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Multi-Model Affine Abstraction of Nonlinear Systems with Model
Discrimination Guarantees

Syed M. Hassaan, Zeyuan Jin and Sze Zheng Yong

Abstract— This paper presents a novel optimization-based
method for multi-model affine abstraction (i.e., for simultaneous
model reduction of multiple models), which solves for the
existence of affine abstractions of a pair of different nonlinear
systems with guarantees of model discrimination with the
minimum detection time 7' under worst-case uncertainties and
approximation errors. Our approach combines mesh-based
affine abstraction methods with 7'-distinguishability analysis in
the literature into a bilevel bilinear optimization problem. Then,
to obtain a tractable solution, we leverage robust optimization
techniques and a suitable change of variables to obtain a
sufficient linear program (LP). Finally, the efficacy of proposed
methods is illustrated by several numerical examples.

I. INTRODUCTION

Abstraction-based methods (i.e., a specific class of model
reduction techniques) can simplify the process for analyzing
and controlling smart and complex (nonlinear or hybrid)
systems [1] by computing a simpler but over-approximated
system, i.e., to find an over-approximation of its original
dynamics f(-) by a simpler inclusion model f(-) and f(-) as
bracketing functions or framers, such that for all x in defined
domain, f(x) < f(x) < f(x). By design, abstraction models
must include all possible behaviors of the original system to
maintain properties of interest. For instance, to verify that
a given complex system satisfies certain properties, we can
test for the desired property on the abstracted simple system
which provides an equivalent or sufficient result as when
testing for the property on the original complex system.

Literature Review. Numerous abstraction approaches have
been developed for different classes of systems in the
literature, e.g., nonlinear systems [2]-[5], hybrid systems
[6], and uncertain affine and nonlinear systems [7], [8].
Two important classes of abstraction methods are symbolic
approaches [1], [9] and hybridization [2], [10]. In these
methods, the growth of the number of symbolic states and
inputs (or partitions) is exponential with state and input
dimensions. Thus, [11] presented a incremental method to
find abstraction by solving a sequence of linear programs
(LP) to overcome the scalability issue. In addition, when
the exact dynamic model is unknown, the abstraction can be
identified using data-driven approaches [12], [13].

Another specific interest of this paper is the model discrim-
ination/identification problem, which seeks to distinguish
between models based on the compatibility and consistency
of newly observed input-output data with the models using a
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model (in)validation framework [14], [15]. Multiple methods
to solve the model invalidation problem has been proposed
for various types of systems, e.g., linear parameter varying
systems [16], [17], nonlinear systems [18], uncertain systems
[8], switched auto-regressive models [19] and switched affine
systems [15], [20]. Further, given a pair of models, the notion
of T-detectability/distinguishability is introduced in [15],
[20] to analyze the distinction of these two models, which is
defined as the upper bound on the required time horizon
T to distinguish the model pair, if such a 7' exists. The
notion of T'-distinguishability is also related to state/mode
distinguishability in the literature for switched linear [21],
finite-state [22] and switched nonlinear [23] systems.

Contributions. In this paper, we propose a mesh-based
method to compute affine abstractions for a pair of different
nonlinear systems and to find the minimum guaranteed
detection time 7' such that the two abstractions with the
same sets of initial state and noise signals are guaranteed to
be distinguished within finite time steps 1" under worst-case
realizations of uncertainties and abstraction/modeling errors.
In contrast to existing two-step methods that separate the
processes of finding abstraction and analyzing distinguisha-
bility, e.g., [24], we propose a bilevel optimization problem
that, if solved, simultaneously provide the abstraction model
and required time horizon 7" to distinguish one model from
the other. To solve the bilevel problem, we rely on robust
optimization techniques [25] to obtain a single-level dual
problem. However, this problem involves bilinear terms
that might lead to intractability; thus, we further convert
the bilinear optimization problem into a sufficient linear
programming (LP) problem by a suitable change of variables.
To the best of our knowledge, this is the first work that
can simultaneously find abstractions for multiple different
nonlinear systems to maximize the “difference” between
the abstractions to facilitate model discrimination, e.g., in
fault detection and (intent) model estimation applications.
Finally, we demonstrate the effectiveness of our approaches
to distinguish pairs of 1D and 2D models.

II. PRELIMINARIES

Notation. We use R™ to denote a real vector of length
n, ZZ to denote a set with integers from a to b, I, to
denote an n-by-n identity matrix and 1 € R™ to denote
a vector of ones, i.e., 1 = [1,1,...,1]". Moreover, we use
vec(D;) to denote a row vector constructed by concatenating
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scalars/vectors D;. For a vector v and a matrix M, |v|, ||v]];
and || M ||; denote their component-wise absolute values and
their (induced) é-norms with i = {1, 2, co}.
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A. Modeling Framework

In this paper, we consider a pair of nonlinear discrete-time
system dynamics over a common domain given by:

Ti k1 = [i( @iy Wi k) + Wik, (D
Yik = CiTi g + Vi g, )

where the subscript ¢ € {1, 2} is used to refer to the different
models and z; , € & C R™ is the system state, w; , € W C
R™ is measurement noise linearly affecting the dynamics
and u;, € U C R™ is the known control input with a
bounded and closed interval domain . y; , € J C R™ is
the observation and v;, € V C R™ is the measurement
noise. We assume X, I/ and WV to be known bounded and
closed interval domains, with specifically ||w;rllco < T
and ||v; k|lco < 7y. The vector fields f; : X x U — R™ are
continuous functions. Moreover, (zs, us) € R™"*™ represents
a sample point, and a partition of the domain is denoted by
I £ X xU. The following definitions are introduced to define
a sample set M C X x U:

Definition 1 (Uniform Mesh, Mesh Elements, Grid Points
and Diameter [11]). A uniform mesh of each domain I is
a collection of polytopic partitions, called mesh elements,
with a total of Smax number of points, called grid points,
uniformly distributed along all directions and dimensions.
The diameter § of a uniform mesh is the greatest distance
between vertices of each mesh element.

Definition 2 (Sample and Vertex Sets). A sample set is the
set of grid points, denoted as M and by construction, the
convex hull of M is the domain I, i.e., I = Conv(M). The
set of all vertices of X is called the vertex set of state z,
and denoted as X,. Similarly, the set of all vertices of U is
called the vertex set of input u, and denoted as U.. Because
we are considering both X and U to be bounded, they both
are polytopes and have well-defined vertex sets.

For ease of exposition and to reduce notational burden, we
introduce the following assumption on the model outputs:

A1l. For the given nonlinear dynamics (1), each system has
full-state output with measurement noise, i.e., C = I.

Note that our proposed algorithm can be easily extended to
consider any linear matrix C' and/or more than two models.

B. Abstraction/Over-approximation

The abstraction model for f; for each ¢ € {1,2} is
defined as a pair of functions fi and f, which over-
approximate/frame the original function f;(-) : X xU — R"
such that V(zs,us) € M, fi(:rs,us) < filzs,us) <
fi(zs,us). Specifically, we aim to find an affine abstraction
model #H,; for each i € {1,2} with respect to (1) over domain
I £ X x U which is given by:

Azkxzk+szuzk+hzk+wzk<xzk+1

3
< A kxik + Biguig + hig + wi, )

where Ai7k, B, 1. b i Ai,k’ Bi,k and hi,k are (time-varying)
matrices/vectors of appropriate dimensions.

Remark 1. If desired, a global affine abstraction model H
can be found by further abstracting (3) in a post-processing
step (with given A; 1., B, 1, by i, Ai i, Bix and hiy, for k €
ZT71 and i € {1,2}) such that: A;x; +B;u; kthtw; g <
Alkxzk +szuzk +h1k+wzk < Ti k+1 < Azkxzk:+
szulk—i—hlk—l—wzk < A, xlk—ﬁ—B ulk—ﬁ—h + w; i, where
A, B, h;, A;, B; and h; are time-invariant matrices/vectors
of appropriate dimensions. Our future work will consider an
extension for directly finding global abstraction models HY.

In preparation for finding the affine abstraction for f;
(performed dimension-wise, i.e., for fi(j ), Vj € Z}), we rely
on the following definitions and proposition:

Definition 3 (Abstraction Error [3]). The abstraction error
of an affine abstraction model H; of a sampled nonlinear
Sunction fi(xs,us) over its domain I is defined as 0; =
Mmax(z,,us)eM I1fi(ws,us) — ii(zm Us) || o-

Proposition 1 ([26, Theorem 4.1 & Lemma 4.3]). Let S be
an (n+m)-dimensional mesh element such that S C R™*t™
with diameter § (see Definition 1). Let f(J :S > R bea
nonlinear function and let flj 9 be the linear interpolation of
f; (@ )( -) evaluated at the vertices of the mesh element S. Then,

the approxlmatwn error o defined as the maxzmum error
between fj and fz on S, ie, o = maxses(|f (s) —

(J)( )

(i) o <2 maxees ||/ (s)]|oo, if £} € C° on S,
(ii) o < M, if f; @) s Lipschitz continuous on S,
(iii) 0 < §s maxcg ||f’(J)( Vo if £ € CY on 8,
(iv) o < 162 maxses [ f9(s)]a. if 19 € C on 5,
where C°,C" and C? are sets of continuous, continuously
differentiable and twice continuously dlﬂerentlable functions
respectively, X is the Lipschitz constant, f'; @) (s ) is the
Jacobian of fi(j)( ), f”g“( ) is the Hessian of fi(] (s) and

05 satisfies 65 < %5.

), is upper-bounded by

Since this paper involves a pair of nonlinear functions f;
and f5, we denote their respective approximation errors with
o1 and o9 for the remainder of the paper.

C. Length-T Behavior

To solve the model discrimination problem, we utilize the
definition in [15] of the length-T" behaviors of the original
nonlinear model G and the abstracted model H:

Definition 4 (Length-7" Behaviors of Original and Abstracted
Models G; and H;). The length-T behaviors of the original
(nonlinear) model G; and affine abstracted model H; with
the model output governed by Assumption 1 are the sets of
all length-T output trajectories compatible with G; and H,;,
respectively, given by the sets:

BT(Gi) :={{un, y} 1= | Fwn € Xup €U,y €D,
wy €W, v €V, forke Z%il, s.t. (1)—(2) hold},
BT(Hi) ::{{uk7yk?}£:_01 | Ell'k; S X,Uk S uayk S ya
w €W, v, €V, fork €Z%_|, st (2)~(3) hold}.

Thus, by definition, BT (G;) C BT (H,).
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III. PROBLEM FORMULATION

When two nonlinear models, usually encompassing dif-
ferent behaviors of a system over the same domain, are
given, the problem that we aim to tackle in this paper is
to find an affine over-approximation of each of these models
such that there is some way to discriminate between these
abstractions when utilized. The discrimination solution using
the abstraction models is sufficient for the problem with the
original nonlinear models because BT (G;) C BT (H;) (cf.
Definition 4). For that purpose, we look into the concept of
T-distinguishability for model discrimination. Formally, we
define the problem we consider in this paper as:

Problem 1. For a given pair of nonlinear dynamics defined
in (1) with (x,u) € X x U, find affine abstractions H.,,
i € {1,2} of the form (3) for their respective f;(x,u) over
I, such that both H;’s are T-distinguishable for a minimum
T, i.e., find the minimum horizon T and H; such that:

N, BT (H:) = 0. 4)
To solve Problem 1, we will also consider a special case

of the problem, where we find the abstractions that are 7-
distinguishable for a specified 7.

Problem 1.1. Given a pair of nonlinear dynamics defined in
(1) with (z,u) € X xU, determine whether there exist affine
abstractions H;, i € {1, 2} of the form (3) for their respective
fi(x,u) over I, such that both H;’s are T-distinguishable for
a specified T, i.e., for a fixed T, determine if there exist H,;,
i € {1,2}, such that:

N:_, BT (H;) = 0. 5)
IV. MAIN RESULTS

In this section, we propose solution approaches that can be
used to solve Problem 1. Specifically, we start by leveraging
the concept of affine abstraction of the nonlinear functions
from [3], and combine it with the T-distinguishability con-
ditions for the abstracted models from [15]. The purpose
of applying the T'-distinguishability condition is to aid in
yielding affine abstractions of the pair of functions that
can be distinguished from each other within 7' time steps,
hence separating the two models, solving the second part of
Problem 1.

To design such an optimization problem, we first start
by fixing the horizon to an arbitrary 7'. Then, for the two
nonlinear dynamics (1), we first propose an optimization
problem to tackle the Problem 1.1 as follows:

Proposition 2. Given a pair of nonlinear systems of the
form (1) with initial state and input values bounded by
xg € Xy C X and ug € Uy C U, respectively, along with
Assumption 1, there exist time-varying affine abstractions
Fik = {?zmim} for each system i = {1,2} that are T-
distinguishable for a known T if the following optimization
problem is feasible:

. __min

A1,Ay Bk, By oh kb i

Z2,k’7A2,k7B2,k7§27k7h’2,k'7@2‘]91
01,02 ,¢

— e+ d(61 + 62)

480

subject to:
V((zs,us) € Mz, € Xeyue € Ui € {1,2},k € Zg“—l) .
Zi)k;flls +§i’kus +E7;;k7 Z fi(xsa Us),
_ Ai,kfs +§LEU‘5 +hi,k < fi({s, us),
(Aik=A; 1)Te + (Bik — By )ue + hig — by < 0;1,

YA min y>e (62)
ERTRTIER

subj. to: Yk € Zgi : B

Tpy1 < Ay gy + Bygug + hig + 01 + 101,

Th1 > Ay pTr + By pur + by — 01 — 1wl (6b)

Yrt1 < Ao xyr + Bogzg + ho g + 02 + 11,

Yk+1 = Az,kyk +§27k2'k +h27k — 02 — Nyl

Prxy < pr, Pryr < pr, Qrur < qr, Qrzr < gk,

|2k — Y| < (v + 2n0)1,
where d is an arbitrarily small scalar, x5 and us are values
at the grid points on the mesh M, and x. and u. are vertices
of the domain X x U. The matrix-vector pairs (Py, px) and
(Qk,qr) are polytopic representations of the domains X
and Uy when k =0, and X and U otherwise, respectively.

Proof. To obtain the abstraction H; of f;, it needs to fulfil the
property given in (3). Moreover, for the 7T'-distinguishability
condition with Assumption 1, the following needs to hold
for all k£ € Zng:

Trt1 < A1 gxr + Biguk + ha g + o1 + wi,

Trt1 > Ay g Tk + By guk + by — 01 — wg,

Y1 < Ao pyn + Bakzr + ho i + 02 + wy,

Yk+1 = Az,kyk + Bz,kzk + ﬁgk — 02 — Wk,

Prxy < pr, Poyr < pr, Qrur < Gk, Qrzr < ks

[Tk + v1k — Yk — vo.u] <L,
The above can be sufficiently described by replacing the
noise variables w and v with their bounds, resulting in:

Tipt1 < Arvgzr + Bigug + g + o1 + 0wl

T 2 Ay e + By puk + by — o1 —

Y1 < Ao pyr + Bokzr + hox + 02 + 1w, %

Yk+1 = Ag Yk + Bo g2k + o — 02 — N,

Prxy < pr, Poyr < pr, Qrur < g, Qrzi < ks

[we — yi| < (v +2m0)1,
where the objective is to minimize ~. But at the same time,
we want to find abstractions that maximize the minimum
v, giving rise to the condition max min -y, resulting in the
bilevel problem:

max € subj. to: € < min-y. (8)

Further, since the separating abstraction models may not
be tight, a secondary goal is to enforce tightness of H,; over
its corresponding f;, i.e., its abstraction error (cf. Definition
3) is to be minimized, implying:

_ii(xb‘aus» <0,
V(zs,us) € M.

Combining the constraints (3), (9), (7) and considering
the weighted sum of the costs in (9) and (8) in the form of
—e+d(61 + 62) with d chosen to be very small since tight-
ness is secondary to separation guarantees, the optimization
problem, by construction, solves Problem 1.1 if a solution to
(6) exists. L]

min 0; subj. to: (f;(zs,us)

€))
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Observing the optimization problem (6), it can be seen
that it is a bilevel problem that also involves bilinear terms
in constraints (6b), making it extremely hard to solve. To
obtain a tractable problem that can be easily solved using off-
the-shelf solvers, we first utilize robustification techniques to
obtain an equivalent single-level dual problem as follows:

Lemma 1. A robust dual of the solution in Proposition 2
takes the following form:
B _ min
Al,k'7A1,k7B1,k7§17k7h1,k’7@11191

Az, A5 1, B2k, By o h2,k,ky
01,02,¢

—€+d(91 +02)

subject to:
V((zs,us) € M, 2. € Xeyue € Uyt € {1,2}k € ZOTA) :

Zz kTs +§z kUs +Ei,k > fi(xsaus)a
A s + By gus + by g, < fi(zs, us),
(Az k— Az k)xc + (Bz k—

(10a)
B, p)ue + hig — by < 0:1,

(71 + 0 + 0y 1]

HT "2 S -6

C
R, 5{’1 0 (10b)
R, 0 -1
T 2 — T >

I c 0 0 0 0 1],II" >0,

0 G o]

where Ri, S1, Ro, C, G, 11, 0, 1o, ¢ and g are stacked
matrices and vectors defined in the Appendix.

Proof. Since the inner problem (6b) constraints involve a
finite time horizon 7', we can stack the constraint inequal-
ities over the horizon k¥ € Z! ! to obtain the following
inequalities for ¢ € {1,2}:

Mix+ﬂiu+ﬁi*51*7}wl goa
Mix—FNiU-Ffi—&i_nw]l <0,
Pz <p,Py<p Qu<gq,Qz<gq,

(11

where M, N,, F,, M;, N; and F; for i € {1,2} are the
time-stacked matrices defined in the Appendix and z, y, u

z and &; are stacked versions of the corresponding signals
defined as:

$=[%T»' ax}—]—rvu:[u(—)rv"' vu;‘rfl]—rv
y:[yg—f' ay;l“—]—rz:[z(;rv"' Z; I]Tv
5’1: [0-1(1)7"' aaz(T)] RnT VZE{l 2}

Now, as x and y correspond to state trajectories following
the abstracted dynamics of f; and f5 respectively, we further
stack the equations in (11) to obtain the following:

le-f—Sl’L_LSTl-i-O’-i-?]w]léfl,

12
Rot <ra+4l, CZ<c, Gu<g, (12)

where Ry, S1, m1, Ra, 2, C' and c are defined in Appendix
and 7, uw and o are defined as:

z=[",y | Ta=k"2""0=[],55]".

481

Rewriting the problem (6b) using the stacked forms in
(12), we obtain:

[00—1][96 a 7] < —¢, V[x al ﬂ € J(Ry,851,m1),
(13)
where
a _ 2 - _ 2
J(R1,51,7m1) =4 |1 c o0 o0 al| < ;
g o ¢ ol g
(14)

As all the constraints involved in (13)—(14) are linear in the
decision variables, applying duality theory from the robust
optimization literature, e.g., [25], results in a dual problem
given in (10b) with the dual variable II. O]

Note that the optimization problem in (10) still involves
bilinear terms in (10b). To overcome this, a suitable change
of variables is applied to obtain a sufficient problem that
is linear in the decision variables involved. The resulting
optimization problem is as follows:

Theorem 1. Given a pair of systems as nonlinear functions
of the form (1) with initial state bounded by xo € Xy C X
and initial control input bounded by uy € Uy C U, along
with Assumption 1, then, for a specified T, there exist time-
varying affine abstractions F; = {fzk,f ) for each
system i = {1,2} that are T-distinguishable lf the following
optimization problem has a solution:

~ min

Q156,21 1>V, k ¥ s

Q1,652 4 P2,k Py s

\IIQ,IC’QQ’]CSQ2,ITAQ2,]€7
ILe,ay,az

—e+d(ag + az) (15)

subject to:
V((zs,us) € M,xe € Xeyue € Ueyi € {1,2},5 € ZT Kk €
ZE 1

@), + W0, +9) <1 1, ),
50z, + T al) > ), 19 (2,0 u0),
@) — ), + (B — w9 )u, + ) - 09) < a1,
0 >0, @, =S80 w, =3 w0 0, =3 00,
n J=1 n J=1 n J=1

Ty =Y 30T, =Y 0 0, =307,

j=1 j=1 j=1

T

HL;‘}]@ > Oyﬁl,i,k > 07H2 Z O7ﬁ3 Z 03H4 2 O)HQT]l = 17

E4+IJ Ry +11]C=0,A+1I]G =0,
T-1 2
SN @k —Qip) < —e—T0 (0 +nu1) — I3 7y
k=0 i=1 —Mjc—11, g,
T =T =T
I = [EIDHLDEIWH1,27H;—7H;7HI
(16a)

where o is defined in Proposition 1 and =, A, Ro, C, G, o,
o, c and g are defined in the Appendix.
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Proof. Analyzing the dimensions of II in (10b), it is evident
that it is a column vector. Breaking it down into the form:

g I 105, 104, 10 |
=T =T
Hila Hl,hHIZa H1,27 H;, Hl;rv HI:| ’

where each {Hii,ﬁ;} for i € {1,2} can be further
expanded as follows:
Hirz - [HI1 0077

Hl [H1107"

H“T J I, €RY, VE € Z) T,

H“T DIk €R™, VE € 2T
(17)
Then, expanding the first constraint in (10b), we obtain:

’L

I 7 + T rg + 15 ¢+ 11, g < —e. (18)

In (18), the first term is the only term that is bilinear. Taking
it and expanding it further using matrix definitions from the

Appendix, it takes the following form:
T-1 2

Zznlvkhlk lekhzk)+H1( +77w]1)-
k=0 =1

Hl 7‘1

Observing the two bilinear terms in the above equation, let:
e} T
Q’Lk_lek}h’Lka z}c_lekhzk

With the above change of variables, the algebraic manipula-
tion of the inequality (18) results in:

— 2
ZZQ fzk)+H1(0+77w]l)+H2T2+H30
k=0 1 +H4g<

19)
which is linear in all the variables involved.
Similarly evaluating the second constraint in (10b) with
the following change of variables:

q)lk_lekAzka m—HLkA
Vi 210, ; 4 Bik, q’zk—nlzkﬁzka

we obtain the following set of inequalities equivalent to the
second constraint in (10b):

E4+M) Ry +T,C =0, A+TI;G=0, TI; 1 =1, (20)

where = and A are given in the Appendix.

Although originally II;, being a part of II, is non-negative
in the problem (10), but due of the proposed change of vari-
ables, to avoid trivial solutions, we additionally require II;
to be strictly positive, making our approach only sufficient.

Furthermore, based on Equations (17), let us represent

I (4
each scalar component of II, ; ; and II,;x as LI}’ , and

ﬁ?fk respectively, where j € Z7. Using these scalars to
scale the abstraction constraints in (10a) for each row j € Z7
and 7 € {1,2}, we have

—(9)
zkuS

+H&ﬁ%
(
) Hljz kf (xSvUS)v
) A, 10 B+ 1100
<H11kf (J]S,’LLS)-

H(ljz) kAz kxs H(1Jz B

21

482

Replacing the bilinear terms with:

@Qﬁmméﬁgﬂéﬂﬂﬁﬁ7
v e BY, w9 e nl) o)

the constraints (21) take the following form:

J)

k
J)
ik

(I)(J)JJ + \II(J)U + (o)

< H(lj,-z?,kfi(j)(xsv u5)7
(I)(J) 5+\Il(j) )

> 1Y), £

(
= (22)
For the third constraint in (10a) that governs abstraction

tightness, we start by breaking it down into two sets of
sufficient constraints for i € {1,2}:

A9z + B, + 1Y) < i, (232)
—AE?) —BYu.—hY) < (1-a)0il,  (23b)

for some arbitrary scalar a satisfying 0 < a < 1. Multi-
plying j-th row of (23a) and (23b) with ﬁ(ljl)k and ng 2 &
respectively, and then adding them, the following expreséibn
is obtained:

2o+ (B) — W) yu, + @Y — )

< (allY), + (1 —a)u1¥) )1

Asa>0, (1—a)> 0,1}, >0, 1)

use a; = (a ngl rH (- a)ngz? «)0i where a; > 0, resulting
in the following form:

Jae + (

x > 0and 6;, we can

J) \1,5112

kT v;

(I)(J)

!
((bz k

(24)

Lastly, 5“6, D, ks ﬁz}k’ Y, ko ﬁlk Q, . also algebraically
form the following relationships:

(J) (4)
(Dzk—H17,kAzk—ZH17,k zk_zq)zkﬂ
j 1
(I) k_HlleAzk_anzk:Az(?) Znglz’
j= 1
T I’ B H(J) B(J) \IJ(J)
i,k = M1k ’Lk_z 1,i,k zk_z i,k
gt (25)

>4t
I 1

— —T = —() —@

QiJc = HLi,khi,k = anjz)khz]lg = ZQz k>
j=1

=§2®$

=1

T .
gi,k = Hl,i,kﬁi,k = Zﬂﬁ)kﬁf]ﬁ =

Qi =0, by = D 17) A
j=1
Combining (19), (20), (22), (24) and (25), along with the
relevant bounds on the decision variables, the constraints
(16a) for the proposed design problem are formed.
The cost function, after replacing the terms involving 6;
with oy, then becomes:

D(e,ahag) = —€e+ d(a1 + 0[2).

O
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Fig. 1: Abstraction obtained for the 1D dynamics for k = 2.

If the solution of (15) exists, the parameters of the ab-
stractions can be extracted using the following equations:

— () (R0 (J (J) J
Azk:_ zk:/lelezk: z,k/lelw ik — k/lek’
420 = 30/, B9 - w0/, 18 - %)

where ngz x and ngl) . are scalars.

On its own, the existence of a solution to the proposed dual
sufficient problem in (15) can guarantee that the obtained
abstractions H;, i € {1,2} of the two nonlinear models are
distinguishable within the specified 7', solving Problem 1.1.
Then, by performing a line search over 7', abstractions H,,
i € {1, 2} that are T-distinguishable with the minimum guar-
anteed detection time 7" can be obtained, solving Problem 1.

Remark 2. Starting from T 1, incorporating a line
search on T’ and solving the design problem in (15) for each
increasing 'T', abstractions H; with minimum T'-detectability
can be found, solving Problem 1.

V. SIMULATION EXAMPLES
We apply our proposed approach on some illustrative
examples, where all optimization problems are implemented
in MATLAB® 2020b and solved using GUROBI 9.0.3 [27].

A. 1D Model Pair

In the first example, a pair of illustrative discrete-time 1D
models are considered:

= fi(zr) =1+ 0.1(zx — 5)* — cos(2n(z — 5)),
(z + 6)
= = 1 —_—
Jalw) =1+ =500
where the state for both models is bounded by z € [0, 5.1].
The process and measurement noise bounds are set as 7,, =
0.1 and 7, = 0.01. Evaluating the abstractions of the given
functions using Theorem 1, with a line search over T' with
the aim to have the smallest guaranteed detection time 7T,
results in the model abstractions as shown in Figure 1 with
the abstractions being 3-distinguishable, i.e., with T},,;, = 3.

Tk+1

That — cos(x + 6),

B. 2D Single-Arm Manipulator Model Pair

For the second example, the nonlinear models taken into
consideration are different forms of a single-arm manipulator
system with the states as x [0,0]", representing the
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Fig. 2: Abstractions for the first state of the 2D dynamics.

The (middle) white surface is the function f7, the (top) blue

plane is H, + o, and the (bottom) red plane is H; — o03.
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Fig. 3: Abstractions for the second state of the 2D dynamics.
The (middle) white surface is the function f5, the (top) blue
plane is Ho + o5 and the (bottom) red plane is H, — o02.
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angular position and angular velocity of the arm respectively.
The first model is a simple pendulum with a discrete-time
model given as:

r)

where T, = 0.01 is the sampling interval/period. For the sec-
ond model, a 1-link robot arm with the following dynamics
is considered:

Tht1 = {ék — (5.28sin0), + 7.90,e~ 19 +1.326),)

O, + ékTS

Tht1 = {ék + (10 5costy, — 100,,e%! — ﬁoék)Tj ’

where T; = 0.01 is the sampling interval/period. For both
models, the states are bounded by = € [—7/2,7/2] x [-7,7]
and initial state bounds are = € [—n/4,7/4] x [-3.5,3.5].
The process and measurement noise bounds are set at
lw]loo, [|v]loe < 0.1. Solving the design problem (15) with
increasing values of T starting from 7' = 1, the abstractions
obtained are shown in Figures 2 and 3, with the models being
1-detectable, i.e., T},in = 1.

VI. CONCLUSIONS

This paper proposed an optimization-based approach to
solve the problem of finding abstractions of two functions
that are guaranteed to be distinct from each other. The notion
of T-distinguishability is used to enforce the distinction and
the resulting algorithm is a sufficient linear programming
problem, from which the abstractions can be obtained. Our
proposed approach allows for linearization/model reduction
of a class of systems that have different nonlinear behavioral
models for easy distinction. Viable paths to explore in the
future are to consider nonlinear system outputs, as opposed to
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linear outputs considered in this paper, as well as to consider
piecewise abstractions for each model.
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APPENDIX

Time-stacking the expressions in (6b) results in the fol-
lowing terms for i € {1,2}:

Ai,o I, 0 .. 0
A I . : Po
Mi = 0 =il o . ' P = )
. ... .. .. 0 pT
0 . 0 Ay —In
B,y 0 0
hi o
ﬂi = 0 Qi’l 3Ei = . 5
0 ﬁi,T—l
07 0 Ei,T—l
Ao I, 0 0
_ qo
Mi = _AiJ In ,q = )
B e 0 qr-1
- 0 ot 0 _Az,Tfl -In
Bio 0 0 .
_ —hio
Ni - 0 Bi,l afl = )
B _ 0 Ei,T—l
0 0 Bir
P 0 .. 0 Qo 0 .. 0
p=|0 ~ ,Q = 0 @
S N N
0o --- 0 Pr 0o --- 0 Qr_:

Further, stacking of the inequalities in (11) results in the
following matrices and vectors:

M, 0 N, 0 -L
| o Mo | -F
Rl_ 0 gz 7Sl_ 0 QQ ,T1 = _EQ )

0 M- 0 No —F3
_ InT —InT _
R2 R nT InT T2 = 27711]17

e=[s o= (8 &=l [

Finally, expanding II] R; and II S; in the second con-
straint in (10b) yields the following row vectors, respectively,
after substituting the appropriate change of variables intro-
duced in Theorem 1:

IR =E=[(§ -E1)
ISy =A=[(A - Ay
where, for i € {1,2}:

== E@é(gﬁg) 0} - [0 %gé(ﬂizk)] A =zf§gl(%,k),

- [T-1,= T—1,—T T,

=, = |vec (T, @—@ Il.yiz T,
[vec (@) vec (Il i) | Ai = vec (Vi)
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