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Thresholding in Set-Membership Approaches to Fault Isolation using the
Minkowski functional

Gustave Bainier®*, Benoit Marx®, Jean-Christophe Ponsart®

@ Université de Lorraine, CNRS, CRAN, F-54000 Nancy, France,

Abstract

In the context of model-based diagnosis of dynamical systems, this paper introduces the Minkowski functional
as a new analytical thresholding tool for a generic set-membership approach to FDI. This tool formalizes
the threshold computation problem as a function upper- and lower-bounding problem, and provides non-
specific inequalities that can be applied to residual signals for real-time system analysis. In particular, this
paper provides two new characterizations of the linear transformation of a smooth convex set based on its
Minkowski functional. These results are then illustrated by computing several thresholds to residual signals.
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1. Introduction

1.1. Context of the study

disturbances w(t) | |faults f(t)

u(t) y(t)
system
L residual
generator | residuals r(t)

Figure 1: Residuals generation architecture.

Given a monitored dynamical system for which a mathematical model is known, fault diagnosis consists
in identifying the faults occurring in the system, its sensors, and its actuators, by analyzing - for example -
the discrepancies between the measured inputs and outputs of the system and their expected or estimated
behaviour. This task has been approached both by the control theory community using Fault Detection
and Isolation (FDI) techniques, and the diagnosis (DX) community, by relying on artificial intelligence tech-
niques. Although this work focuses on techniques from the FDI community, it is worth mentioning the
pioneer works of the DX community [48, 41, 19], as well as more recent works bridging the gap between the
two communities [26, 12, 61]. In order to achieve fault diagnosis, residual signals are generally generated by
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numerically checking the consistency between the inputs and the outputs of the system onto a single vector,
measurable in real-time, nominally centered at the origin, and which diverges from it in case of discrepancies
(Figure 1) [25, 39, 27, 13, 21]. From these residuals, the fault diagnosis process is generally handled in three
steps: fault detection (detect if at least one fault is active), fault isolation (pinpoint which set of faults is
active) and fault identification (evaluate the magnitude of each occurring fault). One obvious way of per-
forming fault diagnosis consists in leveraging physical redundancy in the sensors and actuators monitoring
the system (e.g. using triplex sensors), but these solutions usually require costly extra equipment, hence
analytical redundancy methods are often preferred. After some pioneer works in aerospace engineering [20]
and chemical engineering [34, 56], several analytical residual generating methods have been developed in
the literature for both linear and nonlinear systems. The most well-known schemes include the parity space
approach [14, 39, 28] and the use of diagnostic observers [54, 6, 24, 39]. Of course, the residual signals
obtained through these methods are affected by the system’s parametric uncertainties (such as modeling
errors) and exogenous disturbances (such as measurement noise), and one of the challenges in performing
fault diagnosis is to distinguish the unavoidable noise in the residual signals from the signature of an actual
fault affecting the system, while taking into account its parametric uncertainties.

Usually, the presence of noise and parametric uncertainties are handled in two ways [25, 27, 21]:

— firstly, by minimizing or even canceling their influence on the residual generation through some ro-
bustness techniques (the active approach);

— secondly, by processing the residual signals with consideration for the statistical influence of the noise
and of the uncertainties (the passive approach).

However, identifying a probabilistic model of the noise and using it with consideration for the parametric
uncertainties of the model is generally a difficult task which limits the applicability of the statistical methods
of the passive approach. This obstacle has led to the development of so-called set-membership (or bounding)
approaches, where the passive step is achieved through the construction of an adaptive threshold on the
residuals which only relies on the knowledge of the noise and uncertainty bounds [36, 17].

The difficulty common to all set-membership approaches - which also includes reachability analysis, ro-
bust Model Predictive Control (MPC) and state estimation - concerns the computation of the bounding sets,
which are generally hard to compute exactly, especially in real-time. In the literature, geometric results are
generally leveraged to characterize their inner- and outer-approximations. The usual method consists in
approximating all the sets of the problem by convex sets of a convenient class: orthotopes in the case of
interval analysis [1], including interval observer techniques [35, 46, 22]; ellipsoids [31, 49]; parallelotopes [44];
zonotopes [40, 10, 43, 11]; polytopes [9], sometimes considered as constrained zonotopes [55, 45]; or more
generic convex shapes, represented using hybrid zonotopes [16, 7] or constrained convex generators [57, 58].
Dedicated algorithms are then used to compute the exact representation of the sets of interest, or at least
some inner- or outer-approximations when the exact sets cannot be easily computed. The classes of convex
sets and their representations are chosen depending on the system and the task at hand, as a trade-off
between their geometric accuracy and the efficiency of the algorithms associated with their representation.
These set-memberships techniques have sometimes been merged with results from the probabilistic paradigm
mentioned earlier, to enhance their efficiency [38, 5, 15].

Although less common in the literature, there already exist generalized set-membership approaches,
which usually rely on the support functions associated with the convex sets of interest [32, 47]. Under
these generalized approaches, very little structural properties are assumed on the sets of interests, leading
to interesting unified results applicable to all other techniques. This present work falls under the category
of these more generalized frameworks.

1.2. Contributions
This paper is an attempt at providing a unified set-theoretic thresholding perspective to FDI, and at
establishing results that can be applied to a large class of set-membership approaches, with a possibly higher
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degree of accuracy than, for example, by only using ellipsoids. The idea is to establish a flexible framework
to the manipulation of convex (or even star-convex) sets, allowing for easier combinations of the already
existing set-membership approaches to FDI, while unifying them to a new degree of generality. This paper
does not aim at competing with these already existing methodologies, but rather complements them by
offering an alternative and unified analytical point of view to represent the sets of interest, similarly to
support functions. All algorithm dedicated to special classes of convex sets remain applicable under the
proposed methodology, and can be enhanced by leveraging the generic results found in this paper.

To this end, this paper introduces a tool from order theory: a (upper semi-)lattice structure; as well
as a tool from convex analysis: the Minkowski functional (or Minkowski function, or gauge function). The
Minkowski functional has already gained popularity for the control of dynamical systems due to its practi-
cality, in particular to find so-called Minkowski-Lyapunov functions demonstrating the stability of ordinary
differential equations [29, 8, 47]. The authors also believe that these functions are convenient in the context
of set-membership approaches, and in particular for FDI, since the Minkowski functional of a set often
provides a way to describe this set using a single inequality, which can very easily serve as a threshold that
can be scaled up or down. More generally, the Minkowski functional of a set S possesses algebraic properties
linked with the geometric properties of S which are interesting to know in the context of a set-membership
approach. However, as far as the authors are aware, its use has not been adopted in a FDI context yet,
and could be very well-suited to complement already existing set-membership approaches, in particular the
generic approaches relying on support functions.

The main contributions of the paper are listed hereafter:

— The (upper semi-)lattice is introduced as a tool from order theory to isolate the fault occurrences of
a system.

— The Minkowski functional of a set is introduced as a thresholding tool, which can represent a set
implicitly through a simple inequality. The evaluation of the Minkowksi functional gives an intuitive
measurement of the extend to which a set-membership relation is verified. This evaluation is introduced
later in this document as the Minkowski signal associated with the set-membership relation.

— The usual operations of union, intersection, Minkowski sum and linear transformation of convex sets
are investigated under the lens of the Minkowksi functional.

— The expression of the Minkowski functional is leveraged to obtain analytical criteria on the minimal
fault magnitude guaranteeing its isolation.

Although the union and intersection operation are easily dealt with, the Minkowksi sum and the linear
transformation of sets represented by their Minkowski functional remain challenging to obtain without relying
on pre-existing algorithms dedicated to special classes of convex sets. Some inner- and outer-approximations
are nevertheless obtained to approximate the Minkowski sum of convex sets, and a tight result is obtained for
ellipsoids. Similarly, two methodologies to analytically characterize the linear transformation of a convex set
are derived. The opposite properties are found for support functions associated with convex sets, where the
union and intersection set operations are difficult to handle, contrary to the Minkowski sum and the linear
transformation which are easily dealt with. These properties probably explain the prevalence of the support
functions in the set-membership literature. The support function of a set is however not well-adapted for
thresholding purposes. Both tools are complementary in this regard. As a matter of fact, the Minkowski
functional of a compact and convex set is the support function associated with its polar set [53, 47].

The paper is organized as follows. Section 3 presents a highly generic set-membership approach to FDI
for residuals following an uncertain linear internal structure (a notion introduced in Section 3.1). Section 4
introduces the Minkowski functional as a practical tool to compute inner- and outer-approximations of the
sets manipulated in the set-membership approach described earlier, and to generate Minkowski signals from
the residuals, which are easily thresholded. In particular, Section 4.3 provides two analytical characteriza-



tions of the linear transformation of smooth convex sets. Section 5 illustrates the described methodology
with an academic example. Finally, some conclusions and perspectives are discussed in Section 6.

2. Definitions, Notations

R, R, R-, and R>, denote resp. the field of real numbers, RU{—o00, 400}, and the intervals (s, +00) and
[s,4+00). {z} denotes the singleton containing x. U, N, \, @ stand resp. for the union, the intersection, the
set difference, and the Minkowski sum between sets. C and C stand for the strict and non-strict inclusion.
() denotes the empty set. Given two sets S; € R™, So € R™, and M € R™*™ a matrix with m rows and
n columns, —S; = {z : —z € S}, hull(S;) stands for the convex hull of S;, MS; stands for the linear
transformation of S; by M, and for all x € {U,N,\,®}, S; *p So = Sy x {x € R* : Ma € Sp}. intr(S;),
cls(S1) and 9S; denote respectively the interior, the closure and the boundary of S; in R™. tS; denotes the
scaled set {z € R" : z = ty,y € S1}. The sets of symmetric definite positive real matrix is denoted S; *(R).

Given two vectors z,y € R™, (z|y) stands for the usual inner product of the Euclidean space R™. Let
V be a linear subspaces of R”. V1 denotes the orthogonal complement of V in R”™. dim(V) denotes the
dimension of V.

[-,-] stands for the integer interval. # stands for the cardinal. P, stands for the power set of [1,n],
and for all Z C [1,ny] (i.e. Z € Py, ), Z £ [1,ns] \ Z. Given two positive integers m,n, () stands for the
binomial coefficient. V and A stand resp. for the logical “OR” and “AND”.

Given f,g two maps, f o g denotes their composition, f~! denotes the inverse of f, and Vf denotes
the gradient of f. Let M represent a linear transformation from R” to R™. Im(M) and Ker(M) denote
respectively the image and the kernel of M. This document identifies M with its matrix representation in
the standard basis. M, M~! and M' denote resp. the transpose, the inverse, and the MoorePenrose
inverse of M.

3. Set-membership diagnosis

After introducing in Section 3.1 the internal structure of the residual that will be studied throughout
this paper (Definition 3.1), it is recalled in Section 3.2 how the set-membership approach to diagnosis
deals with the question of fault detection using the Direct Image Test (Theorem 3.1), and then a generic
extension of this approach to fault isolation is suggested in Section 3.3 by leveraging some order theory
results (Theorem 3.2). For now, these results are stated using an all-encompassing set-theoretic framework.

3.1. Residuals internal structure
The residuals synthesized for system diagnosis can be written under two forms [27]:

— their computational form, giving their relationship to the measured signals used in their calculation;

— their internal form, giving their relationship to the noises and faults affecting the system.

It is assumed that the computational form of the residuals provides a vector of signals (6, t), with 6 denoting
the time varying parametric uncertainties of the system, and where r(0,t) = 0 is verified in a noise- and
fault-free context.

This paper focuses on the set-membership approach to diagnosis schemes where the residuals follow an
uncertain linear internal structure. This structure is introduced in Definition 3.1 below.

Definition 3.1 (Uncertain linear internal structure). The residual signal r(8,t) € R"" is said to follow an
uncertain linear internal structure if its internal form can be written as:

nyg

0,6 = Y W0, u(t) + Y Fi6,0:(0) (1
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with w;(t) € W; C R™:i the bounded noises affecting the residual signals, f;(t) € F; C R™: the potential
faults to be detected, 6 € © C R™ the time-varying uncertainties of the system, and W; € R™r>Mw;,
F; € R™*"fi uncertain time-varying matrices. Let Q(t) C © denote the bounding set for the uncertainties
0 of the system at time t. The union over all the uncertainties 8 € Q(t) of the residual signals is referred to
as the residual set and is denoted R(t):

Rty & |J {r(6.6)} (2)

0eQ(t)

This structure is common among residuals obtained for Linear Time Invariant, Time Varying, and
Parameter Varying (LTI, LTV, LPV) discrete-time systems. In particular, residual signals following this
internal structure can be obtained with parity space approaches or some simple diagnostic observer designs
[27, 39, 40, 11]. Note that this structure can also be leveraged for residuals with a more complex internal
structure by means of linearization, or by considering the residuals’ internal nonlinearities as new parametric
uncertainties.

Remark 3.1. Despite (1) being an instantaneous expression, delays on the disturbances, on the faults and
on the time-varying components of the matrices are not difficult to handle by considering w;(t) = w;(t — 1;),
fl(t) = fi(t—7), V~Vi(9,t) =W;(0,t—7;) and Fi(ﬁ,t) = F;(0,t—7;), with 7; > 0. However, if the parametric
uncertainties 6 € Q(t) are also time-varying and subject to delays, the residuals analysis can become more
challenging, and some assumptions on the variation rate of 6 may become extremely useful to approximate
the bounding set Q(t).

Remark 3.2. The choice of writing the residuals in the form (1) might be surprising, as they can be simply
rewritten as the uncertain linear transformation of a single fault and noise vector. The sums are introduced
in order to distinguish between several types of additive faults and noises (actuator, sensor, or parametric
faults and noises), at potentially different instant of the past. Moreover, the faults and noises are assumed to
be vectors instead of scalars in order to limit the number of terms in the sums, hence reducing the complexity
and conservatism of the FDI methods described in this paper. The model described above contains in fact
My scalar noises and my scalar faults, with:

Ny

TLf
My éznww mg éani (3)
=1 =1

Example 3.1 (Parity Relations [40]). Considering the following uncertain discrete-time linear system:

41 = A(@)xy + B(O)uy + G1(0) fr + V1 (0)w, (4a)

where x; € R™ s the state of the system, § € © C R™ is a vector of parametric uncertainties, us € R™ is
the known input vector, y; € R™ is the measured output vector, f € F C R™ are potential faults to detect,
and wy € W C R™ are the bounded noises affecting the system. In the following parity space approach, 6
is assumed to be a constant and unknown uncertainty at a horizon of h time steps. It is moreover assumed
that an estimation of 0, denoted 0, is known. The residual r(0,0],t) is a vector signal with the following
computational and internal form resp.:

r((0,01,4) 2 N @) (Y - Tu(O)U:) (52)
r(16,0),8) = N(9) (OO)z + Tu(O)We + T4 (0)F, + (Tu(0) ~ Tu(d)) U (5b)
with for all (Z,z) € {(U,u), (Y,y), W,w),(F, )}, Ze = (2, ... 2z )T, and where the matrix N is



synthesized such that N(0)O(0)x; ~ 0, with

D 0 Vo 0
r,=| ¢ . r,=| )
_CAh:—lB CB D CA’L:‘lVl Vi Vs (6)
TG 0
T L o=[CT [cA ... jca |
_c*Ah:*lG1 e 6

where the dependence on 6 or 8 has been omitted for concision. The residual v follows the uncertain linear
internal structure introduced in Definition 3.1 if N(0)O(0)zy and (T (0) — T'w(0))U; are assumed to be
bounded noise signals.

Example 3.2 (Luenberger observer [24]). The system (4) is considered once again, but 0 is now assumed to
be an uncertainty measured in real-time. The Luenberger observer (7) is designed with a matriz L € R™=*™v
chosen such that the system generating the state estimation error e;11 = (A(6;) + LC(0:))es is globally

asymptotically stable.
Tep1 = A(0r) 2 + B(0r)ue + L(ye — C(61) 2 — D(0r) ) (7)

A residual v([0,0:—1],t) can be obtained with the following computational and internal form resp.:

([0, 01, 1) 2y — C(0:)2: — D(0r)us (8a)
r([0r,0i-1],t) =C(00)[A(Or—1)(wi—1 — B4—1) — Lr([0—1,0i—2],t — 1) + G1(Os—1) fr—1 + V1(0—1)wi—1]
o+ Ga(00) fir + Va(0r)we (8b)

The residual v follows the uncertain linear internal structure introduced in Definition 3.1 if the state esti-
mation error (xi—1 — &t—1) and the residual at the previous time-step r([0i—1,0:—2],t — 1) are assumed to
be noise signals, with bounds that can be evaluated recursively, e.g. using set-membership state estimation

[54, 6.

Remark 3.3. From now on, the time-dependence in r(0,t), R(t), W(0,t), w;(t), F(0,t), and f;(t) is
omitted, resp. r(0), R, W (), w;, F(6) and f;.

3.2. Fault detection

As discussed in the introduction, fault detection consists in performing a consistency test to a monitored
dynamical system in order to detect if the system is subject to at least one occurring fault. In a fault-
free context, a residual r(0) following the structure (1) is only affected by noises, and belongs to Ry, a
finite Minkowski sum of uncertain linear transformations of the sets (W,)1<i<n,,. Knowing precisely these
bounding sets, the set-membership approach provides r(f) € Ry as an elementary consistency test across
all uncertainties 8 € ©, where Ry is the set of all the residual values possibly due to the noises, defined by:

Ro £ EPWi(0)W;, and Re £ | J Re (9)
=1 6€O

The boundary of Ry can be considered as an ezxact or clear-cut threshold for fault detection, since it provides
the sharpest criterion to detect a fault which also avoids any false detection. Checking if the residuals verify
Ugeco(r(0) \ Re) # 0 in order to detect a fault is usually called the Direct Image Test (DIT) [43, 62], and it
relies on the following property:



Theorem 3.1 (Direct Image Test). Considering that the following statement holds:

Vie[l,ng],fi =0=V0€0O,r(0) € Ry (10)
the contrapositive statement provides:

30 €0,r(0) ¢ Ry = Fi € [1,ng], fi #0 (11)

which is to say: if there exists an uncertainty 0 € © for which the residual 7(0) does not belong to the set
Reo (or more succinctly, if Upeo(r(0) \ Re) # 0), then at least one fault has occurred in the system.

Remark 3.4. Note that no internal model of the faults influence on the residuals is leveraged at this point,
hence this fault detection scheme can be applied to any residuals signals for which the influence of the noises
on the residuals reduces to the internal structure (1) in a fault-free context.

Remark 3.5 (Robust Direct Image Test). This test is not equivalent to checking if (Useo 7(6))\(UgcoRp)) =
R\ Re # 0 (with R defined in (2)). This later test, although not as sharp as (11), is still interesting as it
does not require to know which uncertainty 0 is responsible for each residual in R, which is often the case
in fault diagnosis schemes. This paper refers to this latter test as the Robust DIT (RDIT).

The DIT still works using inner-approximations of © or outer-approximations of Rg. In particular, the
literature sometimes evaluates ((t), an estimated set of values for 0 at time ¢ (such that Q(t) C Q(t) C ©
in (2)) using some additional assumptions on 6 (e.g. known dynamic, bounded rate of variation, partial
estimation, etc). The DIT described above is then performed with this set estimate in order to detect a fault.
This approach is sometimes called the inverse image test, where the term inverse refers to the dynamical
construction of Q(t), which can involve the computation of the pre-image set of some output signals [43, 62].
This paper will mainly focus on DIT, but its extension to inverse image tests is possible as long as residuals
of the form (1) can be constructed. In that case, instead of ©, the set ((¢) should be considered.

3.3. Fuault isolation

Following the ideas previously introduced, checking what are the occurring faults in the system can again
be achieved by means of consistency tests. Moving forward, P,,, stands for the power set of [1,n;], i.e. the
set of all the subsets of [1,ny], and for all Z C [1,ny] (ie. Z € Py,), T = [1,ns]\Z. Assuming Z € P,,, a
list of potentially active faults indices, the obtainable residuals are given by the set Ry 7 defined hereafter.

Definition 3.2 (Feasible set). The feasible set Ro 1 is the set of residuals obtainable with T € P, a list of
potentially active faults indices. The residuals structure (1) provides:

Roz = Ro® (@ Fz‘(@ﬁ) cand Rez = | Rox (12)

i€l 0€e

where it is considered that Ry g = Re in a fault-free context. The collections of all the feasible sets are
denoted FSy and FSg, with:

FSy2{Ryz:T€P,,}, FSo2{Ror:IcP,,} (13)

It is easily verified that there are #FSy = 2™f feasible sets, hence their calculation can rapidly become
computationally heavy, especially over all uncertainties 8. Moreover, in a faulty situation, the fault isolation
process has to discriminate between all the feasible sets containing 7(6) in order to estimate the list of
possible active faults. This task is difficult, and to the authors’ knowledge, the literature has only tackled
this problem for specific fault isolation schemes. In particular, fault isolation has motivated the design of
Dedicated and Generalized Observer Schemes (the DOS and GOS architectures) [24] and the use of struc-
tured residuals and fault matrices [28]. Leveraging some tools from order theory, this section provides a
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Figure 2: Hasse diagram of the lattice (P3, C) in relation to the inclusion hierarchy of the feasible sets FSg.

straightforward and all-encompassing procedure to fault isolation, which generalizes the DIT discussed pre-
viously.

As a first observation, one can notice that the inclusion hierarchy of the feasible sets (13) contains at least
the same lattice structure as the power set P, taken with the inclusion C as a lattice ordering (Figures 2
and 3). This is formalized in the following property.

Property 3.1 (Order structure of the feasible sets). Let F'Sy be considered with the partial order < defined
by Roz, = Roz, if and only if Ty C Ip. (FSy, <) and (Py,,C) have an isomorphic lattice structure.
Moreover if 0 € F; for all i € [1,ns] (i.e., each fault can be null), then:

V11,23 € Pp;, Roz, 2 Roz, = Roz, € Roz, (14)
meaning =< is only a restriction of the partial order C on FSy.

Proof. The map ¢ : P,,, — FSy defined such that for all 7 € P,,;, ¢(Z) = Ry z, is by definition an order
isomorphism, and order isomorphisms preserve lattice structures, hence, since (P, C) is a lattice, then
(FSp, <) has an isomorphic lattice structure. Moreover if 0 € F; for all ¢ € [1,ny], from equation (2) and
by definition of the Minkowski sum, (14) holds, and ¢ is an order homomorphism between (P, ,,C) and
(FSg, ©). O

Remark 3.6. This property is easily extended to FSg (Figure 2).

Remark 3.7. Notice that the reciprocal to (14) is not verified in general, since non-trivial inclusions such
as Rg 23 € Reo (1,3 can hold true in practice. Hence, even if (FiSg,C) contains at least the lattice structure
of (Py;,C) by restriction to (FSp, =), it is not necessarily a lattice itself (Figure 3).

As discussed previously, the DIT described in Theorem 3.1 can be generalized to the feasible sets (13).
In that case, in order to prove that at least one fault of index ¢ € Z has occurred in the system, one must
show that a residual 7(6) does not belong to the feasible set which has the complement of Z (denoted Z) as a
list of potentially active faults. Succinctly, there must exists a 6 € © such that r(6) ¢ Ry 7 to demonstrate
that one of the fault of index ¢ € 7 is active. Contrary to the DIT to fault detection, all sets of potentially
active faults Z € P, have to be considered, and the question of which elements of P, verifying the DIT
provide the most meaningful results must be raised. It is shown below that the sets of FSy satisfying the
DIT follow an upper semi-lattice structure [18], where the strongest statements about the system’s faults
are found at the bottom of the semi-lattice (Example 3.3 illustrated by Figure 4).
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Figure 3: Hasse diagram of the lattice (FSp, <) (on the left) and of the partially ordered set (FSg,C) (on the right) with
ny = 3, where the non-trivial inclusion Ry (23 C R, (1,3} is verified.

Theorem 3.2 (Generalized Direct Image Test). If 0 € F; for all i € [1,ny] (i.e., each fault can be null),
then, the DIT set defined below is an upper semi-lattice with inclusion taken as partial order.

DIT = {I €P,, : WeO st r(b)¢ jo} (15)
Denoting P; with i €, [1,n¢] and Qr with T £ {i1,...,i,} € P,,, the following statements:

P; £ [f; # 0] : “ The i-th vector fault is active” (16a)
Qr= P, V-V P;, : “ At least one of the ii-th, ..., i,-th vector fault is active” (16b)

the DIT set demonstrates that the statement /\IeDITQI holds true. Moreover, the following equivalence
holds:

N\ Qz]« N Qz (17)
1eDIT Tem.(DIT)
where me(DIT) stands for the sets of minimal elements of (DIT,C). These elements belong to P, and

summarize all the information about the faults’ activity that can be deduced from DIT.

Proof. This proof is split in three parts. First, (DIT,C) is shown to be an upper semi-lattice. Then
AzeDIT @z is shown to hold. Finally, the equivalence (17) is proved.

To prove that (DIT, C) is an upper semi-lattice, as DIT C P,,, it is sufficient to demonstrate the sta-
bility of DIT with respect to inclusion [18]. Let Z; € DIT and I € P, such that Z; C Z,. By definition

there exits § € © for which r(¢) ¢ R,z . Since T, C I, by an application of the lattice isomorphism ¢,

Ry7 = Ryz,. and finally if 0 € F; for all ¢ € [1,ns], (14) provides Ry = C R,z , hence r(0) ¢ R, 7,

meaning 7y € DIT.

The statement /\IeDIT Q7 holds by a direct and repeated application of the usual DIT to the sets Ry 7
with Z € Py,,.

Finally the equivalence (17) is shown by double implication.
This implication is an easy consequence of m.(DIT) C DIT.

On one hand, for all Z,,7, € DIT, (Z; C I,) = (Qz, = Qg,) is trivial considering that Qz,
holds if and only if at least one of the (P;);cz; holds, with j € {1,2}. On the other hand, considering

9
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Nt

{1

Figure 4: Hasse diagram of upper semi-lattice (DIT, C) defined in Example 3.3.

{Z; € DIT : Z; C Z,} a subset of DIT, since this set is finite, it must contain at least one minimal
element, which will also be a minimal element of DIT by definition. Hence for all Z, € DIT, there exists
7, € me(DIT) such that Z;y C Z, which implies (Qz, = Qz,). Repeating the process for all Q7 in
(/\IeDIT QI) demonstrates the implication. O

Corollary 3.1 (Generalized Robust Direct Image Test). The following inclusion is verified (with R defined
RDIT={T Py, : R\Rgz#0} C DIT (18)

The set RDIT (Robust Direct Image Test) on the left also follows an upper semi-lattice structure with respect
to inclusion, where the minimal elements summarize all the information about the faults’ activity that can
be deduced from the elements in the set.

Remark 3.8. As noted in Remark 3.5, the tests performed to obtain the elements of RDIT do not require
to know which uncertainty 0 is responsible for each residual r(6) in R.

Corollary 3.2 (Fault isolation). If there exists T € DIT (or T € RDIT) such that #T = 1, i.e. T = {i}
with i € [1,n;], then the i-th fault has been isolated and f; # 0 is guaranteed.

Remark 3.9. No matter how many faults are active in the system, r(0) € Ro.[1,n,1 and R C Re [1,n,] are
always verified by definition, and the edge cases ) € DIT and ) € RDIT do not need to be considered. If
these edge cases happen anyway, it means that the model used for the residual is incorrect or incomplete.

Remark 3.10. As for the DIT and the RDIT, these generalized DIT and RDIT still work using inner-
approximations of © or outer-approximations of R, =.

Example 3.3. Consider a system with ny = 4 potentially active faults, and a residual R such that the DIT
results in:

DIT = {{1},{1,2},{1,3},{1,4},{2,4},{1,2,3},{1,2,4},{1,3,4},{2,3,4},{1,2,3,4}} (19)
The upper semi-lattice structure of DIT is illustrated by Figure 4. The minimal elements of DIT are given

below:
me(DIT) = {{1},{2,4}} (20)

Hence, the generalized DIT provides the truth statement Py A (PaV Py), i.e. [f1 0] A ([fa # 0]V [fa #0])
which is to say: the first fault of the system is active, and the second or the fourth (or both) faults are active.

10



Figure 5: Minkowski functional of a set S of R2, star-convex at 0.

4. The Minkowski functional for set-membership fault isolation

In practice, the feasible sets (13) introduced in Definition 3.2 can be difficult to compute, and when
their direct calculation is not possible, inner- and outer-approximation of these sets are often used as fault
detection thresholds. In this section, the authors suggest a unifying approach where the geometric problem
of finding inner- and outer-approximations to the feasible sets of the previous section is translated into the
problem of upper- and lower-bounding their Minkowski functionals.

Section 4.1 begins with the introduction of the general properties of the Minkowski functional, and,
in particular, how to use it for the usual set operations (union, intersection, Minkowski sum and left-
invertible linear transformations). In Section 4.3, two new characterizations of the (non-invertible) linear
transformation of smooth convex sets are provided. Finally, these results are leveraged in Section 4.4 to
obtain a generic solution to the inner- and outer-approximation problem of the feasible sets (13), providing
upper-bounds on the minimal faults magnitude guaranteeing fault isolation through the generalized image
test.

4.1. The Minkowski functional

Intuitively, the Minkowski functional us associated with the set S is defined such that for all x, us(x)
provides the smallest scaling t of the set S with respect to the origin such that the scaled set tS reaches x
(Figure 5). This definition is formalized below, and the expression of the Minkowski functional is specified
for the usual classes of convex sets.

Definition 4.1 (Minkowski functional [53]). Given S a non-empty set of R", the Minkowski functional
associated to S is the map ps : R™ = R>q defined by:

ps(z) £ inf {t € Rso: 2 € tS} (21)
Remark 4.1. The set S is said to be absorbing if us < +oo.
Remark 4.2. Alternative functionals can be used for off-centered sets S C R™, where the scaling is performed

with respect to a point xo € R™ instead of the origin, such that ©g’ = HS@B{—w0}-

Example 4.1 (p-Ball [53]). The Minkowski functional of B, C R™ the unit ball of norm p € R>, centered
at the origin is given by:
s, () = ||z, (22)

where ||z|[, stands for the p-norm of .

11



Example 4.2 (Ellipsoid [8]). The Minkowski functional of an ellipsoid £ C R™ centered at the origin is
given by:

pe (@) = pus, (2) = VaT Qu (23)
with M € R™™ q full row rank matriz, and Q € SIT(R), the positive definite matriz given by Q =
(MM )L,

Example 4.3 (Zonotope [3]). The Minkowski functional of a zonotope Z C R™ centered at the origin is
given by:

pz(x) = pep. (x) = [ Lz (24)
with G € R™*™ a full row rank matriz, and L € RP*™ the matriz whose p = ( m

n_l) rows are given by lz/dz
for all T C [1,m] with #Z = m —n + 1, and such that

n(WITHY\T

= XG0 (250)
Ix(GD)]

dz = [1zG|h (25b)

with GO the matriz G taken without its columns of index in I, and x™ the generalized vector product
defined by:

VH e R0 xn(Hy 2 (. (=1)itldet HI ... )" (26)
where H stands for the sub-matriz defined by H without its i-th row.

Remark 4.3. A parallelotope is a zonotope where m = n. An orthotope is a zonotope where G = I,.

Example 4.4 (Polytope [23]). Given P C R™ a compact and convex polytope whose interior contains the
origin and whose halfspace-representation is given by:

P={xeR":Vke[l,m], (hi|z) <1} (27)
with (hk)1<k<m as set of m vectors of R™, then, the Minkowski functional of P is given by:

— h 28
pp(x) k?[f?,ﬁﬁ klT) (28)

Remark 4.4. As discussed in [55], it is possible to extract the polytopic halfspace-representation of con-
strained zonotopes, and it is therefore also possible to obtain their Minkowski functional.

Remark 4.5. At their final set-based evaluation, hybrid zonotopes can be considered as the union of a
finite number of constrained zonotopes. As such, it is also possible to obtain an explicit expression of
their Minkowksi functional [16, 7]. It is the minimum of all the Minkowski functionals associated with the
constrained zonotopes of this union (see Property 4.3 and Remark 4.6).

Example 4.5 (Radially parameterized set). Let O C R™ be a star-convez set at 0 whose boundary can be

parameterized radially by the map p : [0,7)" 2 x [0,27) — R such that

cos(¢1)
sin(p1) cos(p2)
90 = { p(y) : L € [0,m)" % % [0,2m) (29)
sin(¢1) . . . sin(@n—2) cos(@n—1)
sin(e1) .. . sin(@n—2) sin(@n,—1)

with © 2 (@1, ..., Pn_1). The Minkowski functional of O is given by:
x x ife#0
po(@) = {n l2/p(p(@)) if o #

0 else

12



where o(x) = (p1(x), ..., on_1(x)) stands for the following angular coordinates of x:

pr(x) = arccos VEk € [1,n — 2] (31a)

Tk
Vi xzz’
Tn—-1 + 1‘% + xi—l

v (31b)

Yn—1(x) = 2arccot
T

Proof. Tt is easily verified that po(0) = 0. Moreover, for all x € R™ \ {0}, the following equalities stand:

po(z) = inf{t € Rsg : x € tO}

= inf{t € Rsg : 2 € tp(p(x)) Bz}

(32)

= mf{t S Rzo : T € BQ}

1
tp(p(x))
= 15, (2/plp()) = 122/ p(o ()

This concludes the proof. O

4.2. Properties

First, the classical properties on the Minkowski functional associated with star-convex and convex sets
are recalled. In particular, when S is a star-convex set at 0 (i.e. tS C S for all ¢ € [0, 1] [53]) of R™ whose
interior contains 0, checking if € R™ belongs - in a loose sense - to tS, can simply be achieved by verifying
the inequality ps(x) < ¢. This fact is formalized, among others, in the two properties below.

Property 4.1 (Star-convex properties [52, 51]). Let S be a bounded star-convez set at 0 of R™ whose interior
contains 0. The Minkowski functional ps : R™ — R>q associated with S satisfies:

1. Forallz € R, 0 < ps(z) < 400,
2. For allz € R and t € Rxo, ps(tz) = tus(x), and ps(te) = prs(x) if t # 0,

3. ps'([0,1)) €S C pg'([0,1)).

Property 4.2 (Convex properties [33]). Let S be a convex set whose interior contains 0. The Minkowski
functional ps : R™ — Rx>q associated with S satisfies:

1. For all x1,29 € R™, ps(z1 + z2) < ps(z1) + ps(z2),
2. pus € CO(RH7R20)7
3. ug ([0, 1)) = intr(S), p5'([0,1]) = cIs(S), ps'({1}) = S.

Item 1 hereabove combined with item 2 of Property 4.1 makes ps a convex function.

For all non-empty sets &1 and Ss, it is easily established from Definition 4.1 that &3 C S provides
s, < ps,, however S; and Sz need to be star-convex at 0 for the reciprocal to hold (this is a particular
case of (33b) stated below). Moreover, the usual set operations of union, intersection and Minkowski sum
can also be expressed in terms of Minkowski functionals as follows.

Property 4.3 (Usual set operations). Given M a linear map from R™ to R™ in matriz form, and Sy, Sz
two bounded star-conver sets at 0 of R™ and R™ respectively and whose interior contains 0. For all x € R™,
the following identities hold:

HS10unS2 (aj) = min{pﬂ% (x)’usz (M.’E)} (333)
HS1NarSa ((E) = max{:u’31 (x)7/1’52 (M{ﬂ)} (33b)
HS1 @S2 (‘T) = zlji};g:z {max{pﬂsﬁ (I1>7 Hsy (M‘TQ)}} (33C)

Given € {U,N, @}, then the set operation Sy %y So stands for Sy x {x € R" : Mz € Sy }.
13



Proof. Given any set operation x € {U, N, @}, by definition of 81 xps Sz, and since pifzern:pmaes,} = ts, © M
holds, then, the proof reduces to showing that (33) holds when m = n and M = I,,. Note that (33a) holds
even if §; and S; are simply non-empty sets without further assumptions: this follows from Definition 4.1
and from inf U = mininf in this context (see Exercise 1.5 from [60], which can be solved by contradiction):

inf{t € RZO X E t(Sl U 82)} = inf Uie{LQ}{t S RZO S tSl} = Ir{li%} inf{t S RZO LxE tSl} (34)

1€1,

The proof of (33b) can be found in Lemma 5.49, page 192 of [2]. Finally, the proof of (33c) can be found
in Lemma 1, page 9 of [30] in the convex and balanced case, but it is easily noticed that the proof only
leverages Property 4.1, hence Lemma 1 at page 9 of [30] also holds in the star-convex case. O

Remark 4.6. The identities (33a), (33b) and (33c) can easily be generalized to finite collections (S;)1<i<m
of bounded star-convex sets at 0 of R™ and whose interior contains 0:

pup s, (2) = min g, () (35a)
pop, s, (v) = max ps,(2) (35b)
pop,si(z) = inf _ {13%1 ps; (Ii)} (35¢)

The identity (33a) can be extended to uncountable collections (Sj);e(o,1) simply by replacing the minj<i<m
by an infjcjo,1]. The existence of this inf is easily deduced by the fact that the Minkowski functional is
bounded from below by 0, and the deduction of this identity follows the same steps as (34), by leveraging
inf U = infinf in this context (using a similar proof by contradiction).

Among the previous set operations, the Minkowski functional associated with the Minkowski sum (33c)
is impractical for direct computation since it combines both an inf and a max in its expression. However,
elementary upper- and lower-bounds can be retrieved respectively by evaluating the max at specific values
of x; (hence upper-bounding the inf), or by determining the inf of the average of all of the us,(z;) (hence
lower-bounding the max). The authors also suggest in Property 4.4 some less straightforward inequalities
to bound the value of (33c).

Property 4.4 (Minkowski sum of convex sets). Let (S;)i1<i<m be a collection of bounded star-convex sets
at 0 of R™ whose interior contains 0. For all x € R™ \ {0}, the following holds:
: () < page5.(2) < o (36)
—  Hhalli(ur, 8)\T) S per 5:(T) S 1
m ' 1 Yt

which can be lower-bounded again using maxi<i<m{sips; ()} < pnun(um  s,) (%), where the (s;)1<i<m € RY,
are taken such that hull(U,S;) € Ny LS.

Proof. Let € R™\ {0}. The S; being star-convex at 0, their Minkowski sum is also star-convex
at 0. Hence given (¢;)1<i<m € R taken such that t;z € S;, then for all 0 < X\ < (372 #;), Az € @, S; is
verified by definition of the Minkowski sum. This provides the following lower-bound:

sup @ {t € Rso,tz € S;} < sup{t € Ryo,tx € &%, S;} (37)

Note that sup @ = ) sup in this context [42], hence the expression above can be rewritten as [37]:

m

1 1
< 38
Z inf{t € Ryg,x € tSi} - inf{t € Ry, x €1 @;11 Sz} ( )

i=1

Recognizing the Definition 4.1 of the Minkowski functional in the expression above provides the upper-bound
in (36).
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Since for all i, S; C hull(U;":1 S;), the following upper-bound holds:

sup{t € Ry,tz € &2, S;} < sup{t € Ry, tx € @~, hull(UX,S;)} (39)
Moreover, since ®; hull(J", S;) = m - hull({J", S;), the following holds:
1 < m
inf{t € Ryg,x € t®, S;} ~ inf{t € Ryg,z € thull(U™,S;)}
Recognizing the Definition 4.1 of the Minkowski functional provides the lower-bound in (36). Finally, since
all S; contain 0 in their interior, for all 4 there exists €; > 0 such that € Bg C §;, meaning there exists

si € Ry such that hull(UP,8;) € Le;B; € 1S;. Given hull(U2,S;) C 1+ 8;, the straightforward gen-
eralization of (33b) to m intersections combined with item 2 of Property 4. 1 pr0v1des maxi<;<mi{Sipts; ()} <

ﬂhun(ugls,)( ).

(40)

Although these inner- and outer-approximations may not always be practically handled, the Minkowski
functional of a Minkowski sum can still be obtained for special classes of convex sets for which dedicated
algorithms already exist (e.g. constrained zonotopes [55, 45]). Moreover, if the Minkowski sum is difficult
to handle, the usage of the Minkowski functional can also lead to advantageous results for special classes of
convex set, as demonstrated hereafter on ellipsoids.

Property 4.5 (Minkowski sum of two ellipsoids). Let £(Q1) £ {x € R" : 2T Q12 < 1} and £(Q2) be defined
similarly, with Q1,Q2 € St (R). The eigenvalues of the matriz pencil (Q;l, Qfl), solutions of the equation

det(Q' —AQ5 ") =0 (41)
are denoted as: B
Let T be a finite subset of [\, \]. The following inequality holds for all x € R":
max fie(Q(p)) (%) < He@uee(@s) (@) (43)
where .
Qp) = (L+p QT + (1 +p)Q5 ") (44)

This outer-approximation can be made arbitrarily precise by increasing the number of points in Z.

Proof. Theorem 2.2.3 at page 118 of [31] states that:

E(Q1) DE(Q2) = ﬂ &@Q (45)
pEX]
hence:
Q) ®EQ) C e (46)
peT
The result is then obtained by applying (35b) to the right-hand side of the inclusion (46). O

Finally, the Minkowski functional of a linearly transformed set is given below.

Property 4.6 (Linear transformation). Given M a linear map from R™ to R™ in matriz form and S a
non-empty set of R™ | if M has a left inverse, then for all x € Im(M):

pus () = ps(M'z) (47)
with M' the Moore—Penrose inverse of M, such that MYM = I,,.

Proof. The linear transformation M is injective, hence M7 is the inverse of M on Im(M). Moreover, for all
t € R>p, tMS C Im(M), hence (47) holds for all z € Im(M). O

Other practical characterizations of the linear transformation of a convex set are obtained thereafter.
This manuscript focuses on the non-invertible linear case since, to the authors’ knowledge, practical char-
acterizations of upss are not found in the literature of the Minkowski functional.
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4.8. Linear transformation of smooth conver sets

In order to generalize Property 4.6, this paper provides two characterizations for the Minkowski functional
of a linearly transformed smooth compact and convex set S of R whose interior contains the origin. The
first characterization is obtained for strictly convex sets with the help of the Legendre transform, which is a
common tool in convex analysis. The second characterization is obtained using a result on the orthogonal
projection of convex set onto the linear subspaces of R™ [4]. From now on, M is a linear map from R"™ to
R™, k is defined by k = dim(Im(M)) = dim(Ker(M)~) with the assumption that k > 1 (indeed, MS = {0}
if k =0, which is not an interesting case to consider).

Definition 4.2 (Legendre transform [53]). Given a closed and convex function f: R" — R, the Legendre
transform of f is given by the conver function f*: R™ — R such that:

f(y) = sup ((yla) - f(2)) (48)

rER™

Theorem 4.1 (First characterization). Let S be a smooth compact and strictly convexr set of R™ whose
interior contains 0, and g : R>9g — Rx>( be a bijective strictly increasing and strictly convex function such
that g o pus is differentiable over R™. Let f1 : R™ — R™ and fo : R™ — R™ be two functions defined by

fi=slgons] (190)
fo= Mo 2 l(gopus)]oMT (490)

Then, f1 is invertible on f1(R™), and for all y € aifl (R™)

X

(gons) (v) = (fi'Wly) —gouso fi'(y) (50)
From here, if fo is invertible on fo(R™), it is possible to retrieve the expression of pps by computing
pas(y) =9 (£ W)ly) = (gops) o M o f5(y)) (51)

which offers a characterization of the linear transformation of S by M that - in spite of its apparent com-
plexity - can sometimes be treated algebraically. The problem is reduced to finding a suitable g and an inverse
for f1 and fs.

Proof. First it is proven that g o us is a strictly convex function. Let z1,x9 € R™ such that z; # x4 and
€ (0,1). On one hand, if pus(z1) = pus(x2) = A, then necessarily x1, 29 # 0, and by strict convexity of S:

try + (1 — t)zg € intr(AS) & pas(tzr + (1 —t)z2) < 1

= ,lls(txl + (1 — t)l’g) <A (52)
Since g is a strictly increasing function, (g o ps)(tz1 + (1 —t)z2) < g(A) = tg(A) + (1 — t)g(A), hence
(90 ps)(twy + (1 = t)wa) < t(gops)(z1) + (1 —1)(g 0 ps)(z2) (53)

On the other hand, if pus(x1) # ps(z2), then by convexity of us and from the fact that g is increasing, the
following holds: (g o us)(tx1 + (1 — t)xs) < g(tus(xz1) + (1 — t)us(x2)). Finally by strict convexity of g, it
follows:

(9o ps)(tzr + (1 —t)z2) <t(gops)(z1) + (1 —t)(go ps)(z2) (54)

Hence g o ps is a strictly convex function. The rest of the proof is based on explicitly calculating the
right-hand side of the following identity (the Legendre transform of the identity found at page 142-143 of
[50]):

goums = ((gopus) oM')* (55)
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Given f : R™ — R a strictly convex and differentiable function, 3% f is invertible on 6% f(R™), and for all
Yy E %f(R”), the Legendre transform of f at y is given by (see Remark 1.6.18 of [53]):

1) = (D" W)~ o (50 w) (56)

Applying the previous result to g o us provides:

(gous) () = (fi'Wly) —gonso fi*(y) (57)

The result can be applied again, this time to (g o us)* o M T. Under the assumptlon that (gopus)* o M7 is
strictly convex and differentiable, then fo = %((g ops)*oMT)=Mo —[(g os)*] o M is invertible on
f2(R™), and the identity (55) can be written:

gopns = ((gops) oM")*

~((gellaonsy o M)l ) - Gons) oM o (5 gons) o MTD) gy

= {0 flgonusl o Tl ) ~ (g ops) o MT o (0o 2 lgous]” 02T H()

which concludes the proof. O

Remark 4.7. This first result is a broad generalization of the well-known result on ellipsoids which states
that ME(P) = E(MP~*MT)~1Y), where E(P) £ {x € R" : 2" Px < 1} and M is a full row rank matriz.

Example 4.6. Consider the Minkowski functional associated to By,3, the unit ball of norm 4/3 of R3:

3/4
1B, 5 (.Y, 2) 2 (964/3 +y* + Z4/3) (59)

and let us compute the Minkowski functional associated to MByss where M is defined by:

e (14 o

Since Byy3 is a smooth compact and strictly convex set, Theorem 4.1 is applied.

The function g : Rsg — Rsq defined by g(s) = (3/4)s*/3 is introduced. It is easily verified that g is
bijective (with g=*(s) = (2/\/§)3/2 s3/4), strictly increasing, strictly convex, and that g o WB, s 1S smooth
over R3. Following Theorem 4.1, f1 = %[g o ,u54/3] and its inverse are given by:

fulz,y,2) = (23 g3 )T (61a)
fil@y) = (2% 4 2)7 (61b)

This provides the Legendre transform of go ug,,,:

1
(g o NB4/3)*($7y7 Z) = 1(374 + y4 + 24) (62)
Again, following Theorem 4.1, fo = M o —[(g o MB4/3)*] o M and its inverse are given by:
_( Az +y)P+(@-y)?
fa(z,y) = ( 2z +y)3 — (z—y)3 ) (63a)
B 9-4/3 (9—1/3 )3 4 (x — y)/3
f2 1(:13,y) = ( 9—4/3 §21/3g ;1/3 Ea: 331/33 ) (63b)
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Finally, the Minkowski functional associated to MBys is given by:
3/2 1/3 1/3
2 z ((z+y) 1/3 y ((z+y) 1/3
NMB4/3(xay): (\/g) (24/3 (21/34‘(1'—:1/) / +W T—(x_y) /

3/4
1L ((z+y)*? 4/3
T 910/3 ( otz T (z ="

Let (vq,...,vy) denotes a basis of Ker(M)* and (vgy1,...,v,) denotes a basis of Ker(M). Vie,o is
the matrix whose columns are formed by (v1,...,v;) and Vi, is the matrix whose columns are formed by
(Vk+1,---,Vpn). The invertible matrix V'€ R™*" is also defined by the matrix whose columns are formed by
(v1,...,vy), i.e. such that:

(64)

V= ( VKerJ‘ VKer ) (65)

Theorem 4.2 (Second characterization). Let S be a smooth compact and convezx set of R™ whose interior
contains 0. Then the following identity holds:

P () (MVice)T2)  if @ € Im(M)

66
400 else (66)

pms(z) = {

where pyer1 (S) denotes the orthogonal projection of S onto Ker(M)L. The Minkowski functional on the
right-hand side can be computed using the following system.:

US (yKerlvyKer) <t
Ins (67)
YKer+ + YKer 7& 0= AYKer (yKerJ-nyer) =0

,LLchri (S) (yKerL) = inf {t € Rj— : ElyKer S Rnik | {

where yyor € R¥ and yker € R"™F are expressed in the (vi,...,vx) and (vgy1,...,v,) basis respectively,
with:
A YKer+
s (Ykert > Yker) = pis | V (68)
YKer

The right-hand side of (67) can sometimes be treated algebraically, providing a characterization of the linear
transformation of S by M. The problem is reduced to solving the equation aé;'i (Ykert s Yker) = 0 with yker

unknown.

Proof. By definition of Ker(M) and Ker(M)*, the following equality holds:
M=MVgu: (I, 0)V7! (69)
where moreover, M Vi, 1 is left-invertible, hence by Property 4.6, the following holds:

prs () =H(L 0 )V—ls((MVKcrL)Tx) (70)

k

From here, it can be noticed that ( I, 0O ) V~1S8 is the orthogonal projection of S onto Ker(M )1 expressed
in the (v1, ..., vx) basis. Finally, the results from [4] provides the expression (66) and (67) when S is a smooth
compact and convex set of R™ whose interior contains 0, concluding the proof. O

Example 4.7. Consider the Minkowski functional associated to By, the unit ball of norm 4 of R2:

1/4
s, (v.y) 2 (2t + )" (71)
and let us compute the Minkowski functional associated to M By where M is defined by:
M = ( 1 2 ) (72)
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Since By is a smooth compact and convex set, Theorem 4.2 is applied.

The matriz V associated with M can be taken to be V = < ; _21 ) Hence:
A 4 4\1/4
B4 (chrL’yKel‘) = ((chrL + 2yKer) + (2ch1rL - yKer) ) (73)
and: 5
"B
8yK4 (yKerJ' ’ yKer) =0« 17y§(er + 18y12(eryKerJ- + 24yKeI‘y}2{erL - 6y§(erL =0 (74)

the equation on the right possesses a single real solution given by yYyker = %7(76 —5-23 4+10- 22/3)yKerL,
moreover (M Ve, )t = 1/5. Finally, the Minkowski functional associated to M By is given by:

pars (@) = My, 82) (@/5) = s, (/5,0(~6 = 5-21/% + 10 22/%) /85 (75)

4.4. Analytic fault isolation

The flexibility and generality of the Minkowski functional for set-membership approaches is illustrated
here by applying its properties to the fault isolation scheme of Theorem 3.2. In Theorem 4.3, the problem
of calculating the DIT set (15) is reduced to determining analytical thresholds under the form of scalar
inequalities. In Theorem 4.4, a condition on the minimal fault magnitude is given to guarantee isolability
by the DIT. In both theorems, for all i, the sets W; and F; of Definition 3.1 are assumed to be bounded
star-convex sets at 0 whose interior contains O.

Theorem 4.3 (Analytic Direct Image Test). For allT € P,,,, the Minkowski functional associated with the
feasible sets Rg 7 (13) introduced in Definition 3.2 can be computed by:

po.z(r) = ernir max {123)51“ pw, oyws (i), WAX LR, (0) F; (an+i)} (76)
ieJ

with J = [1,n,] U ({nw} & I). Given p, = and [y 7 resp. a lower-bound and an upper-bound to i, z, the
DIT set (15) can be approxzimated by:

{I €Py, supp,=(r(0)) > 1} C DITC {I € Py, : supp,z(r(0)) > 1} (77)
be® bce 7’

Proof. This is simply a rewriting of Theorem 3.2 obtained by leveraging the Minkowski functional identities
of Property 4.1 and Remark 4.6. O

Corollary 4.1 (Analytic Robust Direct Image Test). Similarly, the robust DIT set (18) can be approzimated
by:

{I ceP,, : es;é% eilléfgﬁglj(r(ﬁg)) > 1} C RDITC {I ceP,, : es;é% eilléfGEQIj(r(Hg)) > 1} (78)

As noted in Remark 3.5 and Corollary 3.1, the tests performed to obtain these two sets do mot require to
know which uncertainty 0 is responsible for each residual in R.

Remark 4.8. By definition, the sets on the left-hand side of (77) and (78) avoid false fault detection.
Similarly, the sets on the right-hand side can guarantee the absence of faults.

The inf in (76) comes from Minkowski sums, and can be handled either by leveraging the inequalities
described before and in Property 4.4, or by using dedicated algorithms which compute Minkowski sums
for special classes of convex shapes. Similarly, computing the linear transformations of the sets W, and
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F; can be achieved either by using dedicated algorithms, or by leveraging Theorem 4.1 or 4.2. All of
these approaches allow to find upper- and lower-bounds to pg z, here denoted 7y 7 and Ky 7 and which

respectively correspond to an inner- and outer-approximation of the feasible set Ry z. These upper- and
lower-bounds provide closed-form inequalities for residual thresholding, and their real-time evaluation can
be viewed as the computation of meta-residuals synthesizing how close is the system from the boundary of
Ro,z. The authors believe that the name Minkowski signals is appropriate to refer the real-time evaluation
of these functions in the context of system diagnosis.

Theorem 4.4 (Minimal fault magnitude for isolation). Let Q7 with T £ {iy,... iy} € Py, denote the
following statement:

Q1 : “ At least one of the i1-th, ..., ip-th vector fault is active” (79)

This statement is guaranteed to be verified (or isolated) using the DIT set (15) if the faults (f;)icz satisfy
the following inequality:

Sug 1S, (Z Fi(9)fi> > 1 with Sp = Ryz® (‘Rej) (80)
€ icT

Similarly, this statement is guaranteed to be verified (or isolated) using the RDIT set (18) if the faults (f;)iez
satisfy the following inequality:

912({) HSe <Z Fi(a)fi> > 1 with Se £ Rez @ (—R@j) (81
€T

Proof. Since the operations of linear transformation, union and Minkowski sum preserve star-convexity at
0, Sp is star-convex at 0. Moreover, the inequality (80) implies that there exists 6 € O:

S RO ¢ Ryz® (~Ryz) (2)

i€Z
meaning there exists § € ©, such that for all w; € W; (with i € [1,n,]) and f; € F; (with i € ),
ZF¢(9)fi+ZW7:(9)1U¢+ZF1'(9)fi ¢ Ryz (83)
s i=1 ieT
hence, by Theorem 3.2, (83) guarantees that Z € DIT, which in turn provides the statement @z. The proof
follows the same principle in the robust case. O
5. Application

Consider the following academic example of residuals r(¢) following the uncertain linear internal structure
of Definition 3.1:

wl(t)
n(t) \_ (1 ) 0 1 6:(2) fi,a(t)
()= (G " oty ) () Ho ") (Bl )+ (5 a0 ew
ie. r(t) = W(O)w(t) + F1(0(t)) f1(t) + F2(0(1)) f2(t) (84b)

where r(t) are the residuals of the system, 6(t) € O are time-varying parametric uncertainties, f;(t) € Fy
and f(t) € F are potential faults to detect, and w(t) € W are bounded noises affecting the residuals. This
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example is chosen with matrices in R%2*3, R2*2 and R%2*! to cover as many cases of matrix multiplication as
possible. According to the set-membership approach developed in Section 3, the three following sets should
be determined or approximated in order to threshold the residuals of the system:

Ro,(1y = W(OW @ Fi(0)F, (85b)
'Rg,{g} = W(OW @ F»(0)F, (85c¢)

These sets can be approximated using any sort of set-membership methodologies already available in
the literature, e.g. by leveraging results on orthotopes, ellipsoids, parallelotopes, zonotopes, constrained
zonotopes, hybrid zonotopes, etc; or (not exclusively) by using the analytical results exposed in this paper.
From here, following the analytic RDIT (Corollary 4.1) methodology of this paper, the problem consists in
obtaining or approximating the following Minkowski signals:

Ho,0(r) = re o () = inf pm, (1) with Re g = | J Rog (86a)
0co
A . . A
po,13(r) = /17361{2}(7“) = 9125 MR‘L{Q}(T) with Rg {21 = U Ro {2} (86b)
9co
A . . A
pe. (23 (1) = Urg (o, (1) = ellel(f;) BRo (1 (T) with Re 1} = U Ro. (13 (86¢)
0co

where:

— peg(r) > 1 guarantees that at least one of the vector faults fi or fs is active (detection);
— He,g13(r) > 1 guarantees that the vector fault f; is active (isolation);

— pe,{2}(r) > 1 guarantees that the fault fs is active (isolation).

The sets W, F1 and F» are modeled by:

W E E(Qua) UGy 2Boo (87a)
=£&(Qn) (87b)
Fo 2Ty, =[-1/e,1/e] (87¢)

In order to be as illustrative as possible, these sets are selected to exhibit many of the properties developed
in this paper. However, any other choice could have been made at this point. A more involved modeling
of these sets would lead to better detection capabilities, but also to more elaborate expressions for the
Minkowski signals, whereas simpler sets would be more easily handled, but less accurate in their detection
capabilities. The expression of g ¢(r) is explicitly obtained as:

o) = jof min {or T (WOQEWT0) 20207} (39)

where Theorem 4.1 is leveraged to handle the linear transformation of the ellipsoid, and L., > is obtained
from W(0)G,, 2 using the results of Example 4.3.

In order to obtain an expression for jg 1}(r), £(Quw,1) is approximated by the zonotope G,,1 B, leading
to an hybrid zonotope defined by:

W(OW @ F(0)F,

W(0) (Guw,1Boo UGuw2Bs) ® Fa(0)Ly,

(W(Q) w, 1B @ FQ(Q)Ifz) (W(Q)Gw,QBoo D F2(9)If2)

( W(0)Guwy 1F(0) )Boo U( W(0)Guwy2 1F:(0) ) B
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The Minkowski functional associated with this hybrid zonotope is given by:
pe,q13(r) = jnf min {|[L1 ()]s , [1£2(0)r o } (90)

where £1() and £5(f) are resp. obtained from ( W(6)Gy,1 L1F3(0) ) and ( W(0)Gyw2 LF3(6) ) using
the results of Example 4.3. By leveraging the central symmetry of the set Re (2}, it can be noted that
Theorem 4.4 guarantees that the magnitude of the vector fault f; is sufficient to ensure a fault detection if
the following inequality holds:

gggﬂ@,{l}(Fl(a)fl) >2 (91)

Finally, in order to obtain an analytical expression to e (2}(7), Guw,2Bs is approximated by the ellipsoid
E(Quw,2), hence:

W(OW & F1(0)F1 = W(0) (£(Qu,a) UE(Qu,2)) ® F1(0)E(Qf,)
= (W(0)&(Qua) © F1(0)E(Qp,)) U (W(O)E(Qu,2) ® F1(0)E(Qr,))

Although only ellipsoids are leveraged in the representation of the initial sets, Rg {1} is obtained here as a
generic convex shape whose Minkowski functional can be approximated arbitrarily closely by:

e, 23 (1) = 1nf min {maX\/TTQl 0,p)r maX\/rTQQ 0,p)r } (93)
p€lL

where Q1(0,p), Q2(6,p) and Z; and Z, are obtained with Property 4.5 on the Minkowski sum of two
ellipsoids.

(92)

Qu(6.9) = (4P WORLWTO) + 1+ PR QR O)T) (942)

Q2(0,p) = (147 )W OQLWT(0) + (1 +p)FOQ; F(9)) (94b)

Again, by leveraging the central symmetry of the set Re (1}, it can be noted that Theorem 4.4 guarantees
that the magnitude of the fault fs is sufficient to ensure a fault detection if the following inequality holds:

nf e, {2y (F2(0) f2) > 2 (95)

The simulations have been carried out with the following numerical values:

e =[-1,1 0(t) = ( cos(t) sin(t) )

1 0 0 04 0 O
Quwi=1|0 04 0 |, Qu2a=| 0 03 0 |,

0 0 0.3 0 0 1 (96)
Gw,l = Q;’ll/zv Gw,Q = Q;}Q/Q;

0.025 0.01
Qfl_( 0.01 1 ) e=02,

The results of the simulation can be found in Figure 6 of this document. The vector fault f; is active for
€ [1,3]U [6,8], and the fault f> is active for ¢ € [2,4] U [5,7]. The Minkowski signal pg g(r) detects faults
for t € [1,4] U [5, 8] almost perfectly (with the exception of a few points). Moreover, the Minkowski signal
pe {1} (r) perfectly isolates the fault f; for ¢ € [1,3], and isolates, although less precisely, its activity in the
interval [6, 8]. Finally, the Minkowski signal g 2} (r) almost perfectly isolates the fault f5 for ¢ € [2,4]U[5, 7],
again with the exception of a few points that could be easily dealt with by classical filtering techniques.
The quality of the detection demonstrates the quality of the feasible sets underlying the Minkowski signals,
which were computed by combining both the properties of this document and some existing results from the
set-membership literature. Overall, for each 6 € ©, the Minkowski signals are computed explicitly, while:
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Figure 6: Computation of the Minkowski signals to perform the robust direct image.
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— Ry is considered to be the union of an ellipse and a zonotope;
— Ryg,q1y is considered to be the union of two zonotopes (or an hybrid zonotope);

— Ry, {2} is considered to be the Minkowski sum of two ellipsoids.

This ultimately demonstrates the unifying nature of the proposed thresholding framework.

6. Conclusions and perspectives

This paper first stated a generic set-theoretic FDI scheme to evaluate residuals following an uncertain
linear internal structure. This scheme is obtained using results from order theory, which remain to be
generalized to fault-trees for multi-component systems. Then, the Minkowski functional has been introduced
as a novel and unified analytical thresholding tool for model-based diagnosis. Using the properties of the
Minkowksi functional, including two characterizations of linear transformations of smooth convex sets, the
threshold computation problem of the previously introduced fault isolation scheme has been stated in an
analytical way. This led to the introduction of Minkowski signals, an intuitive measurement of the extend
to which a set-membership relation is verified. An analytical expression of a minimal fault magnitude
guaranteeing fault isolation has also been provided. The fault isolation scheme described in the paper has
finally been illustrated by an academic example. A promising direction for future research is the integration
of the Minkowski results proposed in this paper with the established set-based methodologies, such as
set-based distinguishability [59]. Simplifying the expression of the Minkowski functional of a convex set,
particularly after it has been subject to several sets operation, also remains an open challenge which needs
to be tackled in future works.
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