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An Algorithm to Compute the Inverse Image of a
Point with Respect to a Nondeterministic Max Plus
Linear System

Renato Markele Ferreira Candido, Laurent Hardouin, Mehdi Lhommeau and Rafael Santos Mendes

Abstract—Max Plus Linear (MPL) systems are often described
by a transition function, which models the state evolution of the
system, and a measurement function, which binds the measures
with the system states. Methods for computing the inverse image
of a point w.r.t. the measurement function are particularly inter-
esting in applications where it is desirable to obtain informations
about the system states based on the output observations. The
inverse image of a set w.r.t. a nondeterministic MPL system,
called uncertain MPL (uMPL) system, can be computed by using
the Difference-Bound Matrices (DBM) approach. In this work we
aim to use an interval analysis to propose a method to compute
the inverse image of a point w.r.t. an uMPL system. The algorithm
proposed has a lower worst-case complexity compared with the
DBM approach as previously proposed in the literature.

Index Terms—Max Plus Linear Systems, Nondeterministic
Systems, Inverse Image, Interval Analysis.

I. INTRODUCTION

ISCRETE Event Dynamic Systems (DEDS) are discrete-

state systems whose dynamics are entirely driven by the
occurrence of asynchronous events over discrete time instants
[1, Sec. 1.3.2]. DEDS subjected only to synchronization and
time delay phenomena can be described in terms of linear
equations using the Max Plus Algebra. The Max Plus Algebra
is an idempotent semiring, an algebraic structure also called
dioid [2], in which the operations of sum (&) and product
(®) are defined as the maximization and addition, respectively.
Synchronization phenomena are modeled thanks to maximiza-
tion: the start of a task waits for the completion of the pre-
ceding tasks, while the delay phenomena are modeled thanks
to the classical sum: the completion time of a task is equal to
the starting time plus the task duration. The Max Plus Linear
(MPL) equations are used to model manufacturing systems,
telecommunication networks, railway networks, and parallel
computing [2], [3]. The linearity property has advantaged the
emergence of a specific theory for the performance analysis
[4] and the control of these systems, e.g., optimal open loop
control [5], [6] and optimal state-feedback control. Among
closed-loop strategies we can cite the model matching problem
[7] and the control strategies allowing the state to stay in a
specific state subspace or semimodule [8], [9], [10], [11], [12].
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In order to control and analyze a dynamic system, the
knowledge of the system states is required. For this reason,
the development of methods for observing and estimating the
system states are of great interest. In [13] a dynamic observer
for MPL systems is proposed and in [14] a Luenberger inspired
observer [15] is developed. In both cases, uncertainties w.r.t.
the model parameters are considered, however, the probabilis-
tic aspects are not taken into account. Though, these proba-
bilistic aspects are of great interest in the filtering problems
where the model parameters are influenced by random pro-
cesses. The filtering problem consists in estimating the state of
a stochastic system. The Stochastic Max Plus Linear (SMPL)
systems are defined as MPL systems where the matrices
entries are characterized by random variables [16], [17], [18],
[19], [20]. In this work, although the probabilistic aspects
of the uncertainties are not considered, we are interested in
systems where the uncertain parameters can vary over a known
interval. Formally, we define the uncertain Max Plus Linear
(uMPL) systems as nondeterministic MPL systems where,
at each event step, the entries of the system matrices can
take an arbitrary value within a real interval. In [21], [22],
[23] the filtering problem for uMPL systems is addressed by
considering the Sequential Monte-Carlo (SMC) method, also
known as Particle Filters.

The design of filters can take advantage of the conditional
reachability analysis. The reachability analysis aims to com-
pute the set of all states that can be reached from a set of initial
conditions. In [24] reachability analysis of timed automata is
tackled by considering max-plus polyhedra'. An important
drawback in this approach is that the analysis of timed
automata often requires to express strict constraints while
max-plus polyhedra are by definition topologically closed. A
generalization of max-plus polyhedra is introduced in [26],
where the authors define a semiring of germs which allows to
handle a class of non-necessarily closed max-plus polyhedra.
In [27], the reachability analysis of MPL systems is tackled
by considering the Difference-Bound Matrices (DBM). In [28]
the approach is extended to uMPL systems and the results are
used to solve the conditional reachability problem, which is
defined as the computation of the set of all states that may be
reached from a set of initial states, in a given number of event
steps, conditioned to a sequence of measures. The solution of
this problem involves the computation of the image of sets and
the inverse image of points. The both can be done by using the

For a more exhaustive presentation on max-plus polyhedra, see [25]
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DBM approach. However, as it will be shown in this paper,
the inverse image of a point can be computed by considering
a more efficient approach from a computational point of view.
Indeed, we propose an alternative procedure, based on interval
analysis, to compute the inverse image of a point w.r.t. an
uMPL system. It will be shown that the inverse image of a
point can be represented by a collection of hyperrectangles. A
hyperrectangle can be completely characterized by an interval
matrix. Although the DBM can represent a more general class
of sets, including hyperrectangle, the interval matrix yields a
simpler and less expensive representation for the inverse image
of a point. For this reason, the proposed procedure has worst-
case complexity lower than the DBM approach. Therefore,
the procedure presented in this work can be used to solve
the conditional reachability problem, and more precisely, to
reduce the computational effort to get the inverse image of
the measures, which is a key point of this problem. It must be
noted that, the DBM approach will still be required to compute
the direct image of the sets.

Both DBM and Hyperrectangles approaches have exponen-
tial complexity, which limits the dimension of the addressable
problem. On the other hand, the complexity of the algorithms
involving max-plus polyhedra are in general polynomial. In
this sense, approaches based on max-plus polyhedra seems to
be a promising way to reduce the complexity of reachability
computations for MPL systems. However, to the best of the
authors’ knowledge, there are no approaches based on max-
plus polyhedra for solving the forward and the backward
reachability problem for general MPL systems and such meth-
ods remain to be designed.

Computing the inverse image of a point w.r.t an uMPL
equation consists in computing the solutions of MPL equa-
tions where the coefficients belong to intervals, see e.g. [29].
In [30], necessary and sufficient conditions for weakly and
strongly solvability of interval systems of max-separable linear
equations are provided. In [31] the tolerance solvable, the
weakly tolerance solvable and the strongly tolerance solvable
systems are introduced. The present work provides a method
to compute the complete set of solutions of uMPL equations,
a special class of interval systems of max-separable linear
equations.

The technique discussed in this work is implemented in
MATLAB and the codes are freely available for download at
[32].

The paper is organized as follows: Section II recalls the
algebraic tools used in the next sections. Section III presents
the main contribution: an approach to compute the inverse
image of a point w.r.t. an uMPL system based on the interval
analysis. Section IV yields an application of the results in
a filtering problem of an uMPL system. Finally, Section V
concludes the work.

II. PRELIMINARIES

A. Interval Analysis

Interval arithmetic is presented in [33] and extended to Max
Plus Algebra in [34], [35], [6], [36]. An interval can be defined

by a pair of entries of the type (a, x) as follows:
] =[(z,x), (T, ¥)]={reR:zxzxT}) (1)

where z € RU{—o0} and T € RU{+o0} are, respectively, the
lower and upper bounds of the interval. The signs x € {>, >}
and x € {<,<} define whether the interval is closed (if
X => and © =<), open (if X => and X =<) or half-
closed/half-open (otherwise).

In order to define the intersection of two intervals, a
partial order must be defined. Consider two typical interval
entries (a,x) and (a’,x’). The pairs (a,x) and (a,x’)
are ordered if x,x'e {>,>} or if X, x'€ {<,<}. In this
case, (a,x) < (a/,x’) if (a < a’) or* (a = a’ and x<x').
On the other hand, the pairs (a,x) and (a’,x’) are not
comparable if € {>,>} and '€ {<, <} orif xe {<, <}
and '€ {>,>}.

Given this partial order, the intersection of [z] =
[(z,2,), (%, )] and [y] = [(y, ), (¥, )] can be defined
as:

o) = 2,26, 0, min ), 5,

Remark [: An interval [z] is empty if z > T; or
if t=Tand x =>; or if x=7and X =<. For in-
stance, the following intervals are empty: [(5,>), (3,<)],
[(5,>), (5, <], [(5,2), (5, <)].

In general, the union of intervals cannot be represented as a
single interval, but by collection of intervals. However, if the
intervals have nonempty intersection, the union is an interval
defined by:

[2] U [y] = [min{(z, %), (v, %)}, max{(Z,%2), @ xy)}. ()

Example /: Consider the intervals:

] = [(0,>), 5,<)]={zeR:0<z<5}

[] [(3,>), (6,9)]={reR:3 <z <6}

2] = [(7,2), 10,)]={xzeR:7<z <10}
According to (2) and (3):

[z]nfy] = [3,>), (5,<)]={reR:3<z <5}
[ZlUuly] = [(0,>), (6,9)]={z€eR:0<z<6}
Note that [z] N [z] = 0 = [y] N [2]. In this case, equation (3)
cannot be used to compute neither [x]U][z] nor [y]U[z]. Indeed,
[ZJUz]={z eR:0<z<5}U{zeR:7 <z <10},
which cannot be represented by a single interval. The same

holds for [y] U [z].

An interval matrix is herein defined as a matrix whose
entries are intervals, they will be noted by a bold capital
letter in brackets. The intersection of two interval matrices
can be computed as the element-wise intersection of the
corresponding entries. Thus, given a set of M interval ma-

trices [Aq],...,[Am] of dimension n X p, the intersection
[A1]N---N[Awm] is defined by:

<ﬁ [AJ) - ﬁ [ar,] @)

r=1 r=1

2The symbols <, <, > and > are assumed to be partially ordered with <
strictly less than < and > strictly less than >.
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where [a,,,] is the entry in the i-th row and j-column of
matrix [A,]. It should be remarked that, in general, the union
of interval matrices in R™*? cannot be represented by a single
interval matrix but by a collection of interval matrices.

A hyperrectangle in R", defined as the set {x € R" :
Ty M, 71 X1 T1, .y I, X, Ty W, Tp}, can be represented
by an n x 1 interval matrix:

[(ghﬁl)? (Ehgl)]
x] = : )
[(Envﬁn)v (Erugn)]

Remark 2: Any vector x € R" can be represented by a
matrix of degenerate intervals, in which z, = z; = x; and

B. Max Plus Linear Systems

A set S, endowed with two internal operations: sum (&)
and product (®) is a dioid or idempotent semiring if the sum
is associative, commutative and idempotent (i.e. a & a = a)
and the product is associative and left and right distributive’
w.r.t. the sum. The null (or zero) element, denoted by e, is
such that Va € S, a®e = a, and the identity element, denoted
by e, is such that Va € S, a®e = e®a = a. Besides, the zero
element is absorbing for the ® operation (i.e. Va € S, a®e =
e ®a = ¢) [2, Def. 4.1]. In this algebraic structure, a partial
order relation is defined by:

a-rbsa=adb. 6)

Given these conditions, it appears that the set Riaz = RU
{—o0}U{oco} and the operations: «®f = max{a, S} and a®
B = a+ B, with e = —oo, e = 0, and with the convention that
oco®e = g, is a dioid [2, Def. 3.4]. Moreover, it can be stated
that this is a complete dioid since it is closed for infinite sums
and the left and right distributivity of the product extend to
infinite sums. This structure is called the completed Max Plus
semiring.

For complete dioids, the order relation (6) can be written
as:a-bsa=adb< b=aANb, where a A b is the
greatest lower bound of a and b. The Max Plus operations

can be extended to matrices as follows. If A,B ¢ RWM and
Cc Rim‘i, then:
[A D B]ij =a;; D bij, [A ® CL] = @izl aik ® Cj,
[A A B]” = Qjj A b”
(7

Moreover, the Max Plus operations can be extended to inter-
vals as follows. Consider two ordered interval entries (a, X)
and (a’, x'), then:

if (a,x) = (a’, x’),
otherwise.

@MMHMMvz{WN) 8)

(a®d/,min(x, x"))
(a ®a’, max(x, x"))

(a,x)®@(a’, x") = {
)]

3The product is not necessarily commutative.

if x,x'e {<, <},
if M, x'e {>, >}

Hence
[z] @ [y] [(z,x,) @ (¥, x,), (@, Xa) S (Y, x,)](10)
o] = [(z,x,)® Y x,), @ X) G, x,)(1D)

Recalling Remark 2, given a point d € R, we have that:

[z]ed = [(z,x,)@(d>), (T,x;) & (d,<)], (12)
Zled = [z®d,x,), (Tod X)) (13)
The & and ® are extended to interval matrices as follows: If

[A], [B] and [C] are, respectively, n x p, n X p and p X ¢
interval matrices, then:
((A] @ [B]);;

P
@ [bis], ([A @ [aik] ® [ck;])

= [ai;]

(14)
In the following, the MPL systems are introduced. The au-
tonomous model of an MPL system is given by:

x(k)

where the entries of matrix A € ﬁ;ﬁ: are the parameters of
the model. The Varlable k € N is an event-number and the
state vector x € R, is a dater, i.e, x(k) contains the k-th
date of occurrence of each event of the system.

The nonautonomous model of an MPL system is defined

as:

—Aox(k—1), (15)

x(k)

where u is an external input vector and B€ R ..
Any nonautonomous MPL system can be transformed into
an augmented autonomous MPL model by considering M =

(AB) € R-U™ and y(k — 1) = (x(k — 1)T u(k)?)"

max [29
=Meyk-1).

=A@x(k—1)&Bou(k), (16)

=nXm

Sec. 2.5.4].
x(k)

To model uncertain systems, the entries of matrix A are
assumed to be nondeterministic. This is consistent with the
assumption that the entries of A are associated to the system
delays, that are subject to variations due to disturbances.
Formally, it is assumed that at each event step k the system
matrix entries can take an arbitrary value within a real interval.
The autonomous model of an uncertain MPL (uMPL) system
is given by:

a7

x(k) = A(k) @ x(k — 1), A(k) € [A], A(k) € RI", (18)

max’

where, at each event step k, the entries of A(k) can take
an arbitrary value in closed real intervals. Hence, a;;(k) €
[(@;;,>), (@ij,<)]. The system is assumed to be such that
x(k) = x(k — 1) and it works according to FIFO (first in,
first out) rule. Hence, matrix A(k) is assumed to be such that
aii(k) = e, ie, A(k) = I, the identity matrix in R, ..
Notation /: Recall that the entries of an uMPL system
matrix are assumed to be in closed real intervals, i.e., the
entries of [A] are of the type [a;;] = [(a,>), (a,<)], where

a,q@ € Ryyqp. The signs > and < can be omitted and these

entries can be represented as simply [a;;] = [a, @]. This
simplified representation of closed intervals will be considered
to express interval matrices that represent uMPL systems.
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Hyperrenctangles will still be represented by considering the
notation presented in section II-A.

Notation 2: Given an interval matrix [A] representing an
uMPL system, we denote by A and A the matrices of lower
and upper bounds of [A], respectively. Hence, A has entries
a;; and A has entries ;.

Example 2: Consider the following uMPL system: x(k) =
Ak)®x(k—1), A(k) € [A], where

([2), 3,9)] 2
(A= ([(2,2), 4<)] ((3.>), <6,§>]>'

By considering Notations 1 and 2, the interval matrix [A] and
the matrices of lower and upper bounds can be represented,
respectively as:

[A]:Géz iﬂ [3,26])’ A:G §> A:(i ?s)

Similarly to MPL systems, any nonautonomous uMPL sys-
tem can be transformed into an augmented autonomous uMPL
model, see (17).

C. Residuation

Residuation theory [2] deals with solution of equation
f(x) = y in semiring. In particular, in R4, it yields the
way to compute the greatest solution of A® X =< B, with
Ac RZ;Z, X e Rmaz and B € Rmaz . This greatest solution
is denoted X = A§B and achieves equality if it exists. Each
entry of X is computed as follows:

n
#ij = [\ (ani%biy),

k=1

19)

where ax;§br; = bij —ax; and then it is the greatest solution of

equality ap; ® x = by;. In the same way, the greatest solution
—nXp —pXm

of mequallty X®C=<B,withXeR_ ., ,CeR__ . and
Bc Rmm , is denoted X = B¢C and is computed by
gy =\ bascip) = N (bik — cjn). (20)

k=1
From these definitions it is useful to remark that the system
A®x <X b, with A ¢ Rmaw, xR and b e Rmaw yields
the greatest x = A{b with

k=1

max

n n
i‘j = /\ akthbk /\ bk — akJ (21)
k=1 k=1
and the greatest A is given by A = bg¢x with
dij = bﬂ’l‘j =b; — T (22)

Hence, this A achieves equality, i.e, A ® x = b. Furthermore,
it should be remarked that the greatest solution of the system
A®x < b, wrthAeR xR and b € Ryoz i is given
by X = Agb with

max?® max

Hence,
p
Ak=a,; e, =

@ a15 ©
j=1

i.e., X is the greatest vector ensuring A ® X = b.

(b—ai;)=0b (24

III. IMAGE AND INVERSE IMAGE OF A POINT

This section presents an approach to compute the image
and the inverse image of a point w.r.t. the uMPL equation
described by:

AcR,..

z=A®x, Ac[A], e (25)

where each entry of A can take an arbitrary value in the
interval defined by the corresponding entry of [A].

Remark 3: Equation (25) can be used to represent general
uMPL systems, including autonomous and nonautonomous
uMPL systems. For instance, in order to represent an au-
tonomous uMPL system, consider p = n, z = x(k), x =
x(k —1) and A = A(k), see equation (18).

A. The Image of a Point

Let equation (25) be an uMPL system. If the point x is
given, then z € [z] where:

2] = [A] ® x. (26)

From (26), (13) and (14), it can be demonstrated that z; is
in the interval defined by:

P P
[z = | P (@@, =), P@E;ez, <)|. @D
Jj=1 j=1

Therefore, the image of a point x w.r.t. the uMPL system
is the hyperrectangle given by:

n P p
Tia{x} = ﬂ {z ER™: @glj ®zj <z = @aij ®xj}, (28)

i=1 j=1 j=1
or equivalently,

Zia{x}={zeR":A®x<z=2A®x}. (29

Thus, the image of a given point can be promptly computed
by using (26) or (27).

Example 3: Consider the uMPL system of Example 2.
From (27), given x(0) = (1 1)7, we have that

x] (1) = [A] ® x(0) = GEZ, 3, Ei, BD '

Therefore, Zja) {x(0)} = {x e R?:3 <2y <4, 4 < a3 <T}.

B. The Inverse Image of a Point

The computation of the inverse image of a given point
depicted by vector z w.r.t. an uMPL system is now addressed,
this task is not as straightforward as the direct image compu-
tation. Let equation (25) be an uMPL system, then the inverse
image of z is defined as:

Iafz} ={xeR":3A € [A] : A®x =2} (30)
Lemma /: Given x and z, if A@ x <z < A ® x then,
there exists A € [A] (i.e., A <A =< A) such that A®@ x = z.
_Proof: The greatest A that satisfies A ® x < z is given

by A = z¢x (see (22)). Therefore, ARx Xz =A <A. In
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addition, since A < A: A <AAA <A. Now, let us consider
z' = (ANA)®x, from (22), 4;; = z; — x; and, from (7):

N1\2
I
P+

e
I

1

I
w

Z/\@[am@l’k]
k=1

Hence, 2’ = zAA Qx. By assumption, z < A ® x, therefore,
7z’ = z. Hence, if A©x < z < A®x the matrix (AAA) € [A]
is such that (A AA) @ x = z. ]

Example 4. Consider the matrix [A] of Example 2. Given
x(0) = (1 1)T and x(1) = (3.3 4.8)T, note that A ® x(0) <
x(1) <= A ® x(0). Then, form Lemma 1, there exists A(1) €
[A] such that A(1) ® x(0) = x(1). Moreover, the greatest
A(1) € [A] that satisfies this expression is given by

- 23 2

ANA = (3.8 3.8> , where A = x(1)¢x(0).

Proposition /: A point x is in the inverse image of z w.r.t.
an uMPL system if and only if z is in the image of x w.r.t.
the uMPL system , i.e.,

xGI&ﬁ{z}@A@szjK@x.

Proof: From (30) if x € I[Rl] {z} 2 A®x <z <A®Xx,
since A € [A]. Lemma 1 yields that if A x <z < A®x
there is A € [A] such that A®x =z, i.e.,, x € I[;l] {z}, hence
A@szjxééxéxel'[;l]{z}. [ ]
From Proposition 1, it appears that a point x belongs to
the inverse image of a point z if and only if the following
inequalities are true:

A®x
A®x

Z, (3D
z. (32)

Y A

Thus, the inverse image of a point z can be represented by
the intersection of two sets:

I[;l] {z}) =UNL (33)

where U is the set of all x that satisfies (31) and L is the set
of all x that satisfies (32).

By using residuation, see (21), the set U is given by:

U = {xeRPF:A®x =<1z}
= {xeRP:x < Ayz}. (34)
The set L is given by:
L = {XERPZX(@XEZ}
n p
= m XERpizij®aij®$j (35)

i=1 j=1

In order to obtain a representation of L that can be represented
by interval matrices, some mathematical manipulation are
required. First, recall that, according to De Morgan’s Laws, the

{[(zi — 2) Aan] @ 2} = EP {[2i A (@ @ )]}
k=1

complement of the intersection of n sets and the complement
of the union of n sets are, respectively, given by

NA | =UA, U4
j=1 j=1 j=1

An alternative equation to compute the complement of the
intersection is given by:

C

= (A5 36
j=1

(ﬁlAj>c ) Agu[AmAg]U...uK:dAQM%]

(37

n Jj—1

ul(n+)o]
j=1 L \k=1

where (,_, Ay = RP.

Note that, from (36), the complement of the intersection of
sets can be represented by a union of sets and, from (37), the
complement of the intersection can be represented by a union
of pairwise disjoint sets. As it will be demonstrated in this
section, equation (37) plays an important role in the handling
of set L since it yields a representation defined by the union of
pairwise disjoint sets, which reduces the computational effort
to compute the inverse image of a point.

Example 5: Let us compute the complement of the set
{x € R? : x < (5, 2, 4)T}. This set can be expressed as
{xeR:z; <5}N{xeR¥: 2y <2IN{x € R3: 23 < 4}.

Ay Az A3z
According to (36): {x € R® : x < (5,2,4)7}c =
{xeR3:ww; >5}U{xeR3 2y >2}U{x e R?: 23 >4},
which is the union of non pairwise disjoint sets. And,
according to (37): {x € R3 : x < (5,2,4)T}¢ = {x € R? :
T >5U({xeR 2y <5N{xeR3 a2y >2)U({x €
R?: 21 <5N{xeR3:xy <2}N{x € R:z3 >4},
which is the union of pairwise disjoint sets.

From (36), the complement of L is given by:

C

n p
L¢ = ﬂ XERP:Z,;jEDEU@o:j
i=1 j=1
c
n P
= U XeRp:Zij@aij(gl'j
i=1 j=1
. . ¢
Since z; 1is scalar, {x ERP: z; < 69?:1 ajj ® xj} =

{X ERP:z - @?:1 a;; & LL‘j} . Thus,

n

P
XERP:@Eij®Ij<Zi

= (38)
i=1 j=1
Lemma 2: The set L¢ can be expressed by:
LC:U{xeRP;x<X<”} (39)
i=1
where X(i) is a vector with entries defined by XEL) = 2; — Uy .
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Proof: Observe that:

P
@ﬁij Qu; <z V), v; <z —a; = X;’))_
j=1

Therefore, @"_, @i @ x; < 2 & x < X, -

Each term of the union that represents L¢ in (39) can be
expressed as an intersection of sets as follows:

{xe}RP:x<X<”} {xeR”:mj <x{ Vje{l,...,p}}

P
m{XERP:wj <X§-Z)},
j=1

Therefore, equation (39) can be expressed as:

n p

LC:U ﬂ{xeRp:xj <X§i)}

i=1 \j=1

(40)

Notation 3: The sets U and L are defined by unions
and intersections of subsets defined by inequalities. In the
following, it will be used a short notation to represent this
subsets, in which these inequalities appear in braces {-}.

For instance, the set {x eRP:z; < Xg.l)} is represented by

{xj < Xgi)}. Note that, this notation will be used when it is
clear that x € RP, since this information is omitted.

The set L can be obtained by computing the complement of
Le, ie., L = (L°). Thus, the set L is given by (see (36)):

U(Af<x))] A (A< X?’})l)

According to (36),

(ﬁ {; <X§.")}>C - LPJ {mj <x§"’}c = ij {xj zxg-“}.

Jj=1 Jj=1 Jj=1

L=

Thus,

(43)

From (43) it can be shown that the set L can be represented
by a union of N = p" hyperrectangles. In order to reduce the
computational effort, in the following it is shown that if we
consider (37) instead of (36) to compute the complement of
an intersection of sets, the set L can be represented by a set
of N’ < N pairwise disjoint hyperrectangles.

According to (37), equation (42) becomes:

(” < }) OJ(N e ex)) o 2x)

, (44)
where x € R? and )_, {xk < Xg)} =RP.
From (41) and (44):
n p j—1
e
i=1 \j=1 L \k=1

Defining:

j—1
set§ = [ﬂ {xk < Xg)}
k=1

we have that:

n p )
ﬂ U set)
i=1j=1
(set} J---y set;) N (setf (G U setf,) N

<N (sett U -+ U sety)
= (set% Nset>N---N set?) U (set% Nset2N---N setg)
-y (set;, N setf, N---Nsety) (47)

n{z;=xP}, @6

L

In order to obtain a compact representation of (47), the set of
coefficients G is defined as:

G={1,..,p}" (48)
Remark 4: If g € G, then g = (91,92, ,9n), Where
gi €{1,--- ,p}.
Thus, equation (47) can be rewritten as:
n .
L= () set, (49)
gegi=1
Now, let us define:
SETS = () set}, . (50)
i=1

Lemma 3: The sets SET® for g € G are pairwise disjoint
hyperrectangles.
Proof: Consider g and g' € G with g # g'. In this case,
there is k € {1,...,n} such that gy # g;.. From (50),

n n

i i
ﬂ setgi N m setgé
i=1 i=1

SET& N SET®

n

ﬂ(set;i N setfji) N [setlgk N set_];; .

i=1
i#k
Note that, according (37), the sets {set}, ..., set},}, with set}

defined by (46), are pairwise disjoint for a fixed i. Therefore,
since g # gy, we have that set’g“k_ N set’;, = 0 and hence
k

SETE N SETE = . n
From (49) and (50), the set L can be expressed as:
L=|]JSEr® (51)
geg

Remark 5: In the worst-case scenario the set L, given
by (51), can be represented by N’ = p™ pairwise disjoint
hyperrectangles. However, some S ET® may be empty. Hence,
in general, the set L can be represented by N’ < p™ pairwise
disjoint hyperrectangles.

Then, from (33), we have that:

Iz} =Un ) SET® = | (SET®NU),
geg geg
where U is defined by (34).

(52)
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Example 6: Consider the autonomous uMPL system given

by:
x(k) = A(k) @ x(k — 1),
where,
(1, 4] [2, 3]
swe (s o)
Given x(1) = (5, 4)T, let us compute 7, {x( )}. Accord-

ing to (34), the set U is given by:
U={xeR?:x < A§x(1)}, where,

w0 = (0 :0)-(3355) =)
Thus, U = {x € R? : z; < 3, 22 < 3}. In order to compute

the sets set’, i,j € {1,2} , we must compute first X for
i €{1,2} (see (39)):

X () - (679) - 6)
0 - (o) - (G- 6)

According to (46), the sets seté-, 1,7 € {1,2}, are given by:

setiz{xeRQ:xlzl},
setf:{X€R2:x122},

Now, for each g € {1,2}? = {(1,1), (1,2), (2,1), (2,2)}
we compute the sets SET® as follows:
SETWD = set% N set? = {x eR?: x> 2},
SET1? = set% N set% = {x ER?: 1<z, < 2, xo > 0} ,
SETZY = setd nset? =0,
SET®?? = sety N sety = {x ER? 1z <1, 3 > 2}.
Finally we compute I[;l]{x(l)} = U (SET®NVU)
ge{l,....p}"

(see (52)):

I[Rl]{x(l)} ={xeR*:2< 2 <32, <3}

U{XGR2:1§x1<2, O§x2§3}
U{xeR?:2y <1, 2<x, <3}.
The inverse image of x(1) can be observed in Figure 1. Note
that I[;l] {x(1)} is a union of pairwise disjoint hyperrectangles.
Remark 6: The inverse image of a point z w.r.t. an uMPL
system may not exist, in this case, there is no x such that
z € [A] ® x and therefore (33) will return the empty set.

In the next section, it is presented an algorithm to compute
the inverse image of a point based on the interval matrices.

C. An algorithm to compute I[X] {z}

First, note that (52) can be expressed as:

Tz} U (sETEND)
g€eg

U ) (seti, 1) =

gegi=1

U SET®U, (53)
geg

Fig. 1.

set‘éz{xGR2:m<17 x222}
set%:{x€R2:w1<2, z2 >0}

4
3
S SETG2NU )
2 <
&L
=
. =
w
o~ ) -]
X C
0 =
ha)
|_
w
-1 U)
2
3
3 2 1 0 1 7 4
X1

Inverse image of x(1).

where SETEU = (", (set, NU).
The set U, given by (34), can be represented by:

[(_007 >)7. (Yl’ S)}

U] = : (54)
[(700’ >)v (Xpa S)]
where X = Ajz.
From (46),
-
sety U = | {xk < X,(f)} N {xj > X§-“} NU. (55)
k=1

Thus, the intersection seté- N U can be represented by the
following (p x 1) interval matrix:

[(—oo7 >), min { <Xgi), <> , (Yl, g) }]

[(700, >), min { <X§i}1,

). 9]

[seti 1] = [(x7.2). (%,.9)]
[(—00,>), (Xj11,<)]
(.5, (%))

(56)
Remark 7: Note that, whenever X;Z) > X, the intersection
set: N U will represent an empty region (see section II-A).
Unnecessary computations can be avoided by taking this fact
into account.
After computing Lset} N U} for all ¢ and j, the sets SET8U
can be computed by:

[SET®U| = ﬂ [setl, (57)

Thus, the inverse image of a point can be represented by

Tz} = | [SET*U].

geg

(58)
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Thus the inverse image of a point w.r.t. an uMPL system can
be completely represented by the union of pairwise disjoint
hyperrectangles.

Algorithm 1 describes a general procedure for computing
(58). The inputs of the algorithm are the point z and system
interval matrix [A], the output is the collection of hyper-
rectangles representing the inverse image of z. The worst-
case complexity of the Algorithm is computed as follows: the
worst-case complexity of step 10 is O(p™) and the complexity
of steps 11 to 13 amounts to O(np). Therefore, the worst-case
complexity of the algorithm is O(np™T1).

Remark 8&: It is recalled that the worst-case complexity to
compute the inverse image of a point w.r.t. an uMPL system
using the DBM approach is O(p™(n + p)?) [27], [28].

Algorithm 1 Computing the inverse image of a point w.r.t. an
uMPL system.
—=nXp

input: zand [A] = [A, A], where A, A€ R, .»
output: I[_AI] {z}

: E[Rl] {z} + 0;
1 X < Agz;
: Compute [U] according to (54);
: foreachi € {1,...,n} do ,
Compute X(i) defined by ng) = 2z; — Q4
foreachj € {1,...,p} do
setjiU{i,j} < fset} N U] according to (56);
end for each
: end for each
: foreachg € G do
if setjiU{i,g(i)} # @ foralli € {1,...,n} then
Compute [SET#U] according to (57);
if [SET#U] +# () then
Ig] {z} « I[X] {z} U {[SET*U]}
end i
end if
: end for each

A A A A s

VI VG S Y
NN R W= OO

IV. APPLICATION TO A FILTERING PROBLEM

This section deals with the solution of a filtering problem.
The procedures for computing the image and the inverse image
of a point, presented in this paper, are applied to compute and
represent the support of the posterior probability density func-
tion (p.d.f) of the system states as a union of hyperrectangles.
The obtained hyperrectangles are then efficiently used to solve
the filtering problem.

Problem I: Consider the uMPL system given by:

(k) = A(k)@x(k—1), A(k) € (E ﬂ [3?) (59)
a(k) = C(k)@x(k), Ck)e (05 [01)). (60

In addition, consider that the nondeterministic matrices entries
are random variables uniformly distributed in the given inter-
vals, e.g., the element aj2 of A(k) is uniformly distributed
between 0 and 4. Given x(0) = (0, 0)7 and z(1) = 3.8,
we aim at computing an estimate for E[x(1)|x(0),z(1)], the
expected value of x(1) given x(0) and z(1).

Theoretically, this problem could be solved by drawing
a set of samples distributed according to the posterior p.d.f

p(x(1)|x(0),z(1)). However, in practice, it is a difficult task
to drawn samples directly from the posterior p.d.f. The Monte-
Carlo method called Importance Sampling is a technique
to approximate a target distribution p(x) by using samples
drawn from a importance distribution q(x), similar* to p(x),
by means of a process of weighting the samples [37]. Ac-
cording to the Importance Sampling it can be shown that
an approximation for the posterior p.d.f p(x(1)|x(0),z(1))
can be obtained by using a set of weighted particles, noted
by {x(")(1),w™}|Y,, drawn from an importance density
q(x(1)|x(0),z(1)) as follows:

N
p(x(1)[x(0), (1)) = Zw(%(X(l) -x(1), (6D

where §(7) is the Dirac delta function and w(") is the impor-
tance weight of sample x(")(1) and is given by:

L o PO W) () xO(1)
ID(0), 2(1)

Given a set of N weighted particles {x(")(1),w™ M an
estimate for the expected value of x(1) is given by:
Zi\’zl x(M (1) - w)

qu»vz1 w(™) .
The most common choice for the importance density is the
prior p.d.f p(x(1)|x(0)). However, since the prior p.d.f is
independent of observations, the state space may not be
efficiently explored. Indeed, for the problem considered in this
section (see Problem 1) it can be observed that the probability
of x(1) € {x € R? : z; = 3.3,72 < 3.8} is non-null.
However, by using the prior p.d.f, the probability of obtaining
a sample in the region {x € R? : x7 = 3.3, 25 < 3.8} is null.
In order to overcome this drawback the following choice for
the importance density is proposed:

aD)x(0), 2(1)) = L0 20) PO
(64)

(62)

Ex(1)[x(0),2(1)] = (63)

where:
= /T(X(l);X(OLZ(l)) -p(x(1)[x(0))0x(1),  (65)

T(x(1);x(0),z(1)) is a function used to incorporate informa-
tions given by x(0) and the observation z(1) to the importance
density. These informations will be given by the support of
the posterior p.d.f which can be computed by solving the
conditional reachability problem [28]: given x(0) and z(1),
compute the set of all x(1) that can be reached from x(0)
through the transition model and that can lead to z(1) through
the measurement function. This set, noted by X 1|1 represents
the support of p(x(1)|x(0),z(1)), mathematically:

X1 =Zia{x(0)} N I[El]{z(l)}

From (29): Zja){x(0)} = {x € R?: 1 <2y <4, 25 < x5 <
4} and by using Algorithm 1, the inverse image of z(1) is

(66)

“A probability density q(x) is similar to p(x) if Vx :
q(x) > 0.

p(x) > 0 =
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given by: I[Ejl]{z(l)} ={xeR?: 2 =33, 2o <38}U
{x e R?: 2y < 3.3, 2.8 <) <3.8}. Thus, X1;; = R1URy,
where:

R, = {xe€R?:z; =233, 2.5<x; <38},

Ry = {xe€R?:1<um <33, 28<uz,<3.8}.

Given X|; the function 7'(x(1);x(0),2(1)) is defined as:

§(x1 —3.3), if x(1) € Ry,
T(x(1);x(0),2(1)) = < 1, if x(1) € Ry, (67)
0, otherwise .

Remark 9: Note that, in order to have a non-null proba-
bility of generating a particle in region R; the function 7'(-)
has an impulsive behavior in this region.

Now, let us compute the normalization constant . Note
that (65) can be expressed as ¥ = i1 + 15, where, (for more
details on the following computations refer to Appendix A)

v = [ TOe0:x0).2(1) - lx(DIx(0)0x
= ; d(z1 —3.3) - p(x(1)|x(0))0x
' 3.8
pra(33x(0) - [ pea(a(1)x(0))drs
= 0.2250 '
v = [ TO0:x0).2(1) - lx(DIx(0)0x

3.3 3.8
- / P (21 (1)|(0) )z - / P (22(1)|x(0) )z

2.8

= 0.4125

where p,, (21(1)|x(0)) and p,, (z2(1)|x(0)) are the marginal
prior p.d.f of x; and x5, respectively. Expressions for the
marginal p.d.f are derived in Appendix A.

Remark /0: Note that, thanks to the hyperrectan-

gles representation for the support of the posterior p.d.f
p(x(1)|x(0),z(1)), given by R; and Ry, it is possible to
express a multiple integral as a product of single variables
integrals, whose integrating functions are the marginal p.d.f
Pz, (2:(1)|x(0)). By definition, the integral of a marginal p.d.f
is a marginal cumulative density function (c.d.f). Expressions
for the marginal c.d.f are derived in Appendix A.
If x(1) is sampled from the importance density (64) the
probability of x(1) € R; is given by P[x(1) € R;] =
¥1/(¥h1 + 12). Equivalently, P[x(1) € Ro] = ¢2/(v1 + 12).
Thus:

P[x(1) € Ry] = 0.3529,  P[x(1) € Ry] = 0.6471. (68)

The importance weight w(") of a sample x(")(1) drawn from
the importance density (64) can be computed by (78), in
Appendix B. Algorithm 2 describes a procedure for generating
a set of N weighted particles representing the posterior p.d.f
of the states of the system (59)-(60).

In order to test the efficiency of the approach, a simulation
was carried out, where Algorithm 2 was used to generate sets
of N = 102, 10 and 10* particles representing approxima-
tions for the posterior p.d.f of the system states. These sets

9
Algorithm 2 Generating a set of weighted particles
output: {x(",w(M}N_| (A set of weighted particles)
1: foreachr € {1,..., N} do
2: Generate a random number u uniformly distributed in the interval
[0, 1}

3 if u < 0.3529 (see eq. (68)) then
4 2"« 3.3;
5: repeat
6: Generate a random matrix Ap; € ([24]  2.5);
7 a:(;) — Az ® x(0);
8 until x(") € Ry
9: W min{3.8 — m(;); 1}, see eq. (78);
10: else
11: repeat

: ; [13] [04].
12: Generate a random matrix A € ([2 4] 25 )}
13 x(") — A ® x(0);
14: until x(") € Ro
15: w(™) 1, see eq. (78);
16: end if

17: end for each

of particles were used to estimate the expected value of x(1)
according to (63). The expected value was also analytically
computed. The results can be observed in Table L.

TABLE I
EXPECTED VALUE OF X (1) (AVERAGE OVER 20 EXPERIMENTS)

State Estimated Value Analytically
N =102 N=10> N =10* Computed Value
z1 2.5883 2.5865 2.5880 2.5873
z2 3.1530 3.1518 3.1524 3.1525

V. CONCLUSIONS

In this work we have presented an approach based on the
interval matrices to compute the inverse image of a point w.r.t.
an uMPL system. The algorithm presented has complexity
O(np™*1), which is lower than the worst case complexity
of the DBM approach to compute the inverse image of a
point. Although the DBM approach is more general, in the
sense that it can be applied to compute the inverse image of
more general set than a single point, the approach presented
in this work is particularly more interesting than the DBM
approach in filtering problems. As future work the authors aim
to generalize the approach presented in section IV in order to
develop a recursive filtering procedure for MPL systems.

APPENDIX A
CUMULATIVE AND PROBABILITY DENSITY FUNCTIONS OF
AN UMPL EQUATION

Consider the uMPL equation given (25). In addition, con-
sider that, the entries of matrix A are deterministic values
or random variables uniformly distributed in the intervals
given by [A]. Thus probability density function (p.d.f) and
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the cumulative density function (c.d.f) of the non-deterministic
entries, noted by pf;(7) and F}}(7), respectively, are given by:

ga— 71 . —
A _ (aij _Qij) if ;i ST < GG
i\T) = 69
Pig(7) 0 otherwise. (69)
0 if 7 < a;;
A T4y . _
Fi(r) = m ifa;; <7 <a; (70)
1 T > Eij.
For the deterministic entries:
pE(7) = 6(1 —ay), FS(1) =u(r —ay), (1)

where §(7) is the Dirac delta function and u(7) is the step
function. In [21, Appendix A] it is demonstrated that the
cumulative density function of z(k) given x(k) is given by:

= [ 7. (et

where F, (z(k)|x(k)) is the marginal c.d.f of z;, given by:

p
=1 F G — ).
j=1

The p.d.f of z(k) is obtained by differentiating (72) succes-
sively with respect z1(k), ..., z,,(k), which yields:

£) = [Pt

where p., (7 (k)|x(k)) is the marginal p.d.f of z;, given by:

pr - ;) H

k#J

F(z(k)x(k

x(k)), (72)

F,,(z(k)|x(k (73)

x(k)), (74)

p(z(k)[x

Pz (2 (k —x).  (75)

APPENDIX B
DERIVATION OF THE IMPORTANCE WEIGHTS EQUATION

According to (62), if the importance density is given by
(64), the importance weights are given by:

(X(”( )IX( ) - p(z(1)[x") (1)) v

T(x("(1);%(0),2z(1)) - p(x)(1)[x(0))
p(z(1 )IX(’”)( )

T(x(")(1);x(0),z(1))

According to (74), for the uMPL system (59)-(60):

p(z(1)[x(1)) 1) - Fig(21 — 22)
) Ffi(z1 —

()

(76)

= plc1(zl
+pa(z1 — 22

From (69) to (71), if z(1) = 3.8 then:
pfl(zl —x1)=96(3.3—11), Flcl(zl —x1) = u(3.3 — x1),

z1). (17)

1 if28< 2 <38

C
P1o(21 — T2) = .
12 ) 0 otherwise,

0 if zo > 3.8
38 —zp if28<x9 <38
1 if zo < 2.8.

F1C2(zl —I9) =

Hence, by substituting (67) and (77) in (76), the non-
normalized weights equation is given by:

(r) _ Jmin{3.8 — a:2 ; 1}, ifx"(1) e Ry 78
1, if x (1) € Rs.
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