-norm,
and v < w is an element-wise inequality. Moreover, the
transpose, Moore-Penrose pseudoinverse, (i,j)-th element,
the largest eigenvalue and rank of M are given by M T,
MT, M; i, Amax(M) and tk(M), respectively. M, is a
sub-matrix of M, consisting of its r-th through s-th rows.
We call M a non-negative matrix, i.e., M > 0, if M, ;
0,Vi € {1...p},Vj € {1...q}. We also define M*
max(M,0,x,), M~ 2 M+ —M and |M| 2 M*+M~. For
a symmetric matrix S, S >=0and S <0 (S > 0and S <0)
are positive and negative (semi-)definite, respectively.
Next, we introduce some useful definitions and results.

1>V

Definition 1 (Interval, Maximal and Minimal Elements,
Interval Width). An (multi-dimensional) interval T C R"
is the set of all real vectors x € R" that satisfies s < x <5,
where s, 3 and ||5 — s|| are called minimal vector, maximal
vector and width of I, respectively.

Next, we will briefly restate our previous result in [18],
tailoring it specifically for intervals to help with computing
affine bounding functions for our vector fields.

Proposition 1. [18, Affine Abstraction] Consider the vector
field f(.) : B C R" — R™, where B is an interval with
Z,x, Vi being its maximal vector, minimal vector and set
of vertices, respectively. Suppose ZB,AB,EB,QB,HB is a
solution of the following linear program (LP):

min 6 @))
0,A,A€e

st Azs+e+o < f(z,) < Azs+e— o,
(A—A)xs+e—e—20 <01, Yo, € Vg,

where 1,, € R™ is a vector of ones and o can be computed
via [18, Proposition 1] for different function classes. Then,
Az +e < f(z) < Ax +e,VYo € B. We call A, A upper and
lower affine abstraction slopes of function f(.) on B.

Proposition 2. [9, Lemma 1] Let A € R"™*™ and x < x <
T € R Then, Atx — A T < Az < Atz — A z. As a
corollary, if A is non-negative, Ax < Ax < AZ.

Lemma 1. Suppose the assumptions in Proposition 2 hold.

Then, the returned bounds for Ax is tight, in the sense that
sup Az = AT% — A~z and inf Ax = Atz — A7,

z<zx<T z<zx<T

where sup and inf are considered element-wise.

Proof. For j € {1...m}, consider the problem of 5; =
max [Az];, where [Az]; = >, Aj;x; is the j-th ar-

x<x<T

gument of the vector Ax. Obviously, the solutions of this
program are z; = m; if A;; > 0, and zj = —g; if
Aji <0,Vie{l...n}. Hence 5; = [A][T — [A] z, where
[A]; is the j-th row of A. Similarly, s; = ming<,<z|Az]; =
[A}jgf [A]; T. The proof is complete, since sup,, <, <5 Az =
[$1...8m] (similar for inf). B [ |
Definition 2 (Mixed-Monotone Mappings and Decomposi-
tion Functions). [16, Definition 4] A mapping f : X C

R™ — T C R™ is mixed-monotone if there exists a decom-
position function fq : X x X — T that is monotonically
increasing and decreasing in its first and second arguments,
respectively, and satisfies fq(z,z) = f(x),Vz € X.

Proposition 3. [17, Theorem 1] Let f : X C R" —
T C R™ be a mixed-monotone mapping with decomposition
Sfunction fq: XXX — T andz < x < T, wherexz,zr,T € X.
Then fq(z.7) < f(z) < fa(T, z).

Note that decomposition functions for nonlinear functions
are not unique, and several different ones have been pro-
posed in the literature, e.g., [16], [17], [19]. Although any
decomposition function can be used in conjunction with
our proposed interval observer, we will adopt the specific
decomposition function given in [16, Theorem 2], since it
allows us to derive a Lipschitz-like property (in Lemma 2)
that further enables us to derive sufficient conditions for the
stability of the proposed observer in (4)—(7).

Thus, we now briefly describe the decomposition function
given in [16, Theorem 2] that we will adopt in this paper:

If a vector field ¢ = [¢] ... ¢/]  : X CR" - R™
is differentiable and its partial derivatives are bounded with
known bounds, ie. gL € (af;b];).Ve € X € R,

i,j2 Vi,
where a ., b? . € R, then ¢(-) is mixed-monotone with

1,57 74,7
a decomposition function gz = [q; qc—'l; ...q;l';L]T,
where qai(z,y) = ¢i(2) + (af = B))T(x — y),Vi €
{1,...,n}, and z,a], 8} € R™ can be computed in terms of

x,y,ag’j,bgﬁj as given in [16, (10)—(13)]. Consequently, for

r=[r1...25...2,) , y=[y1...yj...yn] ", we have
qa(2,y) = 4(2) + Co(z — y), (2)
where C, 2 [[af—BY...[a? — 81 ...[a%, — Be]] " €

R™ ™ with of, 8! given in [16, (10)—~(13)], =
[21...25... Zm]" and zj = x; or y; (dependent on the case,
cf. [16, Theorem 1 and (10)—(13)] for details). Moreover, if
exact values of a; ;,b; ; are unknown, their approximations
can be obtained using Proposition 1 with A = A = 0.

Corollary 1. As a direct implication of Propositions 1-3, for
any Lipschitz mixed-monotone vector-field ¢(.) : R — R™,
with a decomposition function q4(., .), we can find upper and
lower vectors G, q such that q < q(x) < q,Vz € [z,T|, and

¢ =max(qa(2,7),q), 7=min(q(7,2),q),
=AYz —(A) T+ g = (A) T (A") z+e",
where (Zq, A1 €%, e%) is a solution of (1) for the function q.

Finally, we restate a Lipschitz-like property for the bound-
ing functions in Corollary 1, which we derived in [15] and
will be used later for determining observer stability.

Lemma 2. [I5, Lemma 1] Let ¢(.) : [z,Z] C R" — R™
be the Lipschitz mixed-monotone vector-field in Corollary I,
with its decomposition function qq(.,.) constructed using (2).
Then, (g =gl < ll9a(%,2) — qa(z Z)|| < Ly, |7 — ||, where
LQd 2 Lq + 2”0!1

, with Cy given in (2).
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III. PROBLEM FORMULATION

System Assumptions. Consider the nonlinear discrete-time
system with unknown inputs and bounded noise

Tpt+1 = f(xr) + Buy + Gdy, + wy, 3)

ye = g(xx) + Dug + Hdy, + g,
where at time k € N, z;, € R", u, € R™, di, € RP and
yr € R! are the state, a known input, an unknown input
and the measurement vectors, correspondingly. The process
and measurement noise signals wy € R™ and vy € R! are
assumed to be bounded and satisfy w < wy < w, v <
v, < v, with the known lower and upper bounds, w, w and
v, U, respectively. We also assume z, < zo < To, where
zy and Ty, are available lower and upper bounds for the
initial state xo. The vector fields f(-) : R® — R", g(-) :
R” — R! and matrices B, D, G and H are known and
of appropriate dimensions, where G and H encoding the
locations through which the unknown input (or attack) signal
can affect the system dynamics and measurements. Note that
no assumption is made on H to be either the zero matrix or
to have full column rank when there is direct feedthrough (in
contrast to [15]) Without loss of generality, we assume that
[GT H T] is full-rank. Moreover, the following, which is
satisfied for a broad range of nonlinearities [16], is assumed.

Assumption 1. Vector fields f and g are mixed-monotone
with decomposition functions fq and gq and Lipschitz con-
tinuous with Lipschitz constants Ly and L, respectively.

Unknown Input (or Attack) Signal Assumptions. The un-
known inputs dj, are not constrained to follow any model nor
to be a signal of any type (random or strategic), hence no
prior ‘useful” knowledge of the dynamics of dj, is available
(independent of {d;} Vk # ¢, {we} and {ve} V¢). We also
do not assume that dj, is bounded or has known bounds and
thus, dj, is suitable for representing adversarial attack signals.
The observer design problem can be stated as follows:

Problem 1. Given a nonlinear discrete-time system with
unknown inputs and bounded noise (3), design a stable
observer that simultaneously finds bounded intervals of com-
patible states and unknown inputs.

IV. GENERAL SIMULTANEOUS INPUT AND STATE
INTERVAL OBSERVERS (GSISIO)

A. Interval Observer Design

We consider a recursive two-step interval-valued observer
design, composed of a state propagation step, which prop-
agates the previous time state estimates through the state
equation to find propagated intervals, and an unknown in-
put estimation step, which computes the input intervals by
using the state intervals and observations. Note that we are
constrained to obtaining a one-step delayed estimate of the
unknown input signal, because in contrast with [15], the
matrix H is not necessarily full-rank, and hence dj cannot
be estimated from the current measurement, y;. However, in
Lemma 4, we will discuss a way of obtaining the current
estimate of a component of the input signal.

Algorithm 1 GSISIO

1: function GSISIO(f, g, fa,94,B,G, D, H,w,w,v,v,To, ;)
2: Initialize: maximal(Z§) = To; minimal(Z§) = z;
Compute M ,Ny; Vse{f,g,u,v,w}, i, je{1, 2}viaTheorem 1;
3: for k =1to K do
>  Estimation of zj (to compute Z; = [z, Tk]):
Compute Ty, z, via(4); Compute ), through Lemma 5;
>  Estimation of dj_1 (to compute I,f,lz [Qkfl,ak_l]):
Compute di—1,d,_, and 8¢, via (5)~(7) and Lemma 5;
return 7, 72 |, 6%, 8¢ 15
4: end for
5: end function

Since optimal observers are often computationally in-
tractable [20], while interval sets have nice properties [11],
we consider set estimates of the form:

={zeR" : 2, <x <Ty},Z{ | ={deR? : d, ,<d<dp_ .1},

i.e., we restrict the estimation errors to be closed intervals. In
this case, the observer design problem boils down to finding
Ty Thy dy,_q and dj,—1. Our interval observer can be defined
at each time step k£ > 1 as follows (with known z, and T
such that z; < zg < Tp):

State Propagation:

T _ T
[xk xk] Mf {fk iz] +M9 [ng Qg] + (4)
M, [ﬁ—r QT] —|—M [w wT]T—FMyyk—l—i-Muuk_l;
Unknown Input Estimation:

dg—1 = Ni1hg + Nishy, dy_1 = Naihg + Naohy, (5)

where Vg € {f, g}, g, and g, are upper and lower vector val-
ues for the function ¢(.) on the interval [z;_,Z_1], which
can be recursively computed using Corollary 1. Moreover,

hi=[Z), ykTA]T— [LCT QT]T—[BT DT}TUJCA—[MT QT]T7 (6)
h=[zl yl )" [F] 51|~ [BT D Tw-[@ 7. @
Finally, My, Nym, Vs € {f,g,u,w,v,y},n,m € {1,2},

are to-be-designed observer gains in order to achieve desir-
able observer properties. Algorithm 1 summarizes GSISIO.

B. Observer Design
The objective of this section is to design observer gains

such that the GSISIO returns correct and tight intervals. We
first define these properties through the following definitions.

Definition 3 (Correctness (Framer Property [7])). Given an
initial interval xog € [x4,To), the GSISIO observer returns
correct interval estimates, if the true states and unknown
inputs of the system (3) are within the estimated intervals
4)—(5) for all times. If the observer is correct, we call
{Zh, 2, di—1,dy, 1}, (the state and input) framers.

Definition 4 (Tightness of Input Estimates). The input in-
terval estimates are tight, if at each time step k, given the
state estimate, the input framers dp_1, dy_q, coincide with
supremum and infimum values of the set of compatible inputs.

First, the tightness of the input framers is addressed.

Lemma 3 (Correctness and Tightness of Input Estimates).
Consider the system (3) along with the GSISIO in (4)-(5).
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Suppose that Assumption 1 holds. Let J = ([GT H T]T)T,
Ni1 = Nop = Jt and N1y = Noy = —J 7. Then, given
any pair of state framer sequences {Ty,x;}5°,, the input
interval estimates given in (5) are correct and tight.

Proof. Augmenting the state and output equations in (3) and
from Corollary 1, we obtain h;, < [GT H T] di—1 < hg,
with by, hy. defined in (6),(7). Then, the input framers in (5)
can be obtained by usmgr Propositions 1-3 and considering
the fact that [GT H T] is full rank. Finally, tightness is
implied by Lemma 1 (where the A matrix equals .J). ]

Next, we address the existence of correct framers.

Theorem 1 (Existence of Correct Framers). Consider the
system (3) and the GSISIO introduced in (4)-(5). Suppose
all the assumptions in Lemma 3 hold and the observer gains
are chosen as follows: ¥'s € {f,g,u,w,v,y} :

AT pT1T a| L —K
A 2 [FT FT] A=Ay, A, [Kz LQ}
Lal[l-Ki L A e [T+ —Ki
z L, I-K | ~K, I+1,

LEG J+G I K&G J +GTJT A, =4,
K1 2 Ky, Ko 2 Kyttt L1 2 Lin, Lo £ Lyg 14,
F2(I+L,— KB+ (Ly — K2)D, M, = Al A,.

Then, at each time step, the GSISIO returns finite and correct
framers if and only if

Ik(I—Kl—L1> :rk(I—K2+L2):n. (8)
Proof. From (3), Corollary 1 and Proposition 1, we have
z;, < 1, < Ty, where, x, = ik + Buj_1+w+ G+dk,1 _
G*Ek_l, Ty = ?k—l-Buk_l +@+G+Ek_1 —Gidk_l, which
in addition to (5)—(7) and Lemma 3, results in the following
system of linear equations:

T _ T
Ao[zy 2] Af[fk iT} +4 [g; gp] +Auur
+Aw [U} MT] +A1; [ T T] +Ayyk—1épka
with g, ¢, ,Vq € {f, g} obtained from Corollary 1 with the
corresponding interval [x,_;,Tr_1].
Further, by [21], all solutions of (9) satisfy:

dg¢WSgk§Tk§§ﬁ+mu

(€))

(10)

with p being a very large positive number, E£ =

(AL pr)1ons ) 2 (Al pr)nsiion, and 7; = 0 if the i-th row
of A is zero and r; = 1 otherwise. Finally, the finiteness
of Ty, x; reduces to r = 0 and equivalently, to the rank
conditions in (8) by [22, Corollary 4.7], given that A, is a
block real centro-Hermitian matrix by its definition. [ ]

Although we can only obtain a one-step delayed estimate
of dj in (5), finding an estimate for a subcomponent of dj
at current time k, can be formalized as follows.

Lemma 4. Suppose all the assumptions in Theorem 1 hold.
Then, at time step k, the unknown input dy can always be
decomposed into two components dy j, and ds ,, where there
exists matrices T and ® such that the framers for d j, can

be found as: de <dy < 31,1@ where
dy g = (216 — Ty Dug) + Cr, dy =P (21 4—T1Duy) + £y,
U 2 (9T1) ™ (94(Tw, z1,) +0) — (@T1) " (g4 (2, Tne) + v),
4, 2 (®T1) ™ (9alzy, Tk) +v) — (®T1) " (9a(Tk, ) + ).
Moreover; ds j, cannot be estimated at the current time k.
Proof. Let py = rk(H). Similar to [3], by applying singular
. ¥ o] [wv'
value decomposition, we have H = [U; Us] [ 0 0] [V;T]
with Vy eRP*PH |V, cRPX(P—Pu) ¥, cRPHXPH (3 diagonal
matrix of full rank), U; € RY*P# and U, € RV*(=P1) Then,
since V = [V} Vg] is unitary, dj, = Vaidy i + V2d2 el =
V1 di,da ) = V2 dj.. Moreover, by defining T} £ U1 Ty &
U, , the output equation can be decoupled as: 21k =
g1(zx) + Dyuy + Ul,kAJF Xdy and zp 5, = _9A2(il7k) + Douy, +
vk, where gi(zr) = Tig(wk),g92(xr) = Tag(wy). The
bounds for d; ; can be obtained by applying Propositions
2 and 3 to the first equation and setting ® = X!, Finally,
since ds ;; does not appear in any of the equations, it cannot
be estimated at the current time. [ |

Remark 1. The result in Lemma 4 is particularly helpful in
the special case when the feedthrough matrix has full rank,
so dy, = dy i, and hence, dj, can be estimated at current time
k, which is an alternative approach to the one in [15].

C. Uniform Boundedness of Estimates (Observer Stability)
In this section, we investigate the stability of GSISIO.

Theorem 2 (Observer Stability). Consider the system (3)
and the GSISIO (4)—(5). Suppose all the assumptions in
Theorem 1 hold and the decomposition functions fq, gq are
constructed using (2), with their corresponding Ly, , Ly,
given in Lemma 2. Then, the observer is stable, in the
sense that interval width sequences {||A¢_ d
dy_q s [1AE]] 2 |z, — 2|33, and estimation errors
{lldi—s]) 2 mas(lldi—s — gy |, [dies — i), |26 2
max(||lzy — x|, | Tk — zx||) }22, are uniformly bounded, if
either one of the following conditions hold:

(i) LE L, |Tell + Ly, I Tyl < 1,

Q@ 0 0 0 0
« T)T, T,T; T[Ty T, T,

(i) T2 |+ = QrTf TQr TQFT =<0,
* * * O TfTT
* * * * 0

(iii) There :exists P>=0and T = 0 in R™™"™ such that
P+T -1 0 P

P 0 L:I—-P 0| =<0,

P 0 P

with Tf = (I K, — L)' - Ky + Ly),

S(I- Ly) (I + Lo),
Q = Amax(Tf T,)L?d + Amax (T, Tg) L2, —

and Ky, Ko, Ly, Lo are given in Theorem 1.

Proof. Let A? £ T}, — x, and A””f = x£ - xk Then, by
(10), A < A$ +2pr and since (8) holds, then A7 < A”
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Using the above as well as (9) and (10), we obtain

Azp < AF < AfE_ + Az, (11)
where  AfF = TfAf,C + TyAgr, Aff =
fa@p,2y) = falzy, Tu), Agg 2 9a(Th, 2x) — galzy, Tk),

Az—Twa—i—TAv Aw=2w—w AvET—0 TF £
(I K1 Ll) (I K1+L1) andT —(I K1 Ll) (K2+L2)
Condition (i): By Assumption 1, triangle inequality
and (11): | A% < LJAE ]| + ||Az||, with
L £ LTyl + Lg,|IT,|l and Ly,,L,, obtained from
Lemma 2. Since £ < 1 (by Condition (i)), the sequence
{IIA%1}72, is uniformly bounded. Therefore, the interval
width dynamics is stable.
Condition (ii): By the Comparison Lemma [23, Lemma
3.4] and non-negativity of Af, to show the stability of the
system in (11), it suffices to sbow the uniform boundedness
of {A7}7,, where A7 = Afp | + Az, Aj = A§. To do
so, consider a candidate Lyapunov function V;, = AZTAZ
that can be shown to satisfy AVy £ Vi — Vi < U Ty,
with ¥, 2 [A;T AvT Aw’ AfiTAgT]" and T
defined in the statement of the theorem, as follows:
AV, < (/\max(TfTTf)Lf‘.d +)\maX(TTT )L2 —1A3TAS +
AUTTTT Av + AwTY;fTTwa + (Af,‘:TTfTT Ag; +
Af,fTTf:T Av + Af J;fTTwa + Agy T TyAv +
Agi' T TrAw + Av' T TiAw) = \IITT‘Ilk, where
the inequality holds because AfFSTAfE = ||Af|? <
||A |> (and similarly for Agi"Ag) by Lemma

2 and AngTJT Agy < )\maX(Tg T,)Ag T Ags =
Anax TTTIAGE < L2 A T ) [ AL by using
the Rayleigh Quotient and Lemma 2. Now, by the Lyapunov
Theorem, stability is satisfied if 7 =< 0.
Condition (iii): Similarly, we consider a candidate Lyapunov
function Vi, = A;TPA$, where P = 0, which can be
shown to satisfy AV} = Vi+1 — Vi <0, as follows. Let
Ank [Afg—r AT Az ]T and note that Af,jTAAf,j <
Af;:TAfS < LZASTAS, where the inequalities hold by
choosing T" such that T’ £ 7 - A > 0 and Lemma 2,
respectively. Hence, £L2A5TAS — AfgTAAff > 0. Then,
inspired by a trick used in [24, Proof of Theorem 1], to
satisfy AVy, < 0, it suffices to guarantee that Vi 2 AVi +
EQAS,JAS Af,jTAAfb = AVp+ L2A5TA; — AfST(I—
IAf; < 0, where V;, = Af,jTPAfé—&-AzTPAz +
202 T PAfi-ALTPA; + L2A5TA; — AfiT(I-T)Afp =
AffT(P4+T - I)Afk + A@T(ﬁ[ P)A; + A2TPAz +
2AZTPAfk = Anl PAn; <O0. ]

Note that the stability conditions in Theorem 2 are only
sufficient (not necessary and sufficient), due to the repeated
use of triangle inequality, affine abstractions and decompo-
sition functions in deriving them, which all contributed as
sources of conservatism in the computed intervals.

Finally, we provide upper bounds for the interval widths
and their steady-state values.

Lemma 5 (Interval Upper Bounds and Convergence). Con-
sider the system (3) and the GSISIO observer (4)—(5).
Suppose all assumptions in Theorem 1 hold. Then, there exist

uniformly bounded upper sequences {6%,5¢ 122 | for the
interval width sequences {||A%]],||A¢ 11322, which can
be computed as follows:

A <67=CFs +||Az||( >IIA <5 =G5 (k)

where G(z) & ((1+ Lg,)|l Al + Lgall 2l + |1 Aw +
Jg Twa+TAv AvET—w AvET—0,
JA [Jl Jg] £ Jt+J and Ly,, Ly, Ty, T, are given in
Lemma 2 and Theorem 2. Furthermore, if Condition (i) in
Theorem 2 holds with strict inequality, then the upper bound
sequences converge to steady-state values as follows:

52 lim 3 = G(3").

— 00

~ L
L1 x
o = khm oF = ||Az||1 —7

On the other hand, if Condition (ii) or (iii) in Theorem 2
hold, then the interval widths | AL || and | AY| are uniformly
bounded by min{||AZ||, AT} and min{G (]| AZ|)),G((AD)},
P A (AZ)T PAZ .
respectively, with Ay = min 4/ -5%—=2, where P is the

PeP Amin (P)
set of all P that solve the LMI in Condition (iii).

Proof. Applying [|AF[[<L||AE_[+]|Az| repeatedly, yields

IATN < LHIAG I+ X5 £+ || Az = £65 +]| Az|| 1=
Further, from (5)—(7): Ay | < Ji(AL + AfF) + JgAgk, +
JiAw 4 JyAv, where J £ [Ji Ja] £ |J|. The rest of the
proof is similar to the one for [15, Lemma 2]. ]

V. ILLUSTRATIVE EXAMPLE

We consider a slightly modified version of a nonlinear sys-
tem in [25], without the uncertain matrices, with the inclusion
of unknown inputs, and with the following parameters (cf.

A)n=1l=p=2m=1, flax) = [filwr) falz)]

g@r) = [o(m) ga(@x)] . B = D = Opa, G =
0 —01] , _[-01 03] _
0.2 —02)" " T 025 —o5) VT TET YT RS
0202,z =[2 1.1] 2y = [-1.1 —2]" with

fl(l‘k) = 0.633‘17k - 0-12$2,k +1.1 sin(0.3x27k — .23317;6),
fa(zr) = —0.2z1 ) — 0.14x0 k, go(zk) = sin(z1 k),
g1(zk) = 0.221 1 + 0.6522 1 + 0.8sin(0.3z1 1 + 0.222 1),
while the unknown input signals are depicted in Figure 1.
Note that tk(H) = 1 < 2 = p, thus the feedthrough matrix
is not full rank and hence, the approach in [15] is not
applicable. Moreover, applying [18, Theorem 1], upper and
lower bounds for partial derivatives of f(-) and g¢(-) are
obtained as: (af,,al,,al,.al,) = (0.38,-0.52,-0.2 —
6,—0.14 — ¢), (bd,,b1,,b5,,b),) = (0.82,0.21,-0.2 +
€,—0.14 + €), (a¥;,aiy,a3,,a3,) = (—0.04,0.49, —1, —¢)
and (bY,,b9,,09,,b9,) = (0.44,0.81,1,¢€), where € is a very
small positive value, ensuring that the partial derivatives are
in open intervals (cf. [16, Theorem 1]). Moreover, Ly =
0.35 and L, = 0.74 and Assumption 1 holds by [16,
Theorem 1]). Furthermore, computing K = [Kl Kg] =
0.0267 0  0.0666 0.1061
0.4177 2.1203 10817 2.0209 4 L = L1 Lo] =
0 01017 O 0

0.5104 1.1814 1.2787 1.0302|® We obtain tk(/ — Ky —
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Fig. 1: Actual states and inputs, 21, Z2,k, d1,k, d2 . as well
as their estimated maximal and minimal vectors, T1 j, Z1 s

T2 ks L1 g» A1 ks Ay g d2 ks do -

the interval widths were provided. Future work will seek
tighter decomposition functions and necessary conditions for
the interval estimator stability.

[1]

[2]

[3]

[4]

[5]

E 107\ --Upper Bound on Interval Width, df 1
E]Q . —Interval Estimatf: Width, HAJH = ||z — x| [6]
= °r » Actual Error, ||Z;| = max(||Z) — x|, [|zr — z1]|) b
= o T T
5= 30f ‘ ‘ g
- --Upper Bound on Interval Width, 6,? [8]
= 20H —Interval Estimate Width, HAjH = ||dy — dy|| 1
z 101 ) :f&ctual Error, ||di|| = max(||dr — di||, ||dr — dy||) i (9]
=, :
0 50 Time, k 100 150
Fig. 2: Estimation errors, estimate interval widths and their ~ [10]
upper bounds for the interval-valued estimates of states,
Zxik ||, [|AZ]l, 67, and unknown inputs, ||dx]|, [|AL]], 67 [11]
L) =rk(I — K1 + L) = 2. Therefore, by Theorem 1, the
existence of correct framers is guaranteed, i.e., the true states (12]
and unknown inputs are within the estimate intervals. This,
can be verified from Figure 1 that depicts interval estimates  [13]
as well as the true states and unknown inputs. In addition,
. 10251 0 14
from [16, (10)=(13)]), we obtain C; = [0.0029 0.201}, [14]
Cy, = _.274 9%155 , which implies that Ly, = 0.852 [15]
and Ly, = 1.19 by Lemma 2. Consequently, £ = 0.643
satisfies Condition (i) in Theorem 2. So, we expect to obtain  [16]
uniformly bounded estimate errors with convergent upper
bounds. Figure 2 illustrates this, where at each step, the [i7]
actual error is less than or equal to the interval width, which
in turn is less than or equal to the predicted upper bound for [18]
the interval width and the upper bounds converge to some
steady-state values. Note that, despite our best efforts, we
were unable to find interval-valued observers for nonlinear "’
systems in the literature that simultaneously return state and
unknown input estimates for comparison with our results. [20]
VI. CONCLUSION 1)
In this paper, a simultaneous input and state interval-
valued observer was proposed for bounded-error mixed- (22
monotone Lipschitz nonlinear systems with unknown inputs (23]
and rank-deficient feedthrough. We derived necessary and  [24]
sufficient conditions for the existence and correctness of our
observer and the tightness of the input interval estimates. |55
Further, several conditions for the uniform boundedness of
2316
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